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Abstract

:

The growth and phase formation features, along with the influence of structure and morphology on the electronic, optical, and transport properties of Cr2GeC and Cr2-xMnxGeC MAX phase thin films synthesized by magnetron sputtering technique, were studied. It was found that the Cr:Ge:C atomic ratios most likely play the main role in the formation of a thin film of the MAX phase. A slight excess of carbon and manganese doping significantly improved the phase composition of the films. Cr2GeC films with a thicknesses exceeding 40 nm consisted of crystallites with well-developed facets, exhibiting metallic optical and transport properties. The hopping conduction observed in the Cr2-xMnxGeC film could be attributed to the columnar form of crystallites. Calculations based on a two-band model indicated high carrier concentrations N, P and mobility μ in the best-synthesized Cr2GeC film, suggesting transport properties close to single crystal material. The findings of this study can be utilized to enhance the growth technology of MAX phase thin films.
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1. Introduction


Since the discovery of graphene [1], there has been a growing interest in two-dimensional and layered materials, including hexagonal boron nitride [2], transition metal chalcogenides [3], as well as MAX phases and their derivatives, such as MXenes [4,5,6]. MAX phases belong to a family of layered hexagonal compounds with the general formula Mn+1AXn, where M is an early transition element (e.g., Sc, Ti, V, Mn, Cr, Zr, Nb, Mo, Hf, Ta), A is an A-group element from group 13 or 14 (e.g., Al, P, S, Ga, Ge, As, Cd, In, Sn, Tl, Pb), X is carbon or nitrogen [3]. One of the conditions for the stability of such multilayered structures is the alternation of chemical bonding types between M–X–M and M–A–M. This alternation leads to a number of interesting physical properties in the material, such as a combination of metallic and ceramic properties (electron conductivity along M–X layers, hardness, and chemical stability) and significant magnetostriction perpendicular to the M–X layers [7]. Being layered materials, MAX phases exhibit strong anisotropy in conductivity [8], thermal conductivity [9], elastic and strength properties [10]. In addition to thermal, chemical, and mechanical stability, MAX phases also demonstrate radiation resistance [11,12], making them practically versatile protective coatings. Particular interest in magnetic MAX phases is associated with the prospects of two-dimensional magnetism in M layers, as well as the discovery of complex magnetism and giant magnetostriction in Mn2GaC [7]. However, to date, only a few compositions of magnetic MAX phases have been synthesized (mainly (Cr,Mn)2AC compositions), making it relevant both for theoretical search for stable magnetic MAX phases containing Mn, Fe, or Co, and for experimental realization of such compounds.



Cr2-xMnxGeC is one of the experimentally synthesized compositions known to exhibit long-range magnetic order in bulk and thin film form [13,14,15,16,17]. Magnetron sputtering is predominantly used for the fabrication of MAX phase films. There are numerous studies on the synthesis and investigation of epitaxial thin films of MAX phases [18], mainly with Ti [19,20,21,22,23] and Cr [12,24,25,26,27,28]. However, to the best of our knowledge, there is only one study on Cr2-xMnxGeC grown by magnetron sputtering on a heated MgO substrate under specific technological regime [17]. Nevertheless, the phase formation process depending on the synthesis conditions remains unexplored. Since substituted MAX phases are multicomponent compounds, their synthesis—via sputtering—requires the complex adjustment of many parameters to achieve the desired stoichiometry and crystallographic orientation with respect to the substrate, which is crucial for the practical utilization of the unique properties of MAX phases for specific applications.



In this work, we present the results of systematic experimental investigations of the growth process and phase formation, as well as the influence of structure and morphology on the electronic, optical, and transport properties of Cr2GeC and Cr2-xMnxGeC thin films prepared by magnetron sputtering.




