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Improvement of hydrogenated amorphous silicon properties
with increasing contribution of SiH 5 to film growth

W. M. M. Kessels,? M. G. H. Boogaarts, J. P. M. Hoefnagels, D. C. Schram,

and M. C. M. van de Sanden”

Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

(Received 15 June 2000; accepted 19 February 2001

From cavity ring down spectroscopy and threshold ionization mass spectrometry measurements in
a remote Ar—H-SiH, plasma it is clearly demonstrated that the properties of hydrogenated
amorphous silicorfa-Si:H) strongly improve with increasing contribution of Sjlb film growth.

The measurements corroborate the proposed dissociation reactions j,ofoBitifferent plasma
settings and it is shown that film growth is by far dominated bySilAder conditions for which

solar grade qualitya-Si:H at deposition rates up to 10 nm/s has previously been reporte@00Q
American Vacuum SocietyDOI: 10.1116/1.1365131

For hydrogenated amorphous silicéaSi:H) deposited exchange with Sikifollowed by (fast dissociative recombi-
by means of plasma decomposition of $jHt is commonly  nation with electrons:
accepted that the high quality of the films is directly related e _—
to a dominant contribution of Siftto film growth? This is Ar” + SiHy— SiHy + pHa+gH+Ar
mainly attributed to the relatively low sticking probability of (n<3, 4=n+2p+q),
SiH; and its high surface mobility on an almost fully hydro- (1
genateda-Si:H surface. To obtain more evidence for the SiH;. +e—SiHy,+sH,+rH (M<2, n=m+2s+r).
aforementioned relationship, also under the less studied, bﬁjrtﬂtially, this leads dominantly to SiH (m=2) radicals

technologically very interesting conditions of high rate depo- . . . . N
sition, the contribution of Siklto film growth is investigated which are highly reactive, both with tha-Si:H surface as

ith SiH, (leading t ti lysil dicaf® Wh
for the expanding thermal plasni&TP) and related to the N I, (leading to reactive polysilane radica en

) i i X ) " increasing the Kflow, the amount of ions from the cascaded
film properties obtained. With this remote deposition tec:h—arC decreases considerably and mainly H emanates from the
nigue solar grade-Si:H can be obtained at deposition rates 4;¢ a5 reactive species. Therefore the reatfion

up to 10 nm/s:* and, as will be shown in this article, under
conditions where film growth is by far dominated by $iH H+ SiH;— SiHz +H; 2

The ETP technique is based on dissociation of,Sitia takes over at high KHflows. The improvement of the film

Iolw pressure depo§|t|onhgh:mber by means of an Aer—H roperties with increasing Hlow has therefore been attrib-
plasma generated in a high pressure cascaded arc plasiga j (4 the transition from a high contribution of very reac-

squrce‘r?f’ Recently, it was shown that the film properties ob- e (poly)silane radicals to a dominant contribution of SiH
tained by this technique depend strongly on the amount of; fiim growth. Furthermore, the drastic decrease in deposi-
H, admixed in the cascaded artFigure 1 shows that the tion rate at low H flows can be understood from the fast
deposition rate decreases drastically when a smafld is  diminishing importance of the efficient ion-induced reac-
admixed, whereas the film quality, here only illustrated bytions, while the gradual increase at highey #bws can be
the photoconductivity, improves significantly. This behaviorattributed to an increasing H flow from the cascaded arc.
has been attributed to the dissociation processes of &l  lon—molecule reactions also play a role, but the contribution
the radicals generated. Due to the low electron temperaturef Si,H, ions to film growth is smal(<10%) and almost

in the downstream deposition chamBérSiH, dissociation independent of the Hflow.® It is therefore not responsible

is governed by reactions with reactive ionic and atomic parfor the observed trend in film quality. The above mentioned
ticles emanating from the cascaded arc. At very lowflews ~ reaction pathway has been proposed on the basis of several

these are mainly Ar,® which leads to dissociative charge Plasma diagnostic investigations reported previot§fyin
this article clear evidence will be presented by directSiH

3Electronic mail: w.m.m.kessels@tue.nl measurementsl us.ing.cavity ring down spectrosd@iyDS
YElectronic mail: m.c.m.v.d.sanden@tue.nl and threshold ionization mass spectromdfriMS).
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Fic. 1. Deposition rate and AM1.5 photoconductivity00 mwWicn?) for H2 flow (SCCS)

a-Si:H films deposited at a substrate temperature of 400 °C and with an Ar

and SiH, flow of 55 and 10 sccs, respectively, an arc current of 45 A, and aFic. 3. The axial SiH density as obtained from TIMS and CRDS as a
chamber pressure of 0.20 mbar. The #bw in the Ar—H, operated cas- function of the H flow. The TIMS data refer to the position of the substrate
caded arc plasma source is varied. while the CRDS data refer to a distance of 0.6 cm from the substrate.

