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Fig. 1. Convergence test results of surface energy for the

atomic-layer thickness of the diamond (100) model.
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Fig. 2. Modeling process for the hydrogen-terminated diamond (100) surface: (a) Diamond single crystal cell model; (b) diamond

(100) crystal face model; (c¢) diamond (100) supercell model; (d) hydrogen-terminated diamond (100) model.
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Fig. 3. Diamond substrate models containing Co atoms at varying layers.
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Fig. 4. Schematic diagram for the selection of dehydrogenation sites in hydrogen-terminated diamond substrates with Co atoms at

varying layers.
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Table 1. Reaction energy barrier and reaction en-
thalpy for dehydrogenation reaction.

CoPFfEREC HAS (ig ﬁfl%/l) (kilﬁ-j ]:;{1)
_ — 20.375 12,576
1 40.106 -9.417
2 2 69.881 8,525
3 81,122 7,879
1 32.358 0,607
3 2 60.472 8151
3 78.786 7521
1 30.201 9.254
4 2 60.274 8,487
3 57.396 8284
1 33.575 9.184
5 2 60.857 8,845
3 65.362 7,765
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Table 2. Projected distance between Co atoms and H

atoms on the surface.
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2 Argr /A LN TYAN Dco—n /A

1 (-3.709, 4.098) 2.022

9 (-2451,2514) 2 (-6.223,4.098)  4.091
3 (-6.223, 6.613) 5.570
1 (-3.709, 4.098) 1.299

3 (-2451,3772) 2 (-6.223,4.008)  3.786
3 (-6.223, 6.613) 4.722
1 (-3.709, 4.098) 0.326

4 (3.709,3772) 2 (6.223,4.008)  2.536
3 (-6.223, 6.613) 3.794
1 (-3.709, 4.098) 1.584

5 (-3.709,2514) 2 (6.223,4.098)  2.972
3 (-6.223, 6.613) 4.808
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Table 3. Bonding conditions between hydrocarbon

groups and hydrogen-terminated diamond (100) sub-

strates doped with Co at varying layers.

Co-2L Co-3L Co-4L Co-5L
CH; — 1.5 1.549 1.53
CH, 1.342 1.352 1.549(1.599) 1.555(1.605)

CH 1.245 1.566(1.593) 1.499(1.528) 1.506(1.531)
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Fig. 5. Schematic diagram of the adsorption reaction model.

F 4 BREFERTET Co S HiaMlf1 (100) FJ% T
Bt

Table 4.  Adsorption energy of hydrocarbon groups on
Co-free hydrogen-terminated diamond (100) substrate.

WA FEIRAE L eV IR Bk eV IEIRE eV

CH; —~75788.76 —6.56
CH, ~74699.65 —75771.41 ~7.83
CH —75753.75 -8.42

#5  REILPES Co EENHERIA (100) 3K AT
g2

Table 5.  Adsorption energy of hydrocarbon groups on
Co-doped hydrogen-terminated diamond (100) substrate.

Copfe/ b e DRI ERE e oy

/eV /eV
2 —111300.34 -112371.48 11.40
3 -111296.71  -112385.24 -5.99
4 —111284.45 -112370.07 -3.08
5 -111284.74  -112370.95 -3.67
2 —111300.34 -112357.70 6.56
3 -111296.71  -112368.94 -8.31
4 —111284.45 -112356.33 ~7.96
5 —111284.74  -112357.49 -8.83
2 —111300.34  —112340.72 5.30
3 -111296.71  —112351.80 -9.41
4 —111284.45 —-112337.43 —7.29
5 —111284.74  —112339.59 -9.17

2 Co 1656 2 2R, anl&l 6 froR, CHy 7E 7843
5 TCIE W B e TS PR AL, CH, SE PR S AL
() C JEF BT R -B S R 1.342 A, CH Fir sl K
N 1.245 A, B/NFEAR SR IRR-BREEK 1.54 A,
LT 4 WA R A A A2 BV FR BE A 434 sz o
RETTRZE R AT, 2 Co 7656 2 2T, 3 P & St ]
715 PEA A4 A9 W B RE 430 DA CHy o 114 eV,

CH, 4 6.56 ¢V, CH & 5.3 eV, ¥ R FT& £z
SERIRTTEATRE , IR S ATHE LA B, H A=
Kead f op FEIE A CH, AW R oh RIXE. B Co 7E
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B 6 Co7EHS 2 J2 I Bk Sk A1 5 2k i J30 175 0

Fig. 6. Bonding conditions between hydrocarbon groups and

the substrate when Co is positioned in the second layer.
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Fig. 7. Bonding conditions between hydrocarbon groups and

the substrate when Co is positioned in the third layer.

