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Abstract: The method of B3LYP/ 6-311G (d) in density functional theory (DFT) was used to optimize the
geometric configuration and study the photoelectron energy spectroscopy of Si,—; N and Si,—; N, (n =3~ 8) ion
clusters, and the results were found as follows: first, the ground-state structures of the clusters were obtained, and
the symmetry of Si,—;N; (7 =3~38) ion clusters was better than Si,—1 N (n=3~8). Second, there was a transition
from planar to spacial structures at =4 and n==6. For Si,—1N (n=3~8), the structure was planar when n<(4,
and the other was spacial structure. For Si,—,N (n=3~8), the structure was planar with =6, and the other was
spacial structure. Finally, the structure with even 7 was more stable than those with odd 7 in Si,—1NT (n=3~8)
clusters; the structure with odd % was more stable than those with even % in Si,—1N~, Si,—;N; and Si,—;N; (n=
3~8) clusters.
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Fig. 1 Geometric structures of Si,—; N~ and Si,—i NT (n=3~8) clusters
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Fig. 2 Geometric structures of Si,—1N; and Si,—1 N5 (n=3~8) clusters
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Table 1 Optimized geometric parameters for ground-state structures of Si,—; N© and Si,—, N7 (n=3~8) clusters

Bond Bond Bond
Cluster Symmetry Cluster  Symmetry Cluster  Symmetry
lengths /nm lengths /nm lengths /nm
Si, N* Deon 1—2 0.1629 5—6 0.2394 3—4 0.2370
Si; N* Cav 1—2 0.2515 6—7 0.2605 Si; N5 Cav 1—2 0.1599
1—4 0.1713 Si; N* Cs 1—2 0.1804 2—3 0.1654
2—4 0.1898 1—4 0.3090 3—4 0.2255
Si, N* Cov 1—2 0.2317 1—5 0.2591 3—5 0.2265
2—3 0.1844 1—6 0.2598 S\ C 1—2 0.1754
2—5 0.2367 2—3 0.1806 1—7 0.2678
3—4 1.6520 2—4 0.1804 1—8 0.2658
Sis N™ Cs 1—2 0.2648 2—6 0.2722 2—3 0.1789
1—6 0.1781 3—6 0.2595 2—7 0.2039
2—3 0.2653 4—5 0,2598 2—8 0.1994
2—4 0.3750 5—6 0.2678 3—4 0.2774
2—5 2.3310 5—8 0.2326 3—7 0.2583
3—4 0.2663 6—8 0.2325 3—8 0.2955
3—6 0.1780 SiNy Cooy 1—2 0.1101 4—5 0.1789
4—6 0.2050 2—3 0.2102 4—7 0.2954
5—6 0.2201 Si, N3 Coov 1—2 0.1647 4—8 0.2583
Sig N+t Cs 1—2 0.2266 2—3 0.1226 5—6 0.1754
1—7 0.3128 3—4 0.1646 5—7 0.1995
2—3 0.2394 Si; Ny Cov 1—2 0.1605 5—8 0.2039
2—4 0.2500 2—3 0.1651 6—7 0.2677
2—6 0.2838 2—4 0.2932 6—8 0.2658
3—4 0.1743 Si, Ny Cov 1—2 0.1597 7—8 0.2990
3—7 0.2819 2—3 0.1664
4—7 0.2107 2—5 0.2900
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Table 2 Optimized geometric parameters for ground-state structures of Si,—; N~ and Si,—;N; (n=3~8) clusters

