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The silylene radical, SiHj;, has been detected directly by absorption using intracavity laser spectroscopy under silane
discharge conditions that produce silicon deposits. Rotationally resolved absorption spectra of the (020)—(000) and
(010)—(000) vibronic bands in the A !By « X A, transition of SiH, have been identified. The pressuze of SiHj in these
experiments approaches 20 mTorr. Other absorption lines have been observed including those associated with Ar I and Ar
II transitions from the argon used to maintain the discharge and transitions from several electronically excited states of the

H; formed as a product in the decomposition of silane.

1. Introduction

The fundamental importance of silicon chemistry
in the manufacture of semiconductor materials has
long motivated extensive studies of macroscopic con-
ditions (e.g. the methods of decomposition of the
source material, temperatures employed and flow dy-
namics) associated with the efficient chemical vapor
deposition (CVD) of polycrystalline (Si) and amor-
phous silicon (a-Si: H) [1—12]. Most of this work has
focused on the decomposition of silane (SiH,) which
has been the primary commercial source of deposited
silicon films. A wide range of dissociation methods
has been used including pyrolysis [1—7, 13], glow
and radio-frequency discharges [8—10,14,15], and
photolysis [11,12,16—20]. The molecular mecha-
nism(s) underlying the CVD of Si and a- Si:H via any
of these methods, however, remains to be firmly estab-
lished and many quite different and often conflicting
models have been developed to explain observed pa-
rameters of the CVD growth process [21-24].

Many of the molecular mechanisms proposed to
account for CVD silicon chemistry are based on the
gas chromatographic and mass spectroscopic analysis
of stable end products formed during SiH,4 decompo-
sition (e.g. refs. [15,18,19,25—27]) even though the
critical chemical steps may occur during the initial
stages of the process. It is only recently that several
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intermediate chemical species have been identified
directly during the deposition process using mainly
emission spectroscopy techniques [28—37]. Our cur-
rent understanding of the reaction dynamics, however,
remains so rudimentary that even the issue of whether
Si deposition is determined primarily by homogeneous
(gas phase) or heterogeneous (surface) reactions re-
mains controversial [38—41].

An important experimental element in studying
the gas phase decomposition of SiH, is the in situ, real-
time detection of the primary dissociation products.
Since several studies have indicated that silylene
(SiH, ) is a dominant precursor to Si and a-Si: H depo-
sition [5,6,15--20,25,39,40,42], its detection during
SiH,4 dissociation is of special interest. The SiH, radi-
cal was first detected spectroscopically by transient
absorption following the flash photolysis of phenyl-
silane [43]. The rotational analysis of the SiH, absorp-
tion spectrum obtained in the flash discharge of SiH,
was subsequently reported [44,45]. These early studies
were performed under experimental conditions opti-
mized for maximum SiH, absorption which were not
necessarily appropriate for CVD deposition of silicon
films. Interest in monitoring SiH, during Siand a-Si:H
deposition also has led to its detection by emission
spectroscopy [46], coherent anti-Stokes Raman spec-
troscopy [47], laser-induced fluorescence (LIF) [48—
50], and frequency-modulated absorption spectros-
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copy [51]. In these case, SiH, was produced by dif-
ferent methods including glow discharges in SiH, and
disilane [51], ultraviolet photolysis of phenylsilane
[48], and infrared multiphoton dissociation of SiH,
and ethylsilane [46,49].

We report in this paper the detection of SiH, by
absorption spectroscopy using the A1B; « X 1A,
transitions near 579 nm and intracavity laser spectros-
copy (ILS). ILS provides sufficiently high detection
sensitivity to permit in situ, real-time measurements
under experimental conditions appropriate for the de-
position of Si and a-Si : H films. In addition to estab-
lishing its relative concentration, these ILS absorp-
tion spectra contain data on the internal energy dis-
tribution of SiH, and its spatial distribution in the
reaction chamber. The SiH, radical is fomed by the
microwave discharge of SiHy in argon.

