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Figure 1 Numbering, stable structure (symmetry and electronic state) of the 16 species in the JANAF
obtained based on B3PW91/6-31G(d) calculations
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Table 1 Vibrational frequencies (cm™') and IR intensities (km/mole) calculated with B3PW91/6-31G(d).
The listed frequencies have been scaled by the factor of 0.9573

Species

Vibrational frequencies (IR intensities)

NH(C.,,, %)
NH,(C,,,”By)
NH;3(Cs,,'A))

BN(C..,, TI)
NZ(Dooh3 lzg)
NLH,((Cav,'A)

NoHy(Con,'Ap)

B3N3;Hy(Dsp,' A1)

SiN(Cooy,’X)
C,N(D..,, T1,)
CZNZ(Doovs lzg)

C4N2(Dwvslzg)

CCIN(Coy, '2)
CHN(C,,, ')
CNy(Cy, %)
CNy(Dor, 'Zy)

3135.2(41.5)
1532.1(19.5), 3200.7(15.1), 3307.1(12.3)

1075.7(171.3), 1653.2(17.8), 1653.2(17.8), 3317.8(0.3), 3451.9(0.0),
3451.9(0.0)

1516.0(1.0)
2365.8(0.0)

1233.5(0.0), 1332.4(5.0), 1514.6(59.1), 1626.5(9.4), 2938.3(135.8),
3041.2(58.3)

1664  (142.6),937.3(0.0), 1047.3(194.5), 1086.3(1.0), 1236.8(0.0),
1453.1(0.0), 1608.8(51.4), 1666.2(0.0), 3277.1(  0.0), 3296.0(4.0),
3363.6(0.0), 3384.8(1.5)

273.1(0.0), 273.1(0.0), 380.8(27.9), 497.1(0.6), 497.1(0.6), 681.4(0.0),
681.4(0.0), 702.3(61.8), 826.5(0.0), 881.1(0.0), 881.1(0.0), 891.3(252.3),
903.2(0.0), 903.2(0.0), 904.3(0.0), 997.4(0.0), 986.4(0.5), 1030.4(0.5),
1201.6(0.0), 1257.4(0.0), 1340.6(7.2), 1340.6(7.2), 1436.1(497.3),
1436.1(497.3), 2527.5(296.0), 2527.5(296.0), 2537.2(0.0), 3484.7(0.0),
3486.4(43.3), 3486.4(43.3)

1131.6(16.3)
231.6(9.9), 401.7(4.4), 1310.1(0.0), 1554.6(47.1)

254.2(19.2), 254.2(19.2), 566.1(0.0), 566.1(0.0), 895.3(0.0), 2283.1(0.0),
2453.7(0.0)

119.5(10.3), 119.5(10.3), 292.7(0.0), 292.7(0.0), 524.7(5.3), 524.7(5.3),
561.1(0.0), 561.1(0.0), 625.1(0.0), 1205.8(0.0), 2232.8(0.0), 2366.0(10.7),
2402.8(0.0)

396.7(3.9), 396.7(3.9), 758.1(8.8), 2336.5(44.2)
769.3(38.2), 769.3(38.2), 2219.4(1.9), 3488.1(51.7)
393.2(7.5), 393.2(7.5), 1304.7(13.4), 1553.9(1.0)
426.6(18.7), 426.6(18.7), 1284.0(0.0), 1576.3(190.4)

% 2 J| TD-DFT B3PW91/6-31G(d) 77 %+ B F 28 4-F <1.860 eV B E H B 4 &b
Table 2 Low-lying (<1.860 eV) vertical electronic excitation energies calculated with TD-DFT at

B3PW91/6-31G(d) level

Electronic excited state, energy and quantum weight

Species - 2 b
Excited state &'/ eV g

BN(C..,, °IT) ) 0.0184 3
’ 1.5864 3

SiN(Cooy, X) 1 0.2753 4
I 0.2753 4

C,N(D.,, T1y) I 0.0111 4

‘e AW R B RE: g & FALE ().
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A2 . 3% 2 K TD-DFT B3PWO1/6-31G(d) 72t 515 2 ATE S A= I7E 1.860 eV i [ P (1)
WOk, mEBRAECUEIRE, XEHOR se R T 110 B PR 4 R

2.4 FIBFNNE

HHATTH T F TR EE (0 T450 . IRIR Lk ae) HE &gz, miEt 8)~13) @
AT > TAE 298.15 K (RIARIEBE R IR C°) o A S0ne 3 3 TS5 B B0HE LA S STk FT 25 2 (1)
SCIGBAE . AT, HCERAOSRIR B AR b, A IR 2E B NoH, 731, 9 4.333 Jrmol KTy 47
AR ZE ORI NH 207, o~ 9.223 T-mol K ™';  HE 70 FRE AR I T340 5 9206 (5 45 & BRI