2. Experimental Details


The samples were synthesized by magnetron co-sputtering from elemental targets of Cr (99.95%), Mn (99.95%), Ge (99.99%) and C (99.95%) (GIRMET Ltd., Moscow, Russia), positioned at a 60° angle to the substrate plane in an ultrahigh vacuum (UHV) chamber with a base pressure of 10−9 Torr. Deposition was performed in DC mode for the Cr, Mn, and C targets, and in RF mode for the Ge target. The high-purity argon (99.99995%) pressure was 7·10−3 Torr. The average deposition rate, converted to bulk density, for all materials was approximately 2.5 nm/min. A single-crystal MgO (111) surface was used as a substrate. All samples underwent the same substrate preparation steps: (1) annealing in UHV at 700 °C; (2) Ar cleaning of the surface at room temperature with an Ar flow at a 60° angle to the substrate normal and continuous rotation around its axis; (3) brief annealing in UHV at 750 °C immediately before deposition. The deposition was carried out at a substrate temperature of 650 °C. After deposition, all samples were further annealed for 30 min in UHV at 850°C. The process was monitored in situ by reflection high-energy electron diffraction (RHEED) and Auger spectroscopy (AES).



The main synthesis conditions for each sample are listed in Table 1, where the film thickness D was calculated based on a bulk density of 6.5 g/cm3. The atomic stoichiometry of each element, obtained through preliminary calibration, corresponds to room temperature substrate conditions. After deposition, each sample was naturally cooled to room temperature under UHV conditions. Subsequently, it was removed from the vacuum chamber for characterization. X-ray diffraction (XRD) analysis was conducted using a PANalytical X’Pert PRO diffractometer equipped with a solid-state detector PIXcel on Cu Kα radiation. Film morphology was studied using the atomic force microscopy (AFM) in tapping mode on a NanoInk DPN 5000 instrument. X-ray fluorescence (XRF) data was obtained using a local X-ray fluorescence spectrometer MC50M (Amtertek) and additional PXRF software (version 5.0.0). The concentrations of chromium, manganese, and germanium were calculated based on the fundamental parameters method of Sherman [29] with matrix effects corrected by the integral intensities of the main lines (100% normalization). The integral intensities were calculated by approximating the Gaussian peaks of the Cr Kα1, Cr Kα2, and Ge Kα1 lines. Transport properties measurements were performed using the Van der Paul method [30]. EPO-TEK H20E silver epoxy was used to connect the external wiring to the 4 × 4 mm2 samples. A SourceMeter Keithley 2400 and a Nanovoltmeter Keithley 2182A were used as the current source and for voltage sensing. Hall voltage measurements were conducted in the external magnetic field ranging from −9 to +9 T. The current-reversal method was used to subtract the thermoelectric component from the Hall voltage. The source current for the resistivity and Hall voltage measurements was 1 mA. During resistivity and Hall measurements at the variable temperature, the latter was changed from low to high by quasi-static warm up using PPMS cryostat. Optical properties were measured at room temperature in air by spectral ellipsometer Ellipse-1891 (ISP SB RAS). A 150 W Xe lamp (Hamamatsu) was used as a light source [31]. To improve the signal-to-noise ratio, the optical path of the ellipsometer was modified. The ellipsometric spectra were recorded in the range from 320 to 900 nm, with an angle of incidence of 44.7° and 61.7° relative to the sample’s normal. The optical parameters, n and k, were calculated using an optical model of a homogeneous isotropic layer with a thickness of about D [32] on the isotropic MgO substrate surface [33].




