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Table S1. The best-fit parameters of TiAlC layer obtained by Gen-Osc model. 

 E∞ (eV)   

 2.218   

Drude (RT) Resistivity (Ω.cm)4 Scattering time (fs)4  

2.2902e-06 1000  

 Amplitude (eV) Broadening (eV) Energy (eV) 

Lorentz 1 4.192038 2.2739 2.425 

Lorentz 2 4.098684 1.3546 1.135 

Lorentz 3 4.783837 5.1058 5.282 
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Figure S1. XRD pattern of 35nm-TiAlC film grown on Si wafer by RF ion plating. 

Figure S1 shows the XRD pattern of the pristine TiAlC sample. The broaden peaks (111) 

and (200) at around 35.8o and 41.8o are identified as TiAlC phase, this result is comparable 

with the study of J. Moon et al.1 in using plasma-enhanced atomic layer deposition via titanium 

chloride (TiCl4) and trimethylaluminum (TMA) to grow polycrystalline Al-doped TiC. A 

quantitative phase analysis in the Ti-Al-C ternary system by X-ray diffraction was done by 

Wang et al., in which the diffraction peaks at 35.9o, 41.7 o, and 60.5 o are assigned for TiC 

phase.2 A similar result can be found from the work of Zhang et al.3 in synthesis of TiAlC by 

using plasma spraying from Ti/Al/graphite agglomerates and post annealing, the TiC 

diffraction peaks (36.8◦, 42.6o and 62.1o) are almost close to the TiAlC peaks in this study, in 

which the (Ti,Al)Cx could be a solid solution of Al in TiC or Al-doped TiCx. This indicates 

that the pristine TiAlC sample was used in our study has polycrystal structure that was formed 

during RF reactive ion plating process. Because the deposition process was controlled at low 

substrate temperature (less than 100 oC without any additional heater), C vacancies may exist 

the pristine polycrystal TiAlC sample. 
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Figure S2. (a) In situ XPS spectra of TiAlC before and after Ar sputter in the same XPS 

chamber. Beam voltage: 5 kV, ion current: 1 µA, sputter area: 4 mm × 4 mm. (b) Dependence 

of atomic percentage in TiAlC films evaluated by XPS on Ar sputter time. 

Figure S2a shows that the Ti 2p3/2 binding energies are 455.0 eV for Ti-C bond and 

461.0 eV for Ti-O bond, respectively. In the C 1s spectrum, the C-Ti, C-Al, C-C, C-O, and 

C=O bonds are respectively located at 281.9 eV, 282.8 eV, 284.8 eV, 286.2 eV and 289.3 eV. 

In the Al 2p spectrum, there is a chemical shift of the Al 2p peak from 72.7 eV of pure Al 

to 73.7 eV in the (Ti,Al)Cx film, and the Al-O bond is located at 75.3 eV. If this shift is in the 

opposite direction, it is supposed to the Ti𝑛+1AlC𝑛 (MAX phases) which has the Al-C peak 
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located at a lower binding energy than pure Al.4 There is no Ti-Al bond existing in the TiAlC 

film. After removing the native oxide (Al–O, Ti–O, C-O, C=O) around 43.4% oxygen at% 

from the surface, the at% ratio of Ti:Al:C:O is around 38:18:35:9 (approximately 4:2:4:1) 

(Figure S2b). Around 9% of oxygen exists inside the TiAlC film. The Al at% is 18%, that is 

higher than the maximum solubility (1% for at%) of Al in TiC,5,6 suggesting that the pristine 

TiAlC sample is a metastable solid solution of Al into the cubic carbide structure or Al-rich 

precipitations in the cubic TiC film. 
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Table S2. The atomic radii and atomic weights of the elements used in this study. Data was 

taken from references. 7,8 

Element H C N O Al Ti 

Atomic 

number  
1 6 7 8 13 22 

Atomic radius 

(Ao) 
1.54 1.90 1.79 1.71 2.39 2.57 

Standard 

atomic weight 

[1.0078,  

1.0081] 

[12.0096, 

12.0116] 

[14.0064, 

14.0072] 

[15.9990, 

15.9998] 
26.9815 47.8670 

 

 

Table S3. Film thickness change of TiAlC before and after exposing to N2/H2 plasmas at 4 Pa. 

The data was subtracted from in situ ellipsometry measurement, minimizing the re-oxidation 

of TiAlC surface after the process. 

