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Abstract

Partial ionization cross sections for silanc and disilane by electron impact have been
measured for electron energies in the range of threshold to 1000 ¢V using a crossed
beam gcometry and employing a pulsed clectron beam and a pulsed ion extraction
technique. The cross sections were normalized by using the relative flow technique.
Ior ease of usc in various plasma modcling we have fitted the cross sections to an

empirical formulae.




1. INTRODUCTION

lonization of molccules produces various fragment ions with yields depending on the energy
of the ionizing agent and the nature of the molecule. This process, called di ssociative ionization, is
amajor contributing factor to the gross ionization cross section in the case of molecules. Most of
these fragment ions general] y have substantial amdun of kinetic energies and, therefore, special care,
isneeded for making accurat ¢ measurements of the cross sections. ‘1’ 1iis is particularly true for
electron impact dissociative ionization of molecules where special efforts have to be made to extract
ions formed in the interaction region without affecting the electron beam. As aresult, relatively few
measurements have been reported on these molecules. Recently, we have used a pulsed electron
beam in combination with a pulsed ion extraction technique to ensure complete collection of al ions
irrespective of their initial kinetic energies without affecting, the electron beam [ 1]. lHere, wc report
our mecasurements on silanc and disilane using the same technique. Normalized values of cross
sections have been obtained by using the relative flow technique| 1,2].

Silanc and disilanc arc very important molecules for the semiconductor industry. Cross
sections for the formation of various ions by electron impact ionization of these molecules arc
essential in modeling the plasmas containing these molecules. Even though several reports have
been published in the past on the appearance energies of various positive fragment ions from silancs
[3,7'], there is only onc on the measurement of absolute cross sections as a function of incident
electron energy for these molecules. ‘I"hisis by Chatham et al. [8] in the energy range from threshold
10 200 CV for both silanc and disilane. Turban et al.[9] have reported the relative values of cross
sections in the range of 10 to 90 eV for silane. This measurement is more of historical value as the
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apparatus and the operating conditions used by Turbaneral [9] were not really designed for
stud ying the variation of cross sections as a function of elect 1 on impact energy. Chatham et al. made
three different experiments to obtain the absolute values of cross sections as a function of electron
impact energy. In their first set up the total ionization cross section for each gas was measured
relative to that of an inert gas whose ionization cross section was well known. This measurement
was free of ion mass and ki net ic energ y discriminate ion effects. ]n the second set up they obtained
cracking patterns (i.e., spectra of fragment ions) by minimizing the discrimination effects, but at the
cost of electron energy resolution. in the third set up they optimized the energy resolution and
obtained the relative cross sections as a function of the elcctron impact energy. These were then
normalized to obtain absolute partial cross sections using the data from the first two experimental
set ups. Wc routinely usc the relative flow technique [1,2] for these types of measurements which
provides normalized values of cross sections with onc experimental set up. in the following, the
procedurc for measuring these cross sections and their values are presented and compared with

previous data.

1. EXPERIMENTAL 1)1 TAILS

A schematic diagram of the apparatus used for the present measurcments is shown in Fig.
1. Detailed description of the apparatus and experimental procedure has been published earlier [ 1,2].
A brief description is as follows. A magnetically collimated and pulsed electron beam is crossed at
right angles with a therma molecular beam formed by a capillary array. The electron beam is
monitored by al‘araday cup. Jons formed in the interaction region are extracted by an electric field
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applied between two molybdenum wire meshes placed symmetrical 1y on either side of the interaction
region. The ions arc then focussed at the entrance aperturc of a quadrupole mass spectrometer by
a set of electrostatic lenses. The mass sclected ions are detected by a channel electron multiplier
operated in the pulse counting mode. The ion extraction field isapplicd in apulsed form in such a
way that when the clectron beam is present in the interaction region it is at ground potential. This
arrangement enables us to apply sufficiently high fields to collect all ions with initial kinetic energies
ashigh as5 cV, without affecting the electron beam.

