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The absolute densities of H atoms produced in catalytic chemical vapor depd€lat:«€VD or
hot-wire CVD) processes were determined by employing two-photon laser-induced fluorescence
and vacuum ultraviolet absorption techniques. The H-atom density in the gas phase increases
exponentially with increases in the catalyzer temperature in the presence of puk&/hén the
catalyzer temperature was 2200 K, the absolute density in the presence of 5.6 PaL6OKccm

in flow rate) was as high as 1:610* cm™2 at a point 10 cm from the catalyzer. This density is one

or two orders of magnitude higher than those observed in typical plasma-enhanced chemical
vapor-deposition processes. The H-atom density decreases sharply with the additiop. dVBeh

0.1 Pa of SiH was added, the steady-state density decreased id'? cm 3. This sharp decrease

can primarily be ascribed to the loss processes on chamber wall2002 American Institute of
Physics. [DOI: 10.1063/1.1428800

I. INTRODUCTION in the gas phase do play an important role. For example,
H-atoms are expected to be produced efficiently fropnoH

Catalytic chemical vapor depositiofCat-CVD), often  heated catalyzer surfac¥si*and react with Siljito produce
called hot-wire chemical vapor deposition, is one of the mos8iH,.*?'* We have succeeded in detecting Sikh a
promising techniques for producing semiconductor thin filmsH, /SiH, system by using a cavity ringdown technique and
at low temperaturet.®> Device-quality amorphous silicon, have shown that Sitis one of the strongest candidates for
polycrystalline silicon, and silicon nitride films are easily the film precursor under practical conditioh§he steady-
obtained at substrate temperatures as low as 600 K. In thistate density of Siklin the presence of 5.6 Pa of,tnd 1.0
technique, gaseous materials, such as,%ind H,, are in-  Pa of SiH, is 1.0 10*? cm™3. This density is two orders of
troduced into a vacuum chamber where they decompose intmagnitude larger than that of Si atoms under identical con-
radical species upon contact with heated catalyzer surfaceslitions.

The identification of radical species produced on cata-  Although the existence of Sistrongly suggests the im-
lyzer surfaces as well as an understanding of the fundamentpbrtance of the HSiH, reaction in the gas phase, direct
kinetics of this process in the gas phase are essential in ddetection of H-atoms is essential for further discussion.
signing the chemical vapor depositi¢g8VD) apparatus and H-atoms are also important in the etching of silicon com-
in optimization of deposition conditions. Based on the resultpounds on surfacés>~’In the present work, the absolute
of laser spectroscopic measurements, we have recently rdensities of H-atoms were determined under various condi-
ported that one of the major products in the cracking reactiotions by employing laser spectroscopic techniques.
of SiH, on heated tungsten surfaces is atomic sili&édie
direct production of SiH and SiHradicals is found to be
minor.‘sl'O7 These observations areﬂ;onsistent with the results olll' EXPERIMENT
other mass spectrometric measureméfts.When colli- The CVD chamber and other experimental apparatus
sional processes in the gas phase can be ignored, Si atofere similar to those described previously for the detection
should be deposited directly on the substrate surfaces. Undef Si, SiH, and Silj.‘” The length and diameter of the cata-
practical deposition conditions, however, chemical reactiongyzer (W wire) were 120 cm and 0.4 mm, respectively. The
detection zone was 10 cm below the catalyzer and 5 cm
dAuthor to whom correspondence should be addressed; electronic maifDoOve the substrate holder. The substrate holder was not

umemoto@jaist.ac.jp heated in the present measurements. The absolute densities
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of H-atoms in the gas phase were determined by combiningalmer« observation was coated with nonvolatile oil to pre-
a two-photon laser-induced fluoresceri¢4fF) 'teChniql_Jé8 vent the light-scattering caused by film deposition. The typi-
and a vacuum ultraviolefLyman «) absorption technique. cal pulse energy of the laser was 0.6 mJ. Below this energy,

The principle of the present procedure is the same as thgfe | |F intensity increased quadratically with increases in
employed by Tachiband,except that a laser was used as thethe pulse energy.

vacuum ultraviolet light source. The absolute densities of H

. . : In the vacuum ultraviolet absorption measurements, the
atoms can be determined by an absorption technique, but trg)eut Ut of the dve laser at 729.6 nm was doubled in frequenc
dynamic range of this technique is rather narrow. In addition P y ' d y