&3 HATRAFITHEEEH 29815 K B4 FHRE C, 0l S
Table 3 Heat capacity C° »m and entropy 5°,(298.15 K) calculated based on statistical thermodynamics

) C,/J-mol - K™ S/J-mol™ K™
Species
Calculated Experimental Calculated Experimental
NH(C,, °) 29.10 29.147 172.03 181.253
NH,(C,,,’B)) 33.49 33.572 189.05 194.707
NH;(Csy,'A)) 34.69 35.652 192.45 192.774
BN(C.,, ') 30.38 29.450 208.86 212.358
No(Do, 'Z,) 29.11 29.124 191.67 191.609
N,H,(Cay,'A)) 34.83 36.554 218.37 218.603
N2H4(C2h,1Ag) 46.48 50.813 236.93 238.719
B;3N;Hg(Dsy,'A') 95.32 96.927 287.87 288.723
SiN(Cy,’Z) 30.22 30.168 211.02 216.812
CoN(D.,, Tly) 44.01 45.751 238.86 230+ 8
C2N2(Dwv,12g) 55.39 56.746 245.55 241.565
C4N2(Dwv,12g) 84.11 85.888 291.34 290.112
CCIN(C.y, ') 44.64 45.271 235.70 236.334
CHN(C..,, ') 35.13 35.857 201.42 201.828
CNy(Coy, ’T) 42.52 42.281 222.99 231.716
CNZ(DOOVfZg) 41.95 42.192 222.78 22621 +0.42

25 N FHEE

* 4 KM G3(MP2) 1 G3//B3LYP ik &S0 FReE (B 0 K BRI I228E, Uk) PAK
1F 298.15 K 3 FIEMIHAEIE (Heon) P T HAAW EHHBERIRIEIE (Geon)o 7 T1E 298.15 K HIbR1E
JEAEN Up Ml Hooe ZFN, FRUES A ETE HAEN Uy Ml Georr Z o
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& 4 A G3(MP2) fr G3/B3LYP it HFE M4 TrE® (Upk) F#EIE (L% Hartrees)
Table 4G3(MP2) and G3//B3LYP energy (U, k), thermal correction to enthalpy (H,,) and to Gibbs free energy
(Geon) (all in Hartrees) at 298.15K

Species (symmetry, state) Uk [G3(MP2)] Uok [G3//B3LYP] Ho Geonr

NH(C,, °%) -55.155 —55.194 0.003280 —-0.01625
NH,(C,,,’B)) —55.801 —55.840 0.003780 -0.01768
NH;(Cyy,'A)) -56.470 -56.508 0.003805 —0.01805
BN(C.,,, ) —79.297 —79.373 0.003708 —-0.02001
NoH((Cay,' A ) —-110.488 —-110.568 0.003803 —-0.02099
NoHA(Cop,' Ap) -111.696 -111.774 0.004496 —-0.02241
B3N;Hy(Dsp'A") —242.255 —242.486 0.006237 —-0.02647
SiN(C..,,’Z) —-343.636 —343.960 0.003324 —-0.02064
CoN(D.,, Tly) —-130.572 —-130.688 0.005702 —0.02856
CoNy(D.,'Z,) —185.412 —185.574 0.005798 —0.02883
CNy(D.,,'Z,) -261.450 —261.689 0.005668 —0.02859
CCIN(C,, ') —552.447 —552.832 0.006957 —0.03084
CHN(C..,, '2) -93.299 —93.378 0.006632 —-0.03146
CN5(Cory, °2) —147.249 —147.369 0.006648 —-0.03111
CNy(Dor, 'Zy) —147.299 —147.419 0.006142 —-0.03039

%5 A#Si. B. C. N, H#f Cl BT AH,C(298.15K) 1 AG,0(298.15 K) 525 #5 4z 1718
Table 5 The experimental data of AiH,°(298.15 K) and A;G,,°(298.15 K) of the gaseous
Si, B, C, N, H and Cl atoms

Data A, (298.15K) AGY(298.15K)
Atom / kJ-mol™ / kJ-mol™!
Si 450 + 8 405.53
B 565+ 5 521.00
C 716.67 + 0.46 671.24
N 218.00 £ 0.01 455.54
H 218.00 + 0.01 203.28
Cl 121.30 + 0.01 105.31

2.6 FREEREFFREE RS ETE AL

B (15) ~ (18) WTULE Y, 5 T ARHE A IS AsHn (298.15 K) AIFRAEAE 75 A 7 5 i Ag
AGr2(298.15 K) IMiGE SRR IR T HISLI6BHE . % 5 £FTHEIN Siv B. C. N. H A1 Cl JE T
UK, o B R THIBIE R E CODATA U, g i 7 i8R 45k B JANAF U324 2%,
XJEFA JANAF 45 H 1) B R A 848 4 560 + 12 kI-mol ™, AHiE A +12 kI'mol ™', ifii CODATA
Y5 B R T A S N 565 + 5 kImol ™!, AHAEE N +5 kI-mol .