Bond Bond Bond
Cluster Symmetry Cluster  Symmetry Cluster  Symmetry
lengths /nm lengths /nm lengths /nm
Si; N~ Cov 1—2 0.1748 5—6 0.2417 2—4 0.2255
1—3 0.2311 Sig N~ Cs 1—2 0.1715 Si; Ny Cov 1—2 0.1601
Si; N~ Cs 1—2 0.2245 1—4 0.2536 2—3 0.1740
1—4 0.1807 1—7 0.2527 2—4 0.2729
2—3 0.2858 2—4 0.2093 Siy Ny Con 1—2 0.2585
2—4 0.2004 4—5 0,2568 2—3 0.1652
3—4 0.1640 5—6 0.2305 3—4 0.1653
SiyN™ Cs 1—2 0.1754 5—7 0.2392 Sis Ny C, 1—2 0.1720
1—4 0.1436 Si; N™ Cs 1—2 0.2398 1—7 0.2678
2—4 0.2120 1—5 0.2489 2—3 0.1721
3—4 0.2436 2—3 0.1834 2—7 0.1939
4—5 0.2481 2—4 0.2619 3—4 0.2558
Sis N~ C, 1—2 0.1812 2—6 0,2398 3—7 0.2679
1—4 0.2422 2—7 0.2618 Sig N3 Cs 1—2 0.2446
1—5 0.2427 3—7 0.1834 1—5 0.2582
2—3 0.1828 4—8 0,2398 2—3 0.2483
2—4 0.2083 5—6 0.2490 2—4 0.2908
2—5 0.1880 5—8 0.2397 2—6 0.1827
3—4 0.2479 SiNz Coov 1—2 0.1165 2—7 0.2589
3—6 0.2506 2—3 0.1741 5—6 0.1866
4—5 0.2514 Siz Ny Dsn 1—2 0.1745 6—7 0.1783
4—6 0.2532 1—3 0.2663 6—8 0.2577
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Table 3 Total energy, zero-point energy, energy gap, thermal capacity standard entropy and resonance frequency of Si,—; N and

Si, 2 N; (n=3~8) clusters

Zero-point energy / Thermal capacity /  Standard entropy /
Cluster ~ Symmetry Total energy /eV Energy gap /eV
(kJ/mol) [J/ (mol + k)] [J/(mol « k)]

Si, N* D.p —17239.21 14.026 5.22 40. 97 248. 37
Si; N Cov —25116. 70 17. 393 3.09 57.74 295, 84
Si, N Cov —32994. 12 20, 870 2.23 80. 56 341. 69
Sis N Cs —40872. 66 24, 854 3.85 102.19 376. 17
Sis N GCs —48750. 68 29.078 3.74 124.79 407. 39
Si; N GCs —56629. 02 35, 201 2.78 144, 87 418, 57
SiNy Ceov —10848. 69 16, 048 1. 83 40. 63 203. 22
Si; N Ceov —18727. 46 25,423 3. 89 56.53 281.83
Sis N3 Cov —26608. 10 29. 065 3.72 72. 80 340,21
Si, N Cov —34485. 80 32,914 2.01 94. 88 390. 26
Sis N5 Cov —42364. 26 38. 739 3.42 114.78 418,92
Sis N C —50241. 36 37.091 1.78 141. 74 430. 39
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Table 4 Total energy, zero-point energy, energy gap, thermal capacity standard entropy and resonance frequency of Si,—; N~ and

Si,—2 Ny (n=3~8) clusters

Zero-point energy / Thermal capacity /  Standard entropy /
Cluster ~ Symmetry Total energy /eV Energy gap /eV
(kJ/mol) [J/(mol « k)] [J/(mol « k)]

Si; N™ Cov —17245.971 11,769 2. 45 36.77 259. 14
Si; N~ GCs —25124. 385 16. 477 2.04 59. 06 305.72
Sy N~ GCs —33003. 595 22,265 3.61 78.99 327.10
Si; N~ G —40881. 257 26,402 2.19 101. 14 358. 69
Sis N~ Cs —48759. 777 30. 494 2. 86 123. 46 399.76
Si; N~ GCs —56638. 795 39. 042 2.85 140. 36 398. 02
SiN,; Coov —10857. 690 16.521 3.47 35. 84 193.15
Si; Nz Doy —18736. 410 21, 467 3.03 51. 38 276. 69
Si; Nz Cov —26616. 226 26, 360 1.70 74,39 339. 21
Siy Ny Con — 34493, 981 30. 217 2.21 96. 15 381. 53
Sis N G —42372. 429 35. 575 1.65 116. 58 386. 13
Sis Nz GCs —50250. 832 44, 004 1.54 132. 86 392. 93