Pure silanc and disilanc were obtained from Matheson and specia efforts were made to avoid
contamination with moisture and air. In a first step, excitation functions for each fragment ion were
obtained as a function of electron impact energy. Measurements wei ¢ carried out with a base
pressure of about 1x 10-7 Torr and atime averaged clectron beam current of 1 nA. Relative values
of cross sections, thus obtained, were subsequently normalized using the relative flow technique.
For this purpose the overall detection efficiency, which is the combined efficiency of transmission
of the quadrupole mass anal yzer and the detection efficiency of the channcliron, was determined
using the rare gas ionization procedure discussed in our previous publications | 1,2]. For determining
the absolute values of cross sections for various fragment io11swe had to make additional corrections
for the isotopic concentrations of Si. Si has three isotopes of masses 28,29, and 30 with abundances
of 92.23°/0, 4.67°/0 and 3.10/0, respectively. Wc estimate that the uncertaint y in the values of relative
cross sections in the present mcasurements is about 10°/0 and that in the absolute values of cross

sectionsitis 1 5°/0.



111. RESULTS ANI) DISCUSSIONS

A. Silane

Present results arc shown in Figure 2. Also shown arc the data reported by Chathamer al.
[8]. “1 able 1 provides numerical values of cross sections. As reported by Chathamer al., we find that
ions formed from the dissociative ionization of Sitl, are Sill;, Sill;, Sitl*, Si*, 15 and 11°. No Sill;
is obscrved. The absence of Sill; has been established carlier by Potzinger and l.ampe [7] and
Morrison and Tracger [3]. It is due to the predissociation of Sitl; into Sill; and 1 1, and has been
corroborated by the enhanced intensity of Sill; as compared to that of Sill;, giving support to this
explanation. Ilowever, our measurements show substantial deviations from the results reported by
Chathamet d. in this regard. We observe maximum value of the Sill; cross section at about 30 eV
electron impact energy whereas Chatham ef al. find this around 45 cV. Also both the relative shape
and absolute cross sections in the 30 to 200 eV range show appreciable differences. For Sill: there
isless divergence in the relative shape cven though we sec a shallow dip in the cross section centered
at about 38 ¢V electron impact energy. 1 lowever, the absolute value of the cross section differs by
about 40°/0. The relative shape and magnitude of the cross sections of Sill" arc in good agreement
up to 50 cV, beyond which the data of Chatham ef a. seem to fall much too slowly, with the cross
sections at 200 eV differing by a factor of two. The cross sections for the formation of S” arc in
good agrecment in the two measurements. The 1" cross section in our data peaks at about 65 ¢V
whereas Chatham et a. obtain the peak at approximately 100 eV and the absolute value of the cross
section at 200 ¢V is a factor of two larger than that we measure at that energy. ‘I’he biggest
difference in the two measurements seem to be in the absolute magnitude of the 11; data, the

present being a factor of seven smaller at 100 cV.
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From a qualitative point of view, it is interesting to note the nature of the 11" cross sections,
as compared to the cross sections for the formation of other ions. In the present experiment, as well
as that of Chathamef al., the peak of H* cross sections is substantially shifted to the high energy
side.

The appearance potentials for positive ions from Sill, are given in “I’able 11. The large
uncertainty in H'and 1 I; isdue to the difficulty in eliminating the background counts from 1,0 and

other hydrocarbons present in,

J\hc background. ‘1’ here secn} to be good agreement on the appearance

potential of silicon ion and its hydride ions. None of the earlier reports, except by Neuert and Clasen
[4], have given the appearance potentials for 11'and H;. Our value of 11, threshold is considerably
different form that of Neuert and Clasen.
B. Disilane