2. Experimental

The optical and spectroscopic principles associated
with ILS have been presented in detail elsewhere [52—
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55]. Briefly, enhanced sensitivity for detecting absorp-
tion is obtained by placing the molecular species of
interest inside the optical resonator cavity of a multi-
mode laser. Molecular and atomic absorptions contri-
bute to the wavelength-dependent losses in the laser
resonator as it approaches the threshold conditions
for laser activity. The enhanced detection sensitivity
can be quantitatively described in terms of the gain
properties and mode competition associated with the
resonator cavity [56]. The absorption spectra of the
intracavity molecular and atomic species are super-
imposed on the output of the ILS laser. The absorp-
tion spectrum of a specific species can be identified
and assigned when the output of the ILS laser is dis-
persed with respect to wavelength.

The ILS spectrometer is shown schematically in
fig. 1. The ILS laser is a cw, jet-stream dye laser
(Coherent 590) pumped by the 514.5 nm output of
an argon ion laser operating at about 4 W {Coherent
1-18). The pumping radiation is attenuated as a func-
tion of time by passing it through an acousto-optic
modulator (AOM1). The AOM1 diverts enough pump
power to prevent the dye laser from reaching thresh-
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Fig. 1. Intracavity laser spectroscopy (ILS) system. The intensity of the argon ion laser pump beam is modulated in time by pas-
sage through an acousto-optic modulator (AOM1). When AOM]1 is on, power is diverted from the pump beam to prevent the dye
laser from attaining threshold conditions. When AOM2 is off, the dye laser is brought rapidly above laser threshold conditions. The
sample chamber is contained within the optical resonator cavity of the dye laser. The sample chamber contains a section where the
sample gas, silane, is dissociated by microwave discharge in an Evenson—Broida cavity. The output of the dye laser passes through
AOM2 which diverts part of the output radiation into the spectrometer after the dye laser has been operating above threshold for
a preset time, The wavelength-dispersed radiation is detected by an intensified vidicon camera.
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old conditions. When AOM1 is switched off, the
pump laser brings the dye laser rapidly above threshold.
The dye laser output passes through a second acousto-
optic modulator (AOM2) before entering an echelle
spectrometer (McPherson model 2005). The time pe-
riod during which the dye laser operates above thresh-
old and the AOM2 remains open determines the gen-
eration time, ¢, of the ILS laser system [57]. The
value of 7, controls the time interval over which the
ILS absorption data are collected. In this work, tyis
typically 45 us which, for a discharge to cavity length
ratio of approximately 0.1, provides an equivalent
pathlength of absorption of 1.35 km [54,55]. Longer
generation times give stronger absorption signals than
those presented here and equivalently permit the detec-
tion of transitions of weaker absorption strength.

The wavelength-dispersed radiation exiting the
spectrometer is focused by a lens (50 mm focal length)
onto the face of an intensified vidicon camera (PARC
model 12051). Such multichannel detection makes it
feasible to monitor substantial portions of the rovibron-
ic structure in the SiH, absorption spectrum in real
time (i.e. 32.8 ms accumulation time of vidicon). This
overall spectral resolution of the detection system is
approximately 95000 (0.18 cm—1). The spectral
bandwidth of the ILS dye laser is 0.8 nm (22 cm™1).
The wavelength of the dye laser is controlled through-
out the lasing range of the rhodamine 6G dye used by
angle tuning an intracavity pellicle (uncoated).

The intracavity sample cell is constructed of
quartz and fitted with 0.5 inch thick fused silica win-
dows positioned at Brewster’s angle. Silane was intro-
duced into the sample cell by a stainless steel gas
handling system at flow rates of 5—10 sccm. The inner
surfaces of the cell windows were continuously flushed
with argon to prevent contamination by particulate
products of the discharge. Silane in argon was decom-
posed by a microwave discharge in an Evenson—Broida
cavity operating at ~100 W and in a geometry con-
centric with the laser axis. The microwave power sup-
ply was stabilized as reported previously [58].