SiH, is not transparent at 121.6 mh?! The dynamic range by a BBO crystalSolaj and then tripled by a mixatuzrse of Kr
of the two-photon LIF technique is wide, but only relative and Ar to produce Lymanv light at 121.6 nnf*"* The
values can be obtained. By combining these two techniquedypical pressures of Kr and Ar were 13 and 53 kPa, respec-
it is possible to determine the absolute densities under varkively, while the laser-pulse energy at 364.8 nm was 8 mJ.
ous conditions. The 364.8-nm light was focused into the tripling cell, 15 cm
In the two-photon LIF measurements, the output of a dyen length, by a 150-mm focal-length lens. The 121.6-nm light
laser (Lumonics HD-500 pumped by a YAG(Y/Al garned  was collimated with an Mgflens (100-mm focal length at
laser(Spectra Physics PRO-1p@t 615.3 nm was tripled in 121 6 nm. After passing through the CVD chamber, the la-
frequency by using two BBOA-BaB,O,) crystals and a  ggr heam entered a detection vessel filled with 130 Pa of NO.

polarization rotator(Solap. This trlpllng procedurg is the The NO' ions produced were collected by parallel elec-
same as that reported elsewh&@&he third-harmonic wave- . )
érodes, and the ion current was measured with a boxcar

length, 205.1 nm, corresponds to the transitions to th _
3s2S,,, 3d2D4,, and 312Dg, states from the ground averager-gated integrator systef8tanford Research Sys-

1s2S,, state. A Pellin Broca prisniSigma Kokj was used t€ms SR240/SR250/SR280'he ion current is proportional

to separate the third harmonic from the second harmonic an@ the vacuum ultraviolet intensity when appropriate voltage
the fundamental. The laser beam was focused with a 400-mis applied®®~?® The typical dc voltage applied to the elec-
focal-length lengSigma Kokj. Emissions corresponding to trodes was+200 V. There was no change in the absorption
the 32S-2s?P and 3 ?D-2s?P transitions around 656.3 spectral profiles when the NO pressure was changed by a
nm (Balmer a) were collected through a 350-mm focal- factor of 2 or the dc voltage was changed $yL00 V. The
length plano-convex collimating lensSigma Kok and a  apsorption profile also depended little on the laser intensity.
150-mm focal-length biconvex focusing lefSigma Koki ¢ course, no ion current was observed in the absence of K.

and detected with a photomultiplier tulfelamamatsu Pho- L . ;
. . . . A schematic diagram of the experimental apparat hown
tonics R212UH. A slit and a cutoff filter(Hoya R63, which inSFig 1 e diag xpert pparatus Is show

eliminates the emissions below 600 nm, were inserted be- . .

tween the focusing lens and the photomultiplier tube to re- The transmittance W?S me_asured by sca_nnmg the fr_e-
duce the stray light and the blackbody radiation from thedUency of the laser. By simulating the absorption profiles, it
catalyzer. The LIF signal was recorded with a boxcariS possible to evaluate the absolute densities of H-atoms.
averager-gated integrator systef8tanford Research Sys- Since Lymana consists of two separated lines, correspond-
tems SR240/SR250/SR2800r a digital oscilloscope ing to the 2 2Py;-152S;, and 2p 2P 15 2Sy, transitions,
(LeCroy 9310CM. The inner side of the quartz window for the transmittance is given 1y
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Here, both the spectral profiles of the light source and the&letect H-atoms by two-photon LIF. No LIF signal was ob-
absorbing media were assumed to be Gaussian, and the Laerved when the catalyzer was not heated. This was true even
entz broadening was ignored. The valuesxof,, andB,;  in the presence of SiH In other words, two-photon disso-
represent the bandwidths of the laser and H-atom absorptiaziation of H, or SiH, to produce H-atoms can be ignored.
spectra,vy and v, are the frequencies at the absorptionThe production of H-atoms by the photodissociation of
peaks,v, is the central frequency of the las&p, andk, are  Si,Hg, which can be produced in the SiH SiH; reaction,

the absorption coefficients at the Doppler-broadened lindas been demonstrated by Miyazakial*® However, the
centers, and is the absorption path length, 45 cm in the steady-state density of $ig in our system is more than one
present system. The values 8§, B, ko, andk; are given  order of magnitude smaller than that of $iflIn the present