The cross sections for the formation of various positive ions from disilanc arc shown in Fig.
3 and presented in *1'able 111. In Fig.3 wc aso include cross sections obtained by Chatham e al. [8].
Our data arc quite different from their's in both relative shape and magnitude. ‘I’ he exceptions to this
arc data for Si,11; and Si 115 where both relative shape and absolute magnitudes arc in good
agrecement. in the case of Si,l I; aso there seem to be afait agreement in the data, though wc see a
double hump with peaks at about 30 and 60 cV, respectively, as opposed to a structureless shape
peaking at about 60 CV [8].in the case of Si,11; we see apeak at 27 ¢V which is different from the
broad structure with a peak at about 100 eV observed by ( ‘hathaim ef a/. Our results on Si,11; and
Si,H" aso show a double hump with the first peak being very prominent at about 30 and 32 eV,
respectively. The data of Chatham er al. aso show this double peaked structure for these two ions.
1 lowever, there arc substantial differences in the relative shape and absolute values of cross sections.
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TABLE |. Partial and total ionization cross sections (10718 cm’) of SiHg

Electron H+ H3 Sit Sigt SiHg SiHF Total
Energy (eV) _ .
12 - — 0.85 0,85
13 - - 6.70 2.34 9.04
14 - 0.20 22.8 10.4 35.2
15 - 0.69 0.49 44.4 26.2 71.8
16 0.98 0.89 717 47.6 1212
17 1.47 1.67 99.2 63.9 166.2
18 - - 2,16 2,95 119.8 80.6 205.5
19 - -~ 2'75 521 1395 93.8 241.3
20 - - 3.73 9.5 1513 101,7 266,2
22 6.39 19.45 169.0 110.0 304.8
24 105 32.6 180.7 113.9 337.7
26 0,73 0.098 15.7 44.2 187.9 116.1 364.7
28 2,06 0.786 22.3 51.1 190.9 117.2 384.3
30 5.80 157 29,0 56.0 1918 117.9 402.1
32 6.88 2,16 334 57.9 190.6 117.9 408.8
34 9.43 2.75 37.3 58.3 1894 117.2 414.4
36 12.2 3.19 40.3 58.0 188.1 116.9 418.7
38 14.7 3.24 41.7 57.5 186.4 116.7 420.2
40 175 354 434 58.2 184.7 116.9 4242
45 22.2 3.54 45.2 58,9 180.9 118.9 429.6
50 25.9 321 454 57.3 176.9 120.1 428.8
55 27.7 2.95 44,7 54,0 174.7 120.9 425.0
60 285 2.82 43.2 5(L3 172.4 121.5 418,7
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28.6
28.5
28.3
28.0
275
26.9
26.3
254
24.1
22.8
21.8
20.6
194
18,6
17.7
16,9
16.3
155
13.1

11.2
0.88
8.72
7.92
7,27
6.87
6.60

6.35

2.53
2.39
2.29
2.16
2.08
2.00
1.92
1.85
1.75
1.66
1.56
1.49
1.41
1.36
1.30
125
121
118
0.99
0,88
0.79
0.70
0.65
0,63
0,57
0,53

0.49

41.9
40.3
38.5
37.0
35.4
34.1
32.6
314
28.7
26.3
24.4
22.5
20.7
194
18.4
17.4
16.6
155
124
10.4
8.94
7.86
7.17
6,46
5.83
5.27

4.82

10

47.2
450
428
40.9
38.8
37.03
36.0
354
324
29.8
27.5
25.6
24.0
22.5
21.5
20.4
19.6
18.9
155
133

10,6
9,43
8.92
7.95
?.15
6,99

169.9
168.0
165.6
163.1
160.1
158.2
156.1
1538
151.0
147.2
143.8
140.5
137.0
1336
130.3
127.2
1238
120.8
108.8
98,2
88.9
811
74.6
69.2
65.2
61.1

57.0

1216
121.5
120.8
119.8
1189
118.1
116.9
116.0
113.7
110.9
108.1
105,3
102.3
99.9
97.2
94.5
92.3
90,0
811
73.5
67.3
61,4
56.8
53.2
499
46.8

43.6

411.7
405.7
398.3
391.0
382,8
376.6
369.8
363.9
351.7
338.7
327.2
316.0
304,8
295.4
286.4
277.7
269.8
261.9
231.9
207.5
187.5
1704
156.6
145.7
136.3
127.5