M Co fE55 4 2}, Wil 8 Fizw, 3 FhltAlfE 7
435t T8 S H4 U BT PR A Ak, Hodr CH A1 CH,
ST A C SR BT BB 350 1.549 A
W R T4 WA EK 1.54 A, CH, 5% PEA7 S Ak C
JEF R A R SRR AR C BT, 48R 1.599,
KFENAHK. CH 51O S C IR T
KR 1.499 A TR At 5 AH AR AR R 1 1o, S
1.528 A, ¥/ NFE&NIA#HK. /B e g =
AJHT, CH; W [ BE A -3.08 eV, A HL TG Co 1
T I-6.56 eV 3 K &, CH, )W [ BE-7.96 eV
577G Co [HW T HY-7.83 eV M L FARAS | CH 1)
W% B RE-7.29 eV AHEE TC Co 1 B T 1) -8.42 eV
AHEI. B Co 7256 4 JZ2BT, CHy W FF i B i 2 4
i, CH, WEBHE DA CH W A PR A1

24 Co fE56 5 2}, Wi 9 Fiow, 3 Ml fE 7
Gyt R e YW R S P A, Her CHG T BB
WREEK Ty 1.53 A, B/NT 2 NG 8K 1.54 A; CH,
F1 CH W Bt 5 7% PR sS4k C JE—FFAESE C J5+
Y, CH, FE TG PR 07 s Ab 5K 1.555 A, 541
A% C IR T UK 1.605 A, iR T4Wf4
i 1.54 A, CH 7RIS PENLS ALK Sy 1,506, S5
4B C JFF s Ky 1.531 A, M HRI% /N T4 NI
A ST R TR A R T A, CH, ry W Fff fig
H-3.67 eV, M ELTC Co 5L T HY-6.56 eV 38 K &k
=, BRI B L Co 7655 4 JZRETE /N, CH, )
Fifie-8.83 eV Fil CH MM fiE-9.17 eV B LLTE Co

AT S BRI HOREAG. B Co 7645 5 JE2, CH,
Wb 5 0k, CHL, 7 CH (T B RE N A7 RIS

(_, H atom

&l 8  Co TEHS 4 JZ Nk S0 Ak P 55 5L i e s 1 1L
Fig. 8. Bonding conditions between hydrocarbon groups and
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Influence of cobalt diffusion on deposition of
hydrogen-terminated diamond (100) surface based on
first-principles calculations”
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Abstract

This study aims to clarify the influence of cobalt (Co) diffusion on the chemical vapor deposition (CVD)
process of hydrogen-terminated diamond (100) surfaces, with particular attention to its effects on
dehydrogenation reactions and the adsorption behaviors of critical carbon-hydrogen (C-H) groups. Currently,
pretreatment methods are commonly employed to remove cobalt from the substrate in order to mitigate its
effects during diamond deposition. However, these methods tend to reduce the substrate’s toughness and
increase preparation costs. Moreover, even if cobalt is only partially removed, residual cobalt within the
substrate can still diffuse into the film-substrate interface and the diamond film during the deposition, thereby
degrading the quality of the diamond film. The main goal of this study is to examine, on an atomic scale, how
cobalt atoms diffusing into the diamond substrate affect the key reactions during diamond growth, specifically,
dehydrogenation and C-H group adsorption. Understanding these effects is essential for developing strategies to
mitigate cobalt’s adverse influence on diamond deposition. Using first-principles calculations based on density
functional theory (DFT), we construct geometric models of single-crystal diamond and its (100) surface. Co
atoms are introduced at various diffusion depths (ranging from the 2nd to the 5th layer beneath the diamond
surface), and the surfaces are hydrogen-terminated to simulate experimental conditions. The Dmol3 module in
Materials Studio is used to simulate and analyze the energy barriers for dehydrogenation reactions and the
adsorption energies of key C-H groups, which include CH, CH,, CH;. Transition state searches are performed to
identify reaction pathways and energy profiles, and adsorption energies are calculated to assess the stability of
C-H group binding at active sites. The presence of Co significantly increases the energy barriers for
dehydrogenation reactions. The extent of this increase is positively correlated with the projected distance
( Dco—n ) between surface H atoms and Co atoms. Additionally, although the number of layers separating Co
from the surface also affects the energy barrier, this influence is less significant than that observed in the case of
Dco—n . Co diffusion changes the adsorption energies of C-H groups, particularly increasing the adsorption
energy of CHj, a pivotal group in diamond growth. This results in reduced adsorption efficiency of CHj, thereby
degrading the quality of diamond deposition. The influence varies with Co’s diffusion depth: at the 2nd layer,
all C-H groups exhibit increased adsorption energies, indicating thermodynamic instability; at deeper layers (3rd
to 5th), CH; consistently shows higher adsorption energies compared with Co-free conditions, while CH and
CH, display more complex behaviors, with some layers showing reduced adsorption energies. Our findings
provide crucial insights into the atomic-scale mechanisms by which cobalt affects diamond CVD. The significant
increase in dehydrogenation energy barrier and the changed adsorption behaviors of C-H groups, especially CHj,
underscore the challenges in depositing high-quality diamond films on WC-Co substrates. These results guide
the development of strategies to mitigate cobalt’s adverse effects, such as optimizing substrate pretreatment or
inserting barrier layers, ultimately improving the quality of diamond films on cobalt-containing substrates.

Keywords: diamond, cobalt, adsorption energy, first-principles
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