3. Results
The wavelength-resolved output of the ILS dye

laser operating with a microwave discharge of SiH,
(1.4%) in argon at a total pressure of 1.1 Torr is shown
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Fig. 2. The wavelength-resolved output of the ILS system

for various microwave discharge conditions: (A) argon alone
at 1 Torr pressure (tg = 49 us); (B) 9% Hj in argon at 0.17
Totr pressure (fg = 49 us); (C) 1.4% SiH,4 in argon at 1.1 Torr
pressure (¢, = 37 us). These spectra of the laser profile are
centered atg579.17 nm, extend for 0.75 nm and each took
about 10 s to acquire.

in fig. 2C. For comparison, the ILS spectra obtained
for a microwave discharge in (i) argon alone at 1 Torr
total pressure and (ii) H, (9%) in argon at 0.17 Torr
total pressure are presented in figs. 2A and 2B, respec-
tively. The ty values in these experiments are 49, 49
and 37 ms, respectively, and the total acquisition time
for each is 10 s. It should be noted that the addition of
H, to an argon discharge has the effect of reducing the
intensities of the argon transitions (cf. spectra in figs.
2A and 2B).
Most of the absorption features observed in fig. 2C

can be assigned to transitions between excited states
of argon and H, or to A < X transitions in SiH,. The
argon absorptions are clearly identifiable from the

ILS spectrum recorded for the pure argon sample and
are assignable to either Ar I or Ar II. The argon lines
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Fig. 3. ILS absorption spectrum of silylene, SiHs, in the region of the ! By (020)— 'A; (000) band (top). This spectrum was ob-
tained from a 100 W microwave discharge of 4% SiH, in argon at a total pressure of 0.7 Torr, It is compared with spectra obtained
from 100 W microwave discharges of 9% H; in argon at 0.17 Torr total pressure (middle) and 3% H, in helium at 0.17 Torr total
pressure (bottom). These data were obtained by combining spectra, such as those shown in fig. 2, for 25 adjoining spectral regions.
The assignment markers are for all the SiH; transitions in this spectral region that were listed by Dubois [62] and include several
assignments from the (010)—(000) vibronic band (tRs,J—s =9, ’R7’J_6 (J=17,8),"Rq j—7 (J = 7-9). These data are
presented in two panels (A, B) to highlight the region around 17261 cm™! where the strongest SiH, transitions are observed. Note
that the strongest bands observed are those due to excited-state—excited-state transitions in H, and that many of these bands

overlap with features assigned to SiH,.

shown in fig. 2A at 578.948 and 579.040 nm are
assignable as the two Ar I transitions, 5d' [3 ]° <
4p[3] and 7d[3]° « 4p’ [3 ], respectively [59]. The
argon transitions serve as sources of spectral calibra-
tion for the other spectral features observed.

The five major absorption features due to H, in the
ILS spectrum of the H,/Ar discharge (fig. 2B) all
appear in the ILS spectrum of the SiH,/Ar discharge
(fig. 2C). These five features can be assigned to transi-

tions between electronically excited rotational levels
of H, [60]. For example, the central absorption fea-
ture at 17261.3 cm~1 has been assigned in Dieke’s
notation [60] as the Q5 rotational transition from the
v" = 0 vibrational level of the 2c¢ excited electronic
state (at 95392 cm—1) to the v’ = 0 vibrational level
of the 3e excited electronic state. Several hundred
other absorption features assignable to H, transitions
have been observed in this study [61].

325



Volume 130, number 4 CHEMICAL PHYSICS LETTERS 10 October 1986

Table 1
Assignments and wavenumber positions of absorption transitions in the range 17242—17279 cm™! for SiH, and excited-state argon
and hydrogen (H;) formed during the decomposition of SiHg in a microwave discharge 3)