H2% Pristine After N2/H2 plasma exposure (4 Pa) 

Thickness 

TiAlC  

(nm) 

Thickness  

TiAlC  

(nm) 

Etch time 

(min) 

Etch rate 

TiAlC (nm/min) 

0.00 (N2 plasma) 39.79 39.63 10 0.02 

33.33 38.68 20.44 10 1.82 

50.00 39.96 21.50 10 1.85 

66.67 38.43 20.38 10 1.81 

100 (H2 plasma) 39.87 45.97 10 -0.61 (<0, no etching) 
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Table S4. Details of peak binding energy (BE) and full width at half maximum (FWHM) of 

TiAlC film before and after exposure to N2/H2 plasma. 

Element 
Chemical 

bond 
Doublet 

Pristine TiAlC After N2/H2 plasma  

Peak BE 

(eV) 

FWHM 

(eV) 

Peak BE 

(eV) 

FWHM 

(eV) 

Ti 2p 

Ti-C 
2p3/2 455.45  0.90 455.44 0.89 

2p1/2 461.47  1.09 461.29 1.03 

N-Ti-C 
2p3/2   456.25 0.90 

2p1/2   462.10 1.16 

O-Ti-C 
2p3/2 456.45  0.90   

2p1/2 462.63  1.11   

Ti-N 
2p3/2   457.27 1.25 

2p1/2   463.02 1.25 

O-Ti-N 
2p3/2   458.28 1.30 

2p1/2   464.04 1.30 

Ti-O 
2p3/2 459.44  1.34 459.22 1.39 

 2p1/2 465.14  2.35 464.74 2.39 

Al 2p 

Al-Al  73.22  0.80 72.92 0.79 

Al-C  73.98 0.90 73.55 0.90 

Al-N    74.19 1.20 

Al-O  74.80 1.50 75.04 1.49 

C 1s 

C-Ti  281.84  0.75 281.91 0.72 

C-Al  282.84  0.90 282.68 0.90 

C-C  284.80 1.30 284.80 1.30 

C-N    285.34 1.31 

C-O  285.80  1.29 
286.72 1.51 

C=O  287.26 1.50 

O-C=O  289.60 1.50 288.64 1.50 

N 1s 

N-Ti(Al)-O    396.42 0.81 

N-Ti(Al)    397.07 1.20 

N-C    398.41 1.51 

N-H    400.07 1.44 

 

 

 

 



8 
 

 

 

Figure S3. The DFT calculated IR spectra of Al-based organometallic molecules. The insets 

image are their molecular structures. 
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Figure S4. The DFT calculated IR spectra of Ti-based organometallic molecules. The insets 

image are their molecular structures. 
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Table S5. Boiling points of potential volatile products (organometallic compounds) formed by 

the reaction between N2/H2 plasma and TiAlC surface.  

Organometallic compounds Abbreviation Molecular structure Boiling point  

( oC) 

Reference 

Trimethylaluminum TMA 

 

125-126 9,10 

Tris(dimethylamido)aluminu

m (III), dimer 
TDMAA dimer 

 

90 (Bubble point) 11 

Tetrakis(dimethylamido)titani

um (IV) 
TDMAT 

 

50  12 
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Table S6. Bond length and bond dissociation energy of metal-metal (M-M) and metal 

compounds (M-X) such as metal oxides, metal hydrides, metal carbides, metal nitrides used in 

this study. The values can vary, depending on factors such as composition, crystal structure, 

synthesis method, measurement method, or calculation method. Data was taken from 

references. 13-22 

M-M 

M-X 

Bond length (Ao) Bond energy 

(kJ/mol) 

M-M 

M-X 

Bond length (Ao) Bond energy 

(kJ/mol) 

Al-Al 2.61-2.86 14 186 13 Ti-Ti  2.96 15 141 13 

Al-H 1.68-1.78 14 285 13 Ti-H  1.70 16,17 159 13 

Al-C 3.88 18 255 13 Ti-C  2.08-2.20 15,18,19 435 13 

Al-N 3.83 18 297 13 Ti-N  2.09 18 464 13 

Al-O 1.70-1.90 20 512 13 Ti-O 2.12-2.14 19 662 13 

Al-Ti 2.82-2.91 15,18,19 263.4 21 N-H 1.01 22 314 13 

C-C 3.14 15 607 13 C-N 1.47-1.49 22 770 13 
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