3. Results and Discussion


3.1. Phase Composition and Morphology


The first step of characterization involved the atomic force microscopy (AFM) measurements after removing the samples from the chamber. The roughness analysis of the AFM data was performed using the Gwyddion software (version 2.61). As shown in Figure 1a–i, samples #1 ÷ #4 and #9 exhibited similar surface morphology, representing a typical granular film structure. To eliminate the influence of low frequencies arising from substrate roughness, the data were filtered using a low-pass filter. It can be said that the surface of samples #1 ÷ #4 and #9 had a similar morphology and consisted of rounded grains with sizes ranging from 20 nm to 70 nm. Individual grains were observed with heights hg of 4.28 ± 0.64 nm (#1); 5.64 ± 0.30 nm (#2); 13.37 ± 1.97 nm (#3); 8.52 ± 1.46 nm (#4) and 25.32 ± 2.35 nm (#9). Samples #1 and #2 with close atomic ratios of Cr:Ge:C had very close morphology. The increasing of C (#3) or Cr (#4) content led to the increasing of grain height and size. Samples #5 ÷ #8 exhibited a different morphology. With an increasing thickness from 10 nm to 40 nm, the morphology changed. Sample #5 (Figure 1e) consisted of grains with an approximate diameter Dg of 25 nm and rods with lengths Lr ranging from 100 nm to 150 nm and diameters Dr ranging from 40 nm to 100 nm. The rods were oriented at an angle ϕr divisible by 30° to each other and at an angle of 3° to the substrate surface. Under the same technological stoichiometry for #5 and #6, increasing the thickness by a factor of 2.5 to 100 nm led to significant changes. Figure 1f shows that sample #6 contained plates with diameters Dp ranging from 100 nm to 300 nm, inclined at an angle of approximately 1.85° to the substrate surface. From these plates grew elongated crystal bars with a length of about (Lb ≈ 150 nm, Dr from 40 nm to 100 nm), as well as rods turned to each other at an angle (ϕb). It was evident that, with an increasing thickness, the plates and a portion of the rods combined to form larger crystallites. The deviation at an angle of 1.85° may be related to the crystallographic reorientation of the substrate. Sample #7 Figure 1g, having the same thickness as #5, but higher carbon content, consisted of elongated rounded grains predominantly oriented in the same direction. Sample #8 Figure 1h exhibited a similar morphology to #7. Significant change in crystallite size was observed when adding manganese to sample #9 (Figure 1i), indicating a change in the thermodynamics of film formation, substituted with the MAX phase compared to pure Cr2GeC. The main details of the film morphology and the root mean square (Sq) value of the height irregularities, which provides information about the standard deviation of the grain size, are presented in Table 2.



After preliminary AFM characterization for samples #4–#9, X-ray diffraction (XRD) analysis was performed. It was found that all samples predominantly consisted of the Cr2GeC MAX phase (ICDD 00-018-0384) and two chromium germanide phases, CrGe (ICDD 04-004-7750) and Cr3Ge (ICDD 01-070-2924) (Figure 2). For samples #5 to #7 and #9, the Cr2GeC phase was textured on the basal plane of the substrate, and reflections from the (013) texture were also observed, which formed on the lateral facets of MAX crystallites previously formed on the substrate. It was possible that a similar mechanism was responsible for the formation of CrGe crystallites, as indicated by the AFM data for samples #5 and #6. In addition to the flat islands with the diameters of 100 ÷ 300 nm, rods were observed, which were slightly inclined to the normal with lengths of 100 ÷ 150 nm and diameters of 40 ÷ 60 nm, growing at an angle of approximately 0° ± 60° to the [210]MgO direction. Notably, in sample #5, unlike #6, these thin rods protrude significantly above the film surface (Figure 1e). It can be assumed that these rods in samples #5 and #6 corresponded to chromium germanides CrGe and Cr3Ge.



In addition to XRD analysis, reflection high-energy electron diffraction (RHEED) patterns were analyzed during the growth process. These patterns represented an ordered set of points, characteristic of a rough-textured film. Weak streaks were observed for samples #3, #5, and #9, indicating continuous regions in the epitaxial film. For most samples, the point reflections awere well described by the Cr2GeC MAX phase, while some samples exhibited reflections from chromium germanides or carbides. Furthermore, in situ measured Auger electron spectroscopy (AES) analysis confirmed the presence of all components in the thick films #5–#9, except for sample #8.