by: measurements, the SjHdensity was less than >210%°
KT 125, cm 3, whigh is.on the same order as thgt of H-atoms qb-
Bo= (W) ~ served. If SjHg is produced, that contribution should be mi-
nor.
2KT\ Y25, The H-atom density increased in proportion to the square
ﬂj_:(?) Y root of the H pressure below 7 Pa, as shown in Fig. 2,
suggesting that there is a thermal equilibration between H
m \12 3N and H on the catalyzer surfaces. The absolute values of the
k0=<m_) —_—, H-atom densities in Fig. 2 were determined by a vacuum
877y ultraviolet absorption technique. Figure 3 is a van't Hoff type
m 12 G3N plot in the presence 'of pure,HIn this figu.re, a Iogar'ithm of
1= <_) ) the H-atom density is plotted as a function of the inverse of
27kT dmTry the catalyzer temperature. The pressure and flow rate,of H

wheremis the mass of H atom;is the Boltzmann constant, Were 5.6 Pa and 150 sccm, respectively. The slope of the
T is the absolute translational temperaturés the speed of linear plot in Fig. 3 represents the effective enthalpy for the
light, N is the density of ground-state H-atoms, ani the H-atom formation from H on the catalyzer surfaces, which
radiative lifetime of H(D2P,), 1.60 ns. ’ was determined to be 239 kJmdl This value is in fair

SiH, (Takachiho 99.9999% H, (Takachiho agreement with the literature values obtained using Ta and
99.99995%, Kr (Nihon Sanso 99.995%Ar (Nihon Sanso € @S catalyzers, 237 and230 kJ mol !, respectively:
99.9995%, and NO (Nihon Sanso 99%were used from These values are also similar to those obtained from the

cylinders without further purification. equilibrium constant in the gas phase, 228 kJmdf sug-
gesting that the H—H bond scission is rate-determining and
. RESULTS that this process depends little on the character of the cata-

lyzer. In sharp contrast, in the decomposition of Sikhe

A. Two-photon laser-induced fluorescence  (LIF) effective enthalpy for the production of Si atoms depends on

measurements

When the catalyzer was heated to higher than 1300 K in
the presence of more than 2 Pa of,Ht was possible to

g
o 20 ' T = 2
o [ ] >
g =
= 15F - &
s [ _ 3
~ 10} - =
g 0.5p - . 1 . 1 A ] A
; . 4 0.5 0.6 . 0.17 0.8
" 1 M 1 " ] s . -
0.00 > 4 3 8 1000 T, /K
H, pressure / Pa FIG. 3. Catalyzer temperatureT (), dependence of the H-atom density

between 1270 and 2200 K in the presence of 5.6 Pajofmdasured by a
FIG. 2. H, pressure dependence of the H-atom density measured by a twdwo-photon laser-induced fluorescence techni¢@g and by a vacuum ul-
photon laser-induced fluorescence technique. The catalyzer temperature wiaaviolet absorption techniqu€®). The absolute values were determined by
2200 K. a vacuum ultraviolet absorption technique.
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FIG. 5. The dependence of the H-atom density on the, SlibW rate. The
FIG. 4. Doppler profile of H-atoms measured by a two-photon laser-inducegressure and the flow rate of,ere 5.6 Pa and 150 sccm, respectively. The
fluorescence technique in the presence of 5.6 Pa of pyreTHe catalyzer  catalyzer temperature was 2200 K.
temperature was 2200 K.

flow rates such as at 2 sccm, the LIF signal was constant
‘%{gainst time, likely leveling off within 1 min. The decrease
in H-atom density due to the introduction of Sildannot be
ascribed to the collisional quenching of the upper states,
H(3s2S or 3d?D), because of their short lifetimes as well

. . 4 s the low concentrations of SiH although the quenching
was fixed at the absorption peak. The translational temperaz. ~onstant is expected to be la?g@he poisoning of the
ture of H-atoms, and then the absorption spectral promecatalyzer surfaces by SiHdoes not take place when the
may change with the catalyzer temperature. However, thiﬁatalyzertemperature is higher than 1906 When the SiH

Lnfluencet 'S mlfngr. 'tA‘S W'I.I btehshown below% tshg I’[Drangla:;onalflow was interrupted, the H-atom density recovered slowly,
emperature of H-atoms in the presence of 5.6 Pa.oisths taking ~10 min to increase back to the level before the in-

Il;)v;/has t450t|6?. Kvx:hten the c?talyzer tempera;ure 'StzzggoK'troduction. During the recovery, it was possible to detect
€ ransiational temperature decreases down to iH; mass-spectrometrically, indicating that itk pro-

when the catal_yzer_ temperature Is Iowered,_the change in tl}?uced by the reaction between H-atoms and the silicon com-
LIF spectral width is just 10% and may be ignored. cgounds deposited on the chamber walls and the substrates.