WRIEA (15) ~ (18) 4563 3. & 4 FI5R 5 MEEE, ERTHE B S0 T IRFRHEBE R A e
AdH,0(298.15 K) HIFRHEEE /R A G5 A BT RS AGRO(298.15 K), 3511 G3(MP2) #1 G3/B3LYP
T E TR 4 A SR 3R 6 TR .

K 6 nTLAEH, G3(MP2) J5iAH1 G3/B3LYP Jiikfit H e IR —F, B BsNsHs 2 FAHZE
17.67 kI-mol ™" LASL, P72 (4 22 (4R 4E +10 kJ-mol ™' LA
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& 6 G3(MP2) #u G3//B3LYP 7 i it 513 2|6y 4 F 298.15 K AT E /R A Rt AL, A7
FRAEE R E AR B m Ak AG, 5 LB # AT

Table 6 Standard enthalpies of formation AgH,,’(298.15K) and Gibbs free energies of formation AG,,” (298.15K)
predicted with G3(MP2) and G3//B3LYP theories and the comparisons with available experiments

Species

AH,,"(298.15 K) /kJ - mol™

AG(298.15K) / kJ - mol™

(symmetry, state)  G3(MP2)  G3/B3LYP  Experimental G3(MP2) G3/B3LYP Experimental
NH(C,.., %) 351.2 351.7 376.56 342.8 3433 370.56
NH,(C»,,’B)) 186.2 185.2 190.37 190.5 189.5 199.85
NH;(Cay,'A) —41.8 —43.0 ~45.90 -20.8 ~22.0 ~16.37
BN(C..y, IT) 500.6 499.8 476.98 464.2 463.4 443.96

NoH(Cay'A ) 2272 2243 212.97 247.8 245.0 243 .88
NoHy(Cap,'A,) 116.1 112.7 95.35 166.7 163.4 159.23

ByN:H¢(Dy'A) 4919 ~509.5 ~510.03 ~393.6 —411.2 ~388.32
SiN(C,,,25) 467.7 466.7 3724+62.8 4357 434.6 341.9+62.8
CN(D., TL,) 669.5 673.8 556 + 126 626.3 630.6 519.62

CoNy(Dipn,'Z,) 308.3 300.3 309.07 288.2 280.3 297.60
CiNy(Dr,'T,) 528.8 520.4 533.46 497.9 489.6 510.94
CCIN(C,n, 'S) 131.0 130.5 137.95 121.0 120.4 131.02
CHN(C..,,'%) 130.2 127.7 135.1+ 8.4 114.5 111.9 124.72
CNy(Co, °%) 579.2 575.1 585 + 126 564.5 560.3 574.26
CNy (D, %) 446.5 445.1 473 £21 431.7 430.3 464.19

5 JANAF ¥#E £ al DL 3 s i $dm AH b, G3/B3LYP ikt FS Z{E 0 5N 24.86,

5.172,2.898,22.824, 11.334, 17.347, 0.53, 94.324,117.86, 8.682, 12.99, 7.426, 7.44, 9.82 F127.89
kJ-mol™. SiN(Coy,’T) 1 CoN(Doy, Tly) 5 SEWHHR M ZEB A, 7351 94 Al 117kI-mol ™. A LA #
XA T SLIREEE R Z VLB R, aRMR. e PR S RSS20 45 AT A AR IR &

%% X Hk

SROZIA, ok K, FRAKR. BT RBRALRE R Bk R S M RHIOBE TR [J]. Al wE SR, 2003, (1):
24-32.

SROZIA, JloR K. SESLATYENGPIM E A S AR T RS R RIS RS [J]. AR AR, 2007, 24 (2):
1-6.

WANG ZC, ALDINGER F, RIEDEL R. Novel silicon-boron-carbon-nitrogen materials thermally stable
up to 2200°C [J]. Journal of the American Ceramic Society, 2001, 84 (10): 2179-2183.