All data related to the structure, morphology, and chemical composition evaluated from X-ray fluorescence (XRF) data is presented in Table 2. Based on RHEED and XRD data, the presence of a pure MAX phase can be noted in samples #7 and #9, which have a high carbon content (over 28 at.%). In these cases, the carbon content was increased during synthesis to reduce the likelihood of germanide formation. Analyzing the XRF data, it should be noted that, considering the error, both samples exhibited an atomic ratio of M/A close to the ideal stoichiometry. It can be concluded that deposition rates and heating conditions have little influence on phase formation. The atomic ratios of Cr:Ge:C were likely to play a significant role in the formation of the thin film MAX phase, and a slight excess of carbon was required for a successful MAX phase synthesis. Comparing samples #8 and #9, it was important to note that the addition of the fourth element significantly altered the course of the solid-state reaction. Sample #8 exhibited a more pronounced division of the film into multiple phases, while for sample #9, only peaks corresponding to the MAX phase were present in the X-ray diffraction pattern. In the specific case of Cr2-xMnxGeC, the manganese-substituted composition was thermodynamically more stable than pure Cr2GeC under the given synthesis conditions, resulting in the formation of the desired phase in sample #9. This assumption was consistent with theoretical calculations performed in [17], which demonstrated a decrease in the formation energy ΔG with the substitution of chromium by manganese at high synthesis temperatures.




3.2. Optical and Transport Properties


The spectra of the refractive index n and absorption coefficient k of the synthesized films are presented in Figure 3. Among the optical properties, sample #5 stood out, exhibiting a plasmon peak in the range of 200 ÷ 300 nm, which was likely a result of the effect of protruding CrGe rods observed in the AFM images on the optical properties of the film. Similar faint peaks, possibly attributed to the film morphology, were visible in the spectra of all samples, except for #6 and #9. The characteristic long-wavelength slope of the Drude peak in the k spectra indicated metallic conductivity of the films in samples #1, #5 ÷ #7, and #9. Sample #9 was of particular interest due to its lowest optical absorption k but relatively high refractive index n, which may be due to the larger grain size with the low grain boundary defect density [34]. Materials with such a high refractive index were relevant for the development of visible light localization devices, such as light-emitting diodes [35], and structures with gradients n and k for solar energy applications [36]. Sample #6, with a thickness of 100 nm, showed the highest values of n and k, for which bulk optical properties and a weak contribution of surface morphology already predominated, which was due to the light entering the ellipsometer aperture, mainly reflected from flat epitaxial crystallites. The samples #2 ÷ #4, likely having low conductivity due to their small thickness and high film dispersion, exhibited the lowest k values.



Transport and magnetotransport properties of the synthesized thin films of pure and manganese-substituted Cr2GeC MAX phase were investigated. Samples #2 ÷ #4 demonstrated zero conductivity, which correlated with low k values and can be attributed to a low thickness and island-like film morphology. The resistivity ρ of samples #1 and #5 ÷ #7, regardless of their thickness, exhibited metallic behavior, decreasing with decreasing temperature (300 K ÷ 4 K) (Figure 4). Sample #1 had the lowest resistivity ρ, which can be interpreted as the presence of pure Cr in addition to the MAX phase in the film. The ρ value for films #5 ÷ #7 at 300 K varied in the range of 1.4 ÷ 1.8 µΩ·m, which was a typical value for MAX phases (0.5÷4 µΩ·m), close to the values for Mn2GaC (2.9 µΩ·m) and CrMnGaC (1.6 µΩ·m)—which we investigated earlier—and consistent with literature data. For the epitaxial Cr2GeC film of 180 nm thickness, P. Eklund et al. measured 0.6 µΩ·m [25], while M. Barsoum et al. measured 0.7 µΩ·m for the bulk phase [37]. The observed increase in ρ with a decreasing thickness in our case was directly related to the crystalline quality of the films and their microstructure, which was consistent with the optical measurements. Additionally, as the thickness decreased, the residual resistance ratio (RRR) factor (the ratio of resistance at 300 K to 4 K) decreased, indicating a greater contribution of scattering on defects and boundaries for thinner films. Considering the structural data and transport properties, it can be concluded that samples #5 ÷ #7 exhibited a high crystalline quality despite the presence of the CrGe phase in samples #5 and #6, according to XRD. Our conclusion was based on the fact that CrGe had two times higher resistivity and a very high RRR value of 260 [38]. However, no significant increase in ρ and RRR was observed for our films. Therefore, the CrGe phase did not make a significant contribution to the transport properties in samples #5 and #6.