. Figure 4 shows the Doppler profile of H-atoms measure etails of the mass-spectrometric measurements have been
in the presence of 5.6 Pa of pure HThe two-photon LIF described elsewhefd

signal was recorded as a function of the two-photon energy It was difficult to observe H-atoms in the presence of

of the laser in wavenumber units. The catalyzer temperaturBure SiH, without H, dilution. However, this does not nec-

was 2200 K. From such profiles, the translational tempera; ; ; :
T essarily mean that the production of H-atoms from Si$l
ture of H-atoms can be determin&tf'*>The measured LIF y P S

) o - minor. H-atoms, if produced, should be lost immediately on
spectrum is the superposition of three transitions onto th%hamber walls under the present conditions. Under some
3s2S,),, 3d2Dy,, and 3 ?Dg, states. The spectral separa-

. _ conditions, polycrystalline silicon films can be fabricated
tions, 0'09.8 and 0.036 cm, are smaller than the expecFed without H, dilution®® suggesting an efficient production of
Doppler width, but .canno.t be ignored. The Doppler W'd.th H-atoms from SiH. Tangeet al. have also succeeded in
was evalpated by .S|mulat|ng.t_h_e measured spectral prOfIIeE‘etecting H-atoms in the catalytic decomposition of SfH
The relative transition probabilities for the two-photost Bs
and 3d-1s transitions have been reported by Goldsmith an
Rahn®* The laser bandwidth, which is also necessary t
simulate the spectrum, was determined experimentally by By measuring the absorption of Lymanlight, it is pos-
measuring the Doppler profile of the+2 resonance- sible to determine the absolute densities of H-atoms. If the
enhanced multiphoton ionization signal of Kr at 202.3 nm,absolute density is determined in the pure $ystem, the
which corresponds to the transition to the?4p®(2P%,,)5p relative values obtained by two-photon LIF can be put on an
state. The translational temperature of H-atoms was deterebsolute scale. When the catalyzer temperature was 2200 K,
mined to be 458 60 K, which is consistent with the rota- the transmittance of the vacuum ultraviolet radiation at 121.6
tional temperature of SiH obtained under similar conditionsnm in the presence of 5.6 Pa o} kvas too low to be mea-
390+40 K sured quantitatively. For quantitative measurements, it was
By the introduction of Silj, the H-atom density de- necessary to lower the catalyzer temperature to 1410 K. Fig-
creased sharply. Figure 5 shows the dependence of thee 6 shows the absorption spectra at four catalyzer tempera-
H-atom density on the SiHflow rate. The flow rate of HH  tures, 1270, 1320, 1370, and 1410 K. The flow rate and the
and the catalyzer temperature were kept constant at 150 scamessure of Hwere 150 sccm and 5.6 Pa, respectively.
and 2200 K, respectively. The H-atom density was measured From the absorption spectra shown in Fig. 6, the abso-
1 min after the introduction of SiH With low SiH, flow  lute densities of H-atoms can be determined by fitting the
rates, such as 0.2 sccm, the H-atom density decreased agaiegperimentally observed spectra with the simulated ones.
time after this period and took5 min to level off. At high  The translational temperaturel, the bandwidth of the

the character of the catalyzer. The effective enthalpies belo
1700 K have been measured to be 250, 100, and 70 kJ'mol
for Mo, Ta, and W, respectivefyIn addition, the effective
enthalpies are smaller at higher temperatifes.

gB. Vacuum ultraviolet absorption measurements
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7.0x10'2 cm 3. In other words, one SiHmolecule con-
1.0 sumed eight hydrogen atoms, a result that cannot be ex-

g | plained by gas-phase reactions. In contrast, if H-atoms are
5 removed on surfaces, the following chain reactions are ex-
g05F pected:

=}

s |

H+ SiH;— H,+ SiHg,

0.0L— ' - ' -
. 82258 82260

SiH;—a-Si:H,
wavenumber / cm™! 3

FIG. 6. Vacuum ultraviolet absorption spectra of H-atoms. The catalyzer — a-Si:H+H— SiH,.
temperatures were 1270, 1320, 1370, and 1410 K from top to bottom. The

pressure and the flow rate of,hvere 5.6 Pa and 150 sccm, respectively. With the introduction of Silz| even 0.2 scem. silicon com-
pounds must deposit on the chamber walls, drastically in-

vacuum ultraviolet lasere, and the absolute density of creasing the surface-loss probability. The slow decrease in