5 S, NTHISI, o NS (n=3~8) Fl 2 5 75 45 3 B0 IR 3l 43 3 R 41 1 558 BE

Table 5 Vibrational frequencies and IR intensities of possible ground states of Si,—; N* and Si,—; Nj (n=3~8) clusters

Structure Frequencies /cm™ '[ IR intensities /(km/mol) |

Si, Nt 175.1 (piw) [18.57], 1360.9 (sgu) [873.0]

Si; Nt 222..8(bl) [3.4], 272.9(al) [5.5], 293.8(b2) [16.1], 504. 3(al) [66.1], 609.2(al) [59.1], 1004. 8(b2) [94. 3]

Si,NT 66, 1(b2) [0.2], 94.4 (bD) [1.8], 229.2 (b2) [0.5], 301.1 (b1) [8.2], 352.2 (al) [20.7], 398.8(b2) [5.8],
455.0 (al) [11.2], 522. 4 (al) [9.6], 1069. 8 (al) [303.0]

Si; NT 52.4 (a') [0.1], 112.0 (2" [1.3], 235.9 (a) [1.5], 267.5 (a') [11.4], 426.5 (") [30.5], 441.4 (a') [67.8],
493.4 (2" [91.6], 528.2 (a') [21.5], 840.1 (a') [64.5]

Sis Nt 89.5 (") [0.5], 101.7 (a) [0.6], 132.0(a") [3.4], 135.5 (a') [8.5], 201.0 (a") [1.7], 245.3(a") [5.6],
292.4 (&) [4.5], 300.4 (a") [4.5], 336.3Ca") [10.2], 389.9 (a') [52.7], 466.3 (a') [2.9], 471.2 (" [0.8],

540.7 (a') [73.4], 928.9 (") [42.7]
S NT 187.7 (a") [1.7], 188.7 (& [1.6], 243.5 (a") [9.3]. 244.1 (a) [9.0], 278.2 (a [0.3], 289.8 (a') [0.2],

378.2 (') [49.0], 389.2 (d) [2.0], 390.3(a") [2.0], 472.0 (') [17.6], 495.4 (') [6.8], 672.4 (a’) [13.4],
275.2 (a") [13.0]
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Structure Frequencies /ecm ™! [IR intensities / (km/mol) ]
SiNS  165.8(a') [33.7], 183.8(a") [0.27],2333.4(a") [2.5]
Si; N 135, 4(pi) [10.7],150.6(pi) [19.9], 991. 6(sg) [365.3]

Sis N3
1344, 1(b2) [1565. 8], 1350. 8(al) [97. 2]
Si, Ni¥

72.2(al) [4.4],165.7(b1) [39.5],173.2(b2) [3.7], 325.6(al) [53.6],548.4(al) [31.9],711. 7(b2) [1.6],

51.3(b2) [0.3],67.6Cal) [1.0],89.7(bl) [5.0], 179.4(b2) [9.4],259.9(bl) [43.1],286.9(al) [62.3],

369.0(al) [18.9],616. 1(al) [49.8], 690.3(b2) [17.9],1357. 2(b2) [1318.2], 1363.0(al) [420.0]

Si; N

47.9(al) [1.4], 71.3(bl) [4.1], 94.1(b2) [0.8], 211.4(al) [24.9], 218.7(b1) [28.1], 230.7(b2) [14.1],

323.1(al) [2.8], 329.7(b2) [1.6], 479.8(al) [3.3], 673.6(b2) [50.1], 735.2(al) [3.5], 1342, 1(b2) [1682.0],

1368. 8 (al) [399. 2]
Sis N~

58.4(a) [3.5], 124.8(a) [4.6], 141.3(a) [0.8], 158.3(a) [0.7], 180.0(a) [6.1], 209.4(a) [2.8],