The resistivity behavior of the manganese-substituted sample (Cr,Mn)2GeC #9 was fundamentally different, increasing with a decreasing temperature and being four orders of magnitude higher than ρ for Cr2GeC (Figure 4a). Semiconductor-like behavior was previously observed for 20 nm thick Cr2AlC films, while a transition to metallic conductivity occurred for a film thickness of 36 nm [27]. Such behavior was caused by the coalescence of crystallites. In our case, (Cr,Mn)2GeC had a different morphology compared to Cr2AlC, and, as a result, poor coalescence occured in sample #9 with a thickness of 40 nm. The relatively low k and high n values in its optical spectra, along with the AFM data, indirectly indicated the presence of large crystallites. The temperature dependence of ρ for sample #9 was well described by the ln(ρ) vs T−1/3 curve (Figure 4b), suggesting a 2D Mott hopping conductance mechanism [39]. Therefore, it can be assumed that in the regions where large crystallites connected, the film thickness hhop was significantly smaller than the overall thickness of (Cr,Mn)2GeC. Additionally, these areas likely had a high number of defects. Based on the AFM data, the sizes and heights of the grains were known, which allowed estimating the hhop approximately as 10–15 nm. The additional experimental fact proofing hopping conductance mechanism was negative magnetoresistance (MR) observed in the whole temperature region (Figure 4c). Moreover, the independence of the shape of the MR curves from temperature eliminated the dominant contribution of quantum corrections to conductivity like localization or antilocalization, which appeared at low temperatures [40]. Negative MR usually appeared in ferromagnetic materials or materials with complex magnetic structures [41], like non-compensated or non-collinear antiferromagnets. The latter can be realized in magnetic MAX phases [7] and, in particular, in (Cr,Mn)2GeC.



The Hall effect (Figure 5a) and magnetoresistance were measured for the conducting samples over a wide temperature range (4 K ÷ 300 K) and magnetic field up to 9 T. The Hall constant RH, mobility μ, and charge carrier concentration n were calculated (Figure 5b), using the standard expressions:


      V   H     I   ( H ) =   R   H     H   d    



(1)






    R   H     =   1   N e   = μ ρ  



(2)




where I and VH were the bias current and voltage measured in standard Van der Paul geometry, H and d were the magnetic field and film thickness, e was the elementary charge, and N was the carriers’ concentration.



The mobility for all Cr2GeC samples was in the range of a few cm2/V·s which was a typical value for metals. It should be noted that the temperature dependence of mobility exhibited a non-monotonic behavior, showing a maximum around 40 ÷ 50 K. Similar behavior was observed for bulk samples and was likely associated with an electron–electron scattering component [14]. The calculated carrier concentration N was very high; for example, for sample #6, the concentration at 4.2 K was close to the electron concentration for copper, which was ~8.4 × 1028 1/m3.



MAX phases are known to have a complex Fermi surface [42,43], resulting in the presence of both electrons and holes from the occupied electron band and four hole bands at the Fermi level. Therefore, to accurately calculate the transport parameters, a two-zone model [42] that considered both electron and hole contributions to conductivity was necessary:


    R   H   =   P     μ   2     p   − N     μ   2     n     e ( P     μ   2     p   + N     μ   2     n   )    



(3)




where P was the hole concentration, N was the electron density, μp and μn were the hole and electron mobility correspondingly. Taking into account different types of carriers with different dispersion of the wave vector, the nonmonotonic temperature dependence of μ was most likely due to the different low-temperature behavior of electrons and holes, resulting in the competing contributions to the Hall voltage.



Using the assumption that the mobility of electrons and holes was equal to the square root of the magnetoresistance (MR) coefficient μn = μp =   α    (MR ~ α ∙ H2) [37], the values of μ, N, and P were recalculated for the samples with the best phase composition and conductivity (Figure 6). In this approximation, we obtained more reasonable values N and P for a low-conductivity metal in the range of 1026 ÷ 1027 1/m3, which were close to the values calculated in the same way for the bulk polycrystal Cr2GeC [37] and single crystal Cr2AlC [42]. Meanwhile, the calculated mobility μ was one order of magnitude higher than those for bulk polycrystalline samples and was about 125 cm2/V·s for the Cr2AlC single crystal at room temperature [42]. This suggestsedthat the high crystal quality of the film positively affected the mobility of charge carriers. It is important to note that the low-temperature data (below 50 K) presented in Figure 6a,b may be distorted by the calculation method used, which assumed that the magnetoresistance in the sample was caused solely by the Lorentz force. However, at low temperatures, even in non-ferromagnetic materials, there are contributions to the magnetoresistance associated with quantum corrections to conductivity, which can be both positive and negative [40], strongly affecting the accuracy of determining α and, consequently, μ, N, and P.