SiHj transitions Excited-state Ar and H, transitions
assignments b) positions (vac. cm™1) assignments ¢,d) positions (vac. cm™1)
published ®)  this work published ¢,d) this work
H,:3f 2-2c 2(R1)
2
HZ: 4F 0-2B 9(R2) 17279.00 17279.17
p =
PRyJ-2 8 = g; } 121845 1721870
0,J -
Ryy; (J=0) 1727769 1727192
PRy ;5 (J=4) 17276.86  17277.10
PP, ; 5 (/=6) 1727386  17273.89
PR, (J=5)
2,J—
T2 (1=6) 17273.64  17273.68
PR (J=4)
2,J—
PR,y (J=6) 1727190 1727186
' Hy :3f 0-2c 0(P3) 17271.54 17271.53
Hj : unassigned 17271.39 ’
AL {5d' [31°<4p' (3]} 17267.92 used as ref.
PPy, (J=3) 17267.14
Qoy (=D 17266.47  17266.48
Arl: {7d [31° < 4p' (31} 17265.18 used as ref.
pP3’J_3 (J=3) 17265.23 17265.18 (overlap with Ar I transition)
Qoy  (J=8) 17264.11  17264.15
0.’ =
b, Gln ) mem  meso
"Qoy (J=3) 1726226 1726228
PR,y (J=5) 1726170  17261.31  Hy:3e 0—2c 0(Q3) 17261.31 17261.31
Qo7 (J=4) 17260.80  17260.82  Hy:3e 0—2c 0(Q4) 17260.64 17260.82
"Re s (J=T) 1726025  17260.13
PR, 1 (J=4) 1725992  17259.56
'Qoy (/=9 1725950  17259.28
PR J=2) 17258.89
1,J-1
(J=3)  17258.63 } 1725868
Ty =
0,7 Gm ) wmsses  amsiae
Py (J=9) 17256.68  17256.42
PQ, 1 (U=2) 17253.98 17253.76
PQ; ;s =9 17253.01 17253.43
H, : 3¢ 0—2c 0(QS) 17252.63 17252.38
Hy : 3f 0-2c 0(P4) 17251.88 17251.70
PQ,7-1 (J=8) 17250.07 17249.70
P =
pg’ 3 Gin ) omeem 124930
' H, : 3e 0—2¢ 0(Q2) 17248.52 17248.11

PQ; 5  (J=6) 17247.65 17247.22

R4, 74 (J=5) 17248.18 -
H, : 3f 2-2¢ 2(Q5)

PPy o, (J=4) 17246.78 17246.33 17246.69 17246.33
H,: 3E 0-2B 4(R3)

PQ, ;4 (J=4) 17246.30 17245.91

PQ (J=5)
1.J 17245.52 .
POy, (=5) } 5.5 17245.14
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SiH, transitions

Excited-state Ar and H, transitions

assignments b) positions (vac. cm™!) assignments ¢,d) positions (vac. cm™1)
published®)  this work published ¢d) this work
PQ, s W=D 17244.56 17244.17
PQ, ;1 (W=D 17244.15 17243.88
PQ,, (/=2 17243.61
PQ,, , (J=6) 1724359 ) 1724320
PQ,;  (J=4) 17243.55
’ (J=3) 1724292 17242.53

a) Transitions measured from the same segment (¢.g. fig. 2C) of the composite spectrum (fig. 3) are grouped together.

b) From ref. [62].
d) From ref. [60] for H, transition positions.

Most of the absorption features appearing in the
spectrum of the SiH,/Ar discharge (fig. 2C) that cannot
be attributed to either Aror H, are assignable to rota-
tional transitions in the (0,2,0)—(0,0,0) band of SiH,
[44,62]. The complete absorption spectrum of the
(0,2,0)—(0,0,0) band of SiH, can be obtained by
combining the spectral region observed in each ILS
experiment (e.g. the segment in fig. 2A) with those at
adjacent wavelengths. The result for combining 25
such segments around 579.6 nm is presented in figs.
3A and 3B for amicrowave discharge (160 W) through
4% silane in argon at a total pressure of 0.7 Torr.
Analogous ILS absorption spectra are presented for
microwave discharges (160 W) through 9% H, in argon
and 3% H, in helium are also presented in figs. 3A
and 3B. The total pressure in these latter two experi-
ments was 0.17 Torr. The assignments shown are all
those listed for this spectral region by Dubois [62]
and include several rotational transitions in the
(010)—(000) band of SiH,. Absorption bands that
appear in discharges of argon alone are labeled as A.
In some cases, these argon lines overlap SiH, features.
Such overlapping has been verified by ILS spectra ob-
tained from discharges of silane in helium. Several rel-
atively intense bands that cannot be attributed to the
presence of argon or hydrogen and that do not cor-
respond to any of the bands listed in the tables of
Dubois as assignable to SiH; are labeled with asterisks.
The relative intensities observed within a rotational
branch agree qualitatively with those reported by
Dubois [62].