118.9




700 6.10 0.46 4.42 6.03 53.0 40.8 110.8
750 5.85 0,42 4.05 5,51 49.7 38.1 103.6
800 5.59 0.40 3.71 5,08 46.7 35.9 97.4
850 5,30 0.37 341 4.65 44.2 34.1 92.0
900 5.14 0.35 3.14 4,29 41.8 324 87.1
950 4.92 0.33 2.93 3.99 39,7 30.8 82.7
1000 4.73 0,31 2.73 3,71 38.0 29,2 78.7
TABLE 11, Appearance potentias (eV) of positive ions from SiH,
lon Present Chatham et al. [8] Morrison and Potzinger and Neuert and
L Traeger [3] Lampe [7] Clasen [4]
SiH} not observed not observed not observed not observed 12,2
SiHd 12.340.5 12.2 12.2 12.3 12,2
SiHZ 11.940.5 11.6 11.8 11.9 14.5
SiH+ 14.74:0.5 165.0141 14,7 15.3 14.5
Sit 13.610.5 13.5+ 2 13,3 136 -
H# 25.042 — —_ — 16,0
Ht 245 +2 -— —- — 22.4
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TABLE 111. Partial and total ionization cross sections (10-18 cm’) of SigHe

Si] SipH' SigHJ SigHi SigHF SiocHE SigHg  Total

Electron  Si* SiH* SiH} SiHi

energy (ev)
10 -
11 i}
12 - 0.0 0.0 -
13 - 118 1.18 - 2,95
14 - 314 785 - 787
15 00 01 629 181 246 00 157
16 047 0,79 12.6 30.8 7.,8 0.69 374
17 1.06 1.57 196 42,0 148 128 600
18 157 393 279 562 27,1 295 817
19 255 7.86 350 69.7 441 659 999
20 381 11.8 393 745 587 11.& 1152
22 747 25.5 46.4 884 79.7 359 146.7
24 12.2 39.3 499 963 915 659 1698
26 20.0 55.0 52.7 98.7 99.4 974 1855
28 26,3 69.5 54.1 99,9 100.6 122.0 1959
30 36.9 825 54.6 99.8 100.1 1388 197.8
32 491 92.3 54.7 98,8 97.4 1501 196.4
34 56.2 98.2 54.8 97.1 938 153.3 190.9
36 62.9 100.6 54.7 94.9 89.6 1504 184.7
38 68.0 101.0 54.1 92,5 856 1447 179.7
40 70,3 102.9 53,0 89.6 81.9 1358 1712
45 68,4 91.2 487 813 741 1191 1594
50 61.3 81,7 448 741 69.6 1088 151.6
55 55.0 747 415 692 657 9.4 1447

12,

0.30
1.48

2,95
5.9

9.84

26.1
35.1
53.1
62.0
65.3
65.6
62.7
59,5
55.8
53.1
50.4
48.2
431
40.4

38. 7

7.87
33.5
59.1
925
119.1
140.7
163.9
188.3
203.2
224.4
232.8
235.5
236.0
235.7
234.5
232.8
230.1
228.1
225.2
2215
220,8
220.5

1.48
541
14.8
24.6
335
40.8
46.6
50.5
54.1
58.0
59.5
60,7
61.2
62.0
62.9
63.7
63,8
64.2
64.8
65.9
67,1

68,7

541
138
27.6
42.3
54.1
65.0
73.8
80.7
87.9
93.0
100.9
104.8
105.6
105.3
103.8
102.4
101.1
99.9
99.4
100.2
99.9
100.6
1014

5.41
232
69.2
136.5
216,8
313.8
405,4
508.3
618.5
698,5
866,5
984.0
1075,8
1136.4
1174.7
1198.1
1197.7
1184.7
1167.1
11441
1072.6
1020.8

979.5




60
65
70
75
80
85
90
9
100
110
120
130
140
150
160
170
180
190
200
250
300
350
400
450
500
550