4. Conclusions


Cr2GeC and Cr2-xMnxGeC thin films were synthesized using the magnetron sputtering technique. The growth characteristics, phase formation, and the influence of structure and morphology on the electronic, optical, and transport properties were investigated. It was observed that the deposition rates and heating regimes had a weak effect on phase formation as long as the temperature exceeded 650 °C, allowing for the reaction to occur. Most likely, the Cr:Ge:C atomic ratios played the main role in the formation of a thin film of the MAX phase. A slight excess of carbon favored the formation of the Cr2GeC MAX phase. Increasing the film thickness resulted in significant changes in morphology, leading to the development of faceted crystallites. Furthermore, doping the films with manganese was found to induce additional changes in morphology and improve the phase composition, as revealed by AFM and XRD data. Based on optical spectra, resistivity, and Hall measurements, it was determined that Cr2GeC films with a thicknesses exceeding 40 nm exhibited metallic behavior. The Cr2-xMnxGeC film demonstrated a hopping-type conduction mechanism, which may be attributed to the columnar form of crystallites. Using a two-band model, the concentration of electrons and holes in the well-synthesized Cr2GeC films was estimated to be ~1027 cm−1. The carrier mobility μ of approximately 200 cm2/V·sec was one order of magnitude higher than that of bulk polycrystal, indicating the high crystal quality of the thin films. Overall, this systematic study of Cr2-xMnxGeC thin films contributed to a better understanding of the growth processes of MAX phases and holds promise for the development of robust conductive and protective coatings.
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Figure 1. AFM image of the Cr2GeC and Cr2-xMnxGeC thin films on MgO(111). The images represent a frame size of 1.5 × 1.5 µm2. The zero position on the pseudo-color ruler is chosen in the middle of the displayed height of the unevenness of thin films. Subfigures from (a–i) are corresponds to samples from #1 to #9. 
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Figure 2. XRD profiles for samples #4–#9. 
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Figure 3. Refractive indices n (a) and absorption indices k (b) of Cr2GeC and (Cr0.75Mn0.25)2GeC films. 
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Figure 4. (a) Resistivity of Cr2GeC and (Cr,Mn)2GeC. (b) ln(ρ) vs T−1/3 dependence illustrating 2D hopping conductance mechanism for sample #9. (c) Magnetoresistance dependences for sample #9. 
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Figure 5. (a) Hall resistivity. (b) Mobility μ (top panel) and Hall coefficient RH (bottom panel) for Cr2GeC films. 
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Figure 6. Temperature dependences of the charge carrier concentrations N and P (a) and mobility μ (b) for the Cr2GeC films. 






Figure 6. Temperature dependences of the charge carrier concentrations N and P (a) and mobility μ (b) for the Cr2GeC films.



[image: Processes 11 02236 g006]







[image: Table] 





Table 1. Synthesis parameters of the Cr2GeC and Cr2-xMnxGeC thin films.
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#

	
Atomic Stoichiometry, %

	
D, nm

	
Deposition Method




	
Cr

	
Mn

	
Ge

	
C






	
1

	
49.7

	
-

	
25.6

	
24.6

	
10

	
continuous




	
2

	
50

	
-

	
25.2

	
24.8




	
3

	
50.1

	
-

	
19.7

	
30.2




	
4

	
54.4

	
-

	
20.3

	
25.3




	
5

	
54.4

	
-

	
20.3

	
25.3

	
40




	
6

	
54.4

	
-

	
20.3

	
25.3

	
100




	
7

	
55

	
-

	
16.8

	
28.2

	
40




	
8

	
55

	
-

	
16.8

	
28.2

	
40.6

	
15 cycles of 2.7 nm with pauses of 1 min between sublayers




	
9

	
40.6

	
14.1

	
17

	
28.3

	
40.6
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Table 2. Synthesis parameters, morphology, phase composition, and chemical composition of the Cr2GeC and Cr2-xMnxGeC thin films.
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#