/P IR RAET & PyC IS RN 15 5 Ar@Ceo BLEY) 15 BRI AL D). 2. PEIL T
MR AR 22 15, 2007.

YAO X, SU K, DENG J, et al. Gas-phase reaction thermodynamics in preparation of pyrolytic carbon by
propylene pyrolysis [J]. Computational Materials Science, 2007, 40 (4): 504-524.

XSGEA. CVD/CVI il %% H & SiC P& S a M BH SR FE[D]. PH22: PaAb Tl K id
AL, 2009.

DENG J, SU K, ZENG Q, et al. Thermodynamics of the production of condensed phases in the CVD of
methyltrichlorosilane pyrolysis [J]. Chemical Vapor Deposition, 2009, 15 (10—-12): 281-290.

DENG J, SU K, WANG X, et al. Thermodynamics of the gas-phase reactions in chemical vapor deposition
of silicon carbide with methyltrichlorosilane precursor [J]. Theoretical Chemistry Account, 2008, 122



%4 2 (AR AME) Advanced Ceramics, 2016, 37 (4): 280-289 - 289 -

[9]

[10]

[11]

[12]

[13]

(21]

(1-2): 1-22.

Hi. BCl-CHy-H, 75 2 CVD il BRACHI A UM S BEEA 22 S8 [D]. PE %2 P AL Tl R 2t fir
3L, 2008.

ZENG Y, SU K, DENG J, et al. Thermodynamic investigation of the gas-phase reactions in the chemical
vapor deposition of boron carbide with BCl;—CH;—H, precursors [J]. Journal of Molecular Structure:
THEOCHEM, 2008, 861 (1-3): 103—116.

. BCL-C3Ho( T Hi)—H, 5 CVD il 8 B A UM S RS2 AT AU [D]. P22 PHAE AR At
A0, 2008.

WANG T, SU K, DENG J, et al. Reaction thermodynamics in chemical vapor deposition of boron carbides
with BCl;—C;Hg (propene)-H, precursors [J]. Journal of Theoretical and Computational Chemistry, 2008, 7
(6): 1269-1312.

REN H, ZHANG L, SU K, et al. Thermodynamics investigation of the gas-phase reactions in the chemical
vapor deposition of silicon borides with BCl;—SiCl,—H, precursors [J]. Structural Chemistry, 2014, 25 (5):
1369-1384.

REN H, ZHANG L, SU K, et al. Thermodynamic study on the chemical vapor deposition of boron nitride
from the BCl3-NH;-H, system [J]. Theoretical Chemistry Account, 2014, 133 (11): 1-13.

REN H, ZHANG L, SU K, et al. Thermodynamic study on the chemical vapor deposition of silicon nitride
from the SiCl,—NH;-H, system [J]. Computational and Theoretical Chemistry, 2015, 1051: 93—-103.

REN H, ZHANG L, SU K, et al. Thermodynamic study of the chemical vapor deposition in the
SiCl;CH;—NH;-H, system [J]. Chemical Physics Letters, 2015, 623: 29-36.

CHASE MW. NIST-JANAF thermochemical tables forth edition [J]. Journal of Physical and Chemical
Reference Data, 1998, Monograph 9.

HAYNES WM. CRC Handbook of Chemistry and Physics [M]. Boca Raton: CRC Press, 2015.

FRISCH MJ, TRUCKS GW, SCHLEGEL HB, et al. Gaussian 09 [M]. Wallingford, CT, USA, Gaussian,
Inc., 2009.

SCOTT AP, RADOM L. Harmonic vibrational frequencies: an evaluation of Hartree-Fock, Mgller-Plesset,
quadratic configuration interaction, density functional theory, and semiempirical scale factors [J]. The
Journal of Physical Chemistry, 1996, 100 (41): 16502—-16513.

DENG J, SUK, ZENG Y, et al. Investigation of thermodynamic properties of gaseous SiC (X and a) with
accurate model chemistry calculations [J]. Physica A, 2008, 387 (22): 5440-5456.

The Calculation of the Thermodynamic Data of the Gas-Phase
in the Chemical Vapor Deposition of the Si-B-C-N-H-Cl System
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Abstract: The thermodynamic data of the gas-phase in the chemical vapor deposition of the
Si-B-C-N-H-CI system include the heat capacities, entropies, enthalpies of formation and Gibbs free
energies of formation ware calculated with the reliable theoretical method of quantum mechanics
combined with standard statistical thermodynamics. This work provides more fundamental data for
analyzing the thermochemistry of the CVD process of the Si—-B-C—N-H-Cl system and its
subsystems.
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