600

50.3
47.2
45.3
42.8
40.9
39.1
37.1
354
33.8
31.0
28.9
26.7
25.0
23.3
22.0
20.4
19.3
18.3
17.3
134
10.9
9.0

7.91
6.88
6.29
5.62
5,13

69.5
62,3
58.9
55.4
52.3
49.9
46.8
44.2
42.2
38.7
35.8
33,0
31.0
29.1
275
25.9
24.8
23.8
22,4
18,1
14.9
12.6
10.8
9,43
8.64
7.74

7.05

39.9
38.2
37.3
36.4
35.7
35.0
34,2
33.3
32.6
31.4
30.1
28.7
27.5
26.5

25,7

24.8

24.0

23.2
22.2
19,1
16.8
14.5
13.2
12,1

9.96
9.27

66.2 67.7
64.0 60.7
62.1 59.0
60,5 57.1
59,2 55.8
576 54.1
56.5 53.1
55.0 51.7
54.0 50.4
515 48.0
49.7 46.0
474 43.9
459 4?2.1
445 40.8
429 38.9
41,7 37.3
40.3 36.4
39.1 3541
38.0 343
326 29.3
28.7 25.6
258 234
231 21.2
21.1 194
194 17.7
18.0 16,0

16.6 14.3

915
85.6
81,9
77.6
74.5
715
68.7
65.5
63,0
59,0
54.1
50.2
46.6
43.5
40.6
37.9
35.6
34.1
32.5
26.4
21.6
18.6
15.9
11.9
12.6
11.4

10.5

13

139.8 371 2193
136.6 359 218.2
1344 350 217.1
1314 33.8 215.6
128.9 33.3 214.4
125.8 32.3 212.3

1240 315 2104

121.2 30.8 207.7
119.1 30,3 205.7
115.2 285 200.3
109.7 27.3 194.9
1053 2.6,4 189,0
101,2 25.3 1839
979 244 1791
943 233 1742
908 224 1705
884 21.8 166.0
856 20.9 1614
837 2.04 158,55
736 17.9 142.7
650 156 129.9
586 14,5 1198
538 131 111.2
489 11,7 104.0
451 106 972
427 996 92.7
401 933 886

69.4 102.1 957.7
69.7 103.1 9215
70.2 104.5 905.3
70.3 104.5 8854

70.6 104.8 870.4

70.1 104.7 852.4
69.9 104.3 836.5
69.4 103.3 817.5
68.9 1023 802.3
67.4 100.2 771.2
65.9 97.9 740,3
64.7 95.5 711.2
63 93.5 685.0
61.8 91.0 661.9
60.0 88,6 638.0
58.2 86.6 616.5
57.1 84.6 598,3
559 82,7 580.1
547 81.5 565.5
49.2 73.0 495.3
451 65.7 439.8
422 60,0 399.0
39.4 54.9 364.5
36.4 50.3 332.1
341 46.9 309.5
325 44.2 290.8
311 42.1 274.1




650 464 639 866 155 130 954 375 876 846 298 40.6 258.0
700 424 584 812 14,4 120 883 355 829 809 286 38.6 245.3
750 389 536 762 135 110 821 339 78 779 271 36.9 2335
800 359 495 713 127 102 764 323 745 750 262 355 2227
850 333 459 6.72 11.9 948 7.14 306 .06 719 252 341 2120
900 309 425 631 11,3 884 6,70 293 671 690 243 329 202.7
950 287 397 595 107 827 631 277 6.36 665 235 318 193.9
1000  2.71 3.73 564 102 7.77 597 264 612 644 228 30.9 186.6
TABLE IV. Appearance potentials (€V) of positive ions from SigHsg

lon Present ‘hatham et al. [8] - Potzinger and Lampe [7]