	
Atomic Stoichiometry, %

	
D, nm

	
Deposition Method

	
RHEED

	
XRD

	
AFM

	
XRF

Cr/Ge Atomic Ratio




	
Cr

	
Mn

	
Ge

	
C






	
1

	
49.7

	
-

	
25.6

	
24.6

	
10

	
continuous

	
-

	
-

	
Spherical grains Dg = 20 ÷ 50 nm,

hg = 4.28 ± 0.64 nm; Sq = 1.024 nm

	
1.66 ± 0.40




	
2

	
50.0

	
-

	
25.2

	
24.8

	
Cr2GeC [100] Cr23C6 [210]

	
-

	
Spherical grains Dg = 15 ÷ 45hm,

hg = 5.64 ± 0,30 nm; Sq = 1.549 nm

	
1.92 ± 0.58




	
3

	
50.1

	
-

	
19.7

	
30.2

	
Cr2GeC [001] Cr2GeC [100] + stripes

	
-

	
Spherical grains Dg = 20 ÷ 50 nm,

hg = 13.37 ± 1.97 nm; Sq = 3.110 nm

	
2.01 ± 0.52




	
4

	
54.4

	
-

	
20.3

	
25.3

	
Cr2GeC [100] CrGe [100]

	
Cr3Ge(002)

	
Spherical grains Dg = 20 ÷ 70 nm,

hg = 8.52 ± 1.46 nm; Sq = 2.304 nm

	
7.47 ± 2.38




	
5

	
54.4

	
-

	
20.3

	
25.3

	
40

	
Cr2GeC [001] Cr2GeC [100] + stripes

	
Cr2GeC(00L) + CrGe(012) + weak Cr2GeC(013)

	
Spherical grains Dg = 15 ÷ 30 nm;

Rods Lr = 100 ÷ 150hm, Dr = 40 ÷ 100 nm,

ϕr = N ∙ 30°; hg = 1 ÷ 1.5 nm; Sq = 4.031 nm

	
1.88 ± 0.31




	
6

	
54.4

	
-

	
20.3

	
25.3

	
100

	
Cr2GeC

	
Cr2GeC(00L) + CrGe(012) + Cr2GeC(013)

	
Incline plates Dp = 100 ÷ 300 nm, hp = 30 nm; bars Lb = 100 ÷ 150 nm Db = 40 ÷ 100 nm,

ϕb = N ∙ 30°; Sq = 8.553 nm

	
1.47 ± 0.37




	
7

	
55.0

	
-

	
16.8

	
28.2

	
40

	
Cr2GeC [100]; CrGe [100]

	
Cr2GeC(00L) + Cr2GeC(013)

	
Elongated grains Dg = 40 ÷ 90 nm,

hg = 2 ÷ 20 nm; Sq = 8.490 nm

	
2.59 ± 0.48




	
8

	
55.0

	
-

	
16.8

	
28.2

	
40.6

	
15 cycles of 2.7 nm with pauses of 1 min between sublayers

	
Cr2GeC [100]; CrGe [100]

	
Cr3Ge(002) + CrGe(012) + Cr2GeC(013)

	
Elongated grains Dg = 40 ÷ 100 nm,

hg = 4 ÷ 12 nm; Sq = 9.329 nm

	
2.17 ± 0.41




	
9

	
40.6

	
14.1

	
17.0

	
28.3

	
40.6

	
dots and stripes Cr2GeC +

dots CrGe

	
Cr2GeC(00L) + Cr2GeC(013)

	
Spherical grains Dg = 30 ÷ 70 nm, hg = 25.32 ± 2.35 nm; Sq = 2.864 nm

	
2.95 ± 0.53

(Cr + Mn)/Ge
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