©) From ref. [59] for Ar transition positions.

The frequency positions observed for all SiH, tran-
sitions in the 1727917242 cm™1 region of fig. 3A
are compared with those reported by Dubois [62] in
table 1. The frequency positions observed for the
strong excited-state — excited-state H, transitions that
occur in this region are also compared in table 1 with
those in the compilation of Dieke [60]. All transitions
derived from one segment (i.e, fig. 2C) of the com-
posite spectrum are grouped together in table 1. Where
an argon transition is present in a given segment, it is
used as primary frequency standard. Otherwise, a more
general procedure based on a series of measurements
of argon transition frequencies and linear interpola-
tion between them is adopted for frequency calibra-
tion. Frequencies also have been corrected for the
changing spectral dispersion of the detection system.

4. Discussion

The identification of SiH, in the microwave dis-
charge of the SiH, in Ar mixture is evident from the
absorption assignment presented in figs. 3A and 3B
and in table 1. This is particularly clearin the 17261.3
cm™! region (fig. 3A). Ambiguities in assignments
caused by the overlap of absorption features from Ar,
H,, and SiH, can be resolved through comparisons be-
tween the ILS spectra presented here. Nonetheless,
examination of the published rotational analysis of
SiH, [44,62] suggests that such overlapping transi-
tions, if present, may not have been completely sepa-
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rated in previous work. There are significant discrep-
ancies between the spectroscopically observed levels
of SiH, and those predicted from the rotational con-
stants obtained in the published analysis [44]. Tran-
sitions due to excited state absorption transitions in
H, may have been mistakenly assigned to SiH, and
subsequently used in the rotational analysis. The op-
portunity to clearly distinguish these two sources of
absorption lines afforded by ILS suggests that the
rotational analysis of SiH, should now be reexamined
in order to obtain more accurate rotational constants
[61].

The electronically excited argon and H, species
that are spectroscopically observed indicate that the
energy of the microwave discharge is at least 13.3 eV.
There are numerous SiH, decomposition pathways
accessible at these energies including [15]:

SiHy +e” > SiH, +Hy, +e=  (2.43¢V), (a)

- SiH; +H+e™ (3.86eV), (b)
6.74¢V), (o)
(119ev), (@)
(123eV).  (e)

The 147 nm photolysis of silane utilizes 8.4 ¢V pho-
tons and has been shown to proceed via reactions (b)
and (c) with quantum yields of 0.17 and 0.83, res-
pectively [18]. The H, product is thought to be gen-
erated alos in a rapid secondary reaction [63]:

In view of the large number of processes that generate
H,, the prevalence of excited-state H; transitions in
the ILS spectrum presented here is not surprising.
Indeed, most of the absorption spectroscopy reported
here (with the exception of the bands labelled by
asterisks in figs. 3A and 3B) can be interpreted in
terms of the decomposition of silane and the second-
ary excitation of a product of the primary decomposi-
tion step, Hy.

The detection of SiH, by ILS provides several ad-
vantages which should be noted.

(i) The detection sensitivity is sufficiently high to
permit direct, in situ monitoring under the experimen-
tal conditions required for CVD of Si and a-Si: H films.

(ii) The broad spectral regions observable make it
feasible to obtain rotational analyses of the absorption

_’Sle e
- SiH} + H, +2¢”
- SiH} + H+2e™
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spectra, thereby unequivocably identifying the SiH,
radical. Such analyses also permit the identification
of as yet undetected species (e.g. SiH3).

(iif) ILS data contain information on the spatial
distribution of absorbing species in a reaction chamber.

(iv) Detection measurements are rapid enough to
provide a basis for real-time optimization of the condi-
tion for SiH, decomposition.

(v) ILS data can be obtained under decomposition
conditions that do not produce a suitable environment
for the application of other sensitive detection tech-
niques such as LIF and photoacoustic absorption
spectroscopy.

These features suggest that ILS can have an impor-
tant impact on our understanding of silicon chemistry.
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