H-atoms, N, were parametrized. The best fit was obtained"e H-atom density when 0.2 sccm of git#as introduced is
when T and @ were assumed to be 300 K and 0.7 dn consistent with this model. At such a small flow rate, it takes

respectively. The minimum transmittance depended little orf® 10ng time to cover the chamber walls with silicon com-

the choice of these parameters and was primarily determinedP4nds: | _— v h

by the atomic densityN. The estimated uncertainty in the A simiiar decrease in the H-atom densgltgy as been ob-
translational temperature is 60 K, although the transla- S€rved in plasma-enhanced CVD processeBae-Nune
tional temperature lower than room temperature cannot bt &l-have shown that in a parallel-plate radio-frequency dis-
expected. The catalyzer-temperature dependence of tfarge of H, the H-atom density decreases from 2.5

12 -3 1 -3 iHi
H-atom density is shown in Fig. 3 together with that obtaineg< 10" cm " to 327>< 1(_)1 cm™> when 0.4 Pa of S”‘T“S_ added
by two-photon LIF measurements. to 40 Pa of H.°" This change has also been attributed to a

change in the surface-loss probabilities of H-atoms. The de-
cay profiles of H-atom densities after pulsed discharges were
also measured and the absolute surface-loss probabilities
The sharp decrease in the H-atom density with increasesere determined. The probability on stainless steel was de-
in the flow rate of Sik should result from the reaction with termined to be 0.2 0.05, while that on amorphous silicon
silicon compounds deposited on the chamber walls. Therduring the deposition was found to be almost ufftifthe
may be some contribution of gas-phase reactions, but thiess probability of H-atoms on stainless steel surfaces re-
contribution is minor. When the flow rate is 3 sccm, the SiH ported by Tserepi and Miller is smaller;0.043% When the
pressure is 0.11 Pa, which corresponds to the density of 18urface is covered with some inert species, the surface-loss
X 10" cm™2 at 450 K. With the addition of this amount of probability can be even smaller, 0:00.001° In our present
SiH,, the H-atom density decreased fromX B0 cm 3to  system, the chamber wall may be partially coated with,SiN

IV. DISCUSSION

TABLE |. Comparison of the H-atom densities in plasma-enhanced CVD and catalytic CVD processes.

Production Detection Density
Gas pressure procedure procedure rém Reference
H, 230 Pa dc VUV LIF 16°~10' Kajiwara (Ref. 49
H, 400 Pa rf 10 W 2 photon LIF 8108 Tserepi(Ref. 46
Titration
SiH, 2.0 Pa rf 20 W 2 photon LIF g10% Park (Ref. 47
H, 130 Pa dc 20-50 mA 2 photon LIF %308 Amorim (Ref. 48
VUV absorption
H, 13 Pa rf 100 W 2 photon LIF 8102 TachibanaRef. 19
VUV absorption
SiH, 13 Pa rf 5 W 2 photon LIF %10 TachibanaRef. 19
VUV absorption
H,+10%SiH, 13 Pa rf2w 2 photon LIF 4< 101 TachibanaRef. 19
VUV absorption
H, 40 Pa rf 50 W Mass spectrom. X301 Kae-Nune(Ref. 37
H,+1%SiH, 40 Pa rf 50 W Mass spectrom. 2101 Kae-Nune(Ref. 37
SiH, 11 Pa rf2w 2 photon LIF 5 10M Miyazaki (Ref. 49
Titration
H, 5.6 Pa Catalysis 2 photon LIF x50t present
2200 K VUV absorption
H,+2%SiH, 5.6 Pa Catalysis 2 photon LIF % 10% present

2200 K VUV absorption
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since we have used this chamber to deposit, ®iNusing an  This decrease appears to primarily be due to the reaction
NH;/SiH, mixture. SiN, may be inert against the surface With silicon compounds deposited on chamber walls. In other
recombination of H-atoms. words, the radicaI_Qensities in the gas phgse _strongly (_:Iepend
Table | compares the H-atom densities in the gas phasen the wall conditions. The characteristic high density of
measured in the present work with those obtained in plasmad-atoms will likely open many application fields for process-
enhanced CVD processes. The H-atom density in théng, including etching, chamber cleaning, annealing, and
Cat-CVD apparatus is more than one order of magnitudétructural modification processes.
larger than that in the standard plasma-enhanced CVD appa-
ratus, although qu_intltatwe comparison is difficult becauseACKNOWLEDGMENTS
the absolute densities may strongly depend on the wall con-
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