SioHg 10.240.5 .9 o 10.15

SigH} 11.740.5 11.2 11.4

SigH} 11.040.5 10.8 10,85

SipH} 12.84 05 12.0+1 125

SigH3J 12.240.5 115 11.8

SipH* 15.0+1 1542 12.9

Sij 14.5+1 17.543 13.0

SiH3 12.04:0.5 11.042 11.95

SiHg 12.0£0.5 10.042 11.95

SiH+t 14.7* 0.5 14.0+2

Sit 5.040.5 542
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TABLE V. Coefficients obtained by fitting the partial ionization cross sections for SiH4 to the

parametrised form as given in Eq. 1. The appearance potentials have been taken from our measured

values given in Table II. _

Jon A a1 a2 a3 8y a5 ag
H+ 383.928 -273.800 -462.094 4207.379 -2766.207 —

H; 22,75 -18.462 432.258 75,791 -32.54.724 4921.341 -2161,974
Sit 24.865 -106.416  1992.041 -12785.320 32427.344 -30812,676  9582,563
SiH+ 33.505 299,796  -5228.592 26444.697 -46162,402 35138.918 -10001,181

Sill} 1132.677 -1026,057 -1638.357 18130.305 -36137.832 20716,961 --

SiHF 899,380  -922.381 -350.580  15613.208 -46354.133 46379,555 -14372.854

Total ion 2143.024 -2327,962 1702,468 10220521 -25086,850 16272,706 —
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TABLE VI. Coeflicients obtained by fitting the partial ionization cross sections for SizHs to
the parametrised form as given in Eq. 1. The appearance potentials have been taken from our

measured values given in Table IV.

lon A a] ag a3 a4 ay ag

Sit -439.553 257.591 5955.866  -44142.066 133819.750 -160558.562 67082.141

Sint -646.234 675,941 2414333  -25398,727 106093.273 -150114.797 69826.555
SiHZ 5.480 16.640 -335.776 2981.240 459,067 -9219.888 6851.284
SiH3 -15949  -90.301 1830,298 -5610.815  24180.061 -40830,699 21982.279
SiZ -316.221  264.364 1312,396 11241229  -2.9120.379  19014.088 —
SipH* -918.2‘34 2336.170 -20333.596 922.24.367  -134394.0  65048,125 —
SizH;r 52.852 -55,133 1149,670 -8254.867 57251281 -101481,914 54544.945
SipH3 -72.239 583160  -7899.672  39976.320 -72381.695  52914.258  -12076.016
SigH} 2058,287 -1792.120 -3501.287  21299.633 -38694.426 20272.900 -
SigHg 782,647  -831.074 1033.076 -1271.496 -2219,039 2369.074 —
SigHg 827488  -582,16 -2905.371 13733.095 -2.3416.209  12486.139 —

Total ion 5281.283 -5640,265 12001.550 -117384.664 390366,531 -483075.594 199514.531
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FIGURES

FIG. 1. Schematic diag: am of the experimental arrangement

FIG. 2. Partial ionisation cross sections for silane: The hollow symbols and the stars represent
the present data and the filled symbols and the crosses represent the data from [8] with circles for
SiHZ, inverted triangles for SiHZ, squares for SiH*, triangles for Si, diamonds for Hi, and the
stars and crosses for H'. The H} and Hi data have been multiplied by a factor of five for clarity

of presentation.

FIG. 3. Partia ionisation cross sections for disilane: (a) The hollow symbols are for the present
data and the filled symbols are for the data from [8] with circles for Si*, inverted triangles for SiH",
squares for SiH3 , triangles for SiHZ , and diamonds for SiZ. (b) ‘I’he hollow symbols and stars are
for the present data and the filled symbols and cosses are for the data from [8] with circles for
SigH?, inverted triangles for SigHZ, squares for SigHZF, triangles for SigH7, diamonds for SigH{,

and the stars and crosses for SioHg .
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SCHEMATIC DIAGRAM OF THE EXPERIMENTAL ARRANGEMENT



Cross section (10']6 cmz)

Electron energy (eVv)

g A K YA [’\ A }\’LA STV Ve -/ DAt ’w[i’




1000
1000

T YTy

100
100
Electron energy (eV)

HN o] - ¥
o © © < ~ o
— o o o o o
( wo Q) uornoss ssod) . WD of) Uol}doss SS0J)

e ] 5 e 91 -