239.9(a) [4.6], 269.0(a) [12.2], 292.3 (a) [2.5],336.5 (a) [2.0], 398.4 (a) [112.6], 439.7(a) [57.3],
448.7(a) [3.2], 489.9 (a) [67.9], 490.6 (a) [5.2],846.3 (a) [10.6], 864.4 (a) [66.6]

#F6 S, N HlSi,—.N; n=3~HABFERESEWHNRIDIFARMASNERE

Table 6 Vibrational frequencies and IR intensities of possible ground states of Si,—; N~ and Si,—; N; (n=3~8) clusters

Structure Frequencies /cm™ '[ IR intensities /(km/mol) |
Si, N~ 444, 6(al) [10.3], 673.7(b2) [3.3], 849.2(al) [29. 4]
Si; N~ 145.3(a") [4.9], 272.7(a) [9.7], 344.1(a) [6.8], 404.2(a") [6.51], 552.4(a’) [2.01], 1036.0Ca") [132.0]
Si, N~ 189.9¢a") [1.7], 207.0 a') [18.0], 359.2 (") [1.9], 372.2 (a) [6.1], 383.4 (a') [0.6], 427.8(a") [65.2],
596.5 (a') [15.0], 889.0 (a") [0.4]
Sis N~ 146. 2(a) [1.9], 156.6 (a) [0.9], 213.3 (a) [3.2], 287.4 (a) [2.1], 298.8 (a) [2.0], 323.8 (a) [3.4],
354.0 (a) [0.77], 380.9 (a) [8.6], 413.5 (a) [24.17,487.4 (a) [6.0], 543.2 (a) [6.5], 809.0 (a) [57.0]
SisN~ 86.6 (a") [0.5], 132.0 (") [0.7], 168.8(a") [0.4], 174.2 (a') [2.5], 210.5 (a") [7.1], 242.5(a") [15.9],
268.8 (a') [4.7], 292.9 (&) [4.3], 341.3(a") [19.42], 361.8 (a") [12.3], 385.8 (" [4.2], 401.9 (a') [56.0],
495.1 (a') [70.7], 560.6 (a") [8.3]
Si N~ 183.8 (a') [0.6], 183.9 (a" [0.6], 225.8 (a’) [1.4], 262.31 (d") [1.8], 263.0 (a') [1.8], 325.9¢a" [1.4],
325.9 (a') [1.4], 380.2 (a') [9.1], 398.0¢a") [1.6], 448.5 (a’) [0.5], 448.8 (a") [0.5], 600.5 (a') [5.8],
600. 6 (a" [5.8], 668.9 (a') [59. 8]
SiN;  372.0¢a") [1.3],591.6(a") [20.8],1798. 4(a") [1088. 2]
Si, Ny 145.6(pD [0.1],157. 2(pD [0.5],995. 8(sg) [22.3]
Si; Nz 69.0(al) [1.3],195.8(b2) [1.9],197. 9(b1) [7.1], 352.9(al) [26.37,531.6(b2) [33.5],543.2(al) [33.9],
1066. 0(b2) [1282.57, 1228.0(al) [0.6]
Si,N;  32.0(bw) [0.1],183.6(bw) [34.97],271.0Cauw) [31.7],613.0(bu) [46.7], 1063. 4(bu) [199.1]
Sis Ny 131.99(b) [4.5], 149.5(b) [3.3], 232.9(b) [22.3], 277.9(a) [2.2], 297.7(b) [11.81], 400.0(b) [14. 4],
417.5(a) [11.2], 523.2(b) [2.78], 524.8(a) [28.2], 538.0(a) [18.8], 935.8(b) [35.8]
Sk Ny 124.9(a) [1.2], 218.8(d" [1.1], 221.0¢d" [1.4], 250.4(a") [2.5], 254.9(a") [0.8], 294.0(a") [1.0],

333.8(a") [2.0], 342.6(a") [3.8], 365.6 (a') [0.8], 394.4 (a') [0.8], 465.2 (a") [9.4], 544.3(d" [2.0],
570.4(a") [30.7],585.5 (a’) [15.4], 660.8 (a') [31.47, 705.4 (a") [39.4], 725.3 (a') [43.1]
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