The CRDS and TIMS measurements have been per-

f d und . tal diti identical to th - In Fig. 3, the axial density of Sifas obtained by CRDS
ormed under experimental conditions identical 10 those N,y 115 jg given as a function of the,Hlow for positions

Fig. 1. With CRDS, the line-of-sight integrated absorption byClose to the substrate. For high, Hlows, both techniques

SiH; has been measured for an axial position of 0.6 cm fromyield a gradually increasing SiFtiensity with increasing ki

t~h2e sub;s;rate h°"?'?r- Th'? was done by prObmg_the3S'Hﬂow as is expected from reacti@f) and from the increasing
A“A;+—X“A; transition which has a broad absorption ba”ddeposition rate in Fig. 1. At very low Hflows, where Sil

ranging from~200-260 nm due to the predissociative na-gjssociation is governed by ion-induced reactions, the rela-
ture of the upper Stat%l.” Fig. 2, the parts of the absorption tjyely high SiH, density seems contradictory to the above
spectrum measured with CRDS are given for two differentyresented reaction mechanism. This high density can, how-
conditions and compared with the spectrum reported byyer pe understood from the very high Siebnsumptiof
Lightfoot et al® The experimental setup and procedure for up to 60% and growth rate(see Fig. 1 at very low H,

the CRDS measurements are presented in detail in Ref. 1éows. Under these conditions, a significant amount of ;SiH
The line-integrated density of SiHs calculated from the capn pe produced indirectly, for example, by H generated in
abso_rpz)ltlog Cross section estimated for 215 nm (2.4eactions(1) while the relative importance of SiHin the
X10"“*m"),” while the local axial value of the density is geposition process remains small as illustrated below. The
estimated from Abel inverted lateral absorption profilesgmal discrepancy between the TIMS and CRDS data in rela-
yielding the radial distribution of Sigi** The TIMS mea- e behavior at low H flows, can most probably be attrib-
surements have been performed with a Hiden analytical masgeq to experimental error in the TIMS measurements caused
spectrometer at the position of the substfate. by clogging of the mass spectrometer’s orifice due to the
very high growth rate under these conditions. A significant
contribution to the absorption signal by other plasma species

8 o H. =10 sccs at very low H flows is not expected because the measured
‘ ' ' ' z parts of the spectrum perfectly overlap with the absorption

o 4 H,=0sccs - band reported in the literature for all,Hlows (see Fig. 2.
& sl o o (scaled by x0.49) This also makes a possible influence of absorption or scat-
=2 4 © L'thf°°t ef al tering by dust particles in the plasma, as observed in, e.g.,
o o (in arbitrary units) radio-frequency(rf) SiH, plasmas? improbable.
= 4t o Concerning the differences in absolute density, these can,
S o among others, be attributed to the fact that the densities refer
3 sl % ] to different positions from the substrate holder. The SiH
o) a density in front of the substrate can decrease due to surface
2 © o loss and therefore lead to a lower density in the TIMS mea-
© surements. Furthermore, for both techniques the absolute

oLy . . . . . L
200 210 220 230 240 250 260 scale of the density also suffers from experimental uncer-
wavelength (nm) tainty. For CRDS, this is mainly due to the procedure for
R, 2. Parts of the Sigiabsorpti . b i obtaining the radial distribution of SiHn order to calculate
IG. 2. Parts o € Slglabsorption spectrum as measure y cavity ring 12 . . _
down spectroscopy for afHlow of 0 and 10 sccs. The absorption values for the local densm}, as well as due to the uncertainty in ab

0 sccs H are multiplied by a factor of 0.49 and the spectrum reported by SOTption Cross gseCtioni which is only an apprOXim_ate value
Lightfoot et al. (Ref. 8 is given in arbitrary units. (an upper limii.” The accuracy of the absolute density deter-
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ibility of the plasma conditions since the CRDS, TIMS, and

_120L| © TIMS ' ' l ] deposition rate measurements have been performed at differ-

L A CRDS :l: ;

4 T ent times.

° 100 As shown in Fig. 4, the contribution of SiHincreases

@ gol T _ with increasing H flow and saturates for flows larger than

ko) E ~7.5 sccs. This is in perfect agreement with the proposed

5 60 - ] SiH, dissociation mechanisms. Despite the relatively high

5 % SiH; density at very low H flows, the contribution of Sikl

3 40t 1 . . T : -

= a E is relatively small because the ion-induced reactions lead ini-

20} g . tially mainly to radicals other than Si{ whereas the con-

8 tribution of SiH; to film growth increases with increasing H
O~ "4 6 8 10 12 14 16 flow and decreasing ion flow from the cascaded arc when

H, flow (sccs) going to higher H flows. Under the H dominated conditions,

where the optimal film properties are obtained, the contribu-
FiG. 4. The contribution of Siklto a-Si:H film growth as calculated from  tion of SiH; is dominant and about constant. From Fig. 4, it
the CRDS and TIMS measurements. is estimated that film growth is approximately 90% due to

SiH; with a balance by a small contribution of other

(poly)silane radicals and ions. This high contribution is in

: TIMS i . v limi P very good agreement with the value for the surface reaction
mined by S is considerably limited by estimations madeprobability(~0.3) obtained at high Kflows® and it is higher

in the calibration procedurelt has to be stressed that the o . . .
P than the reported contribution of SjHo a-Si:H growth in

relative values are reliable, as also indicated by the expenl- ol 3.4
mental error. ow power rf plasmas:

The uncertainty in the absolute scale of the Sdénsity Irgj sutrlnmar)ll_, ngo dégggo'?tlct_techn(quﬁes have blegn _mt_je-
NsiH, close to the substrate, complicates an accurate calcul endently applied for Sigidetection and have revealed simi-

i f theabsoluteval f th tributi ¢ Sikito fil ar results for the Sikldensity and its contribution ta-Si:H
ion of theabsolutevalue ot the contribution o Igito film film growth. The results corroborate the proposed reaction
growth by the expressioh

mechanisms in the expanding thermal plasma and a direct
1 s 1 1 correlation betweer-Si:H film quality and the contribution
Contribution of SH:ZnSWUl——,B/ZW R+ (3  of SiH, to film growth is unambiguously shown. Further-
Si MNdep Py .
more, it is demonstrated that the previously reported plasma

where v is the thermal velocity of Siklin front of the  settings yielding solar gradeSi:H at deposition rates up 10
substrate,s and S the SiH; sticking and surface reaction nm/s correspond to by far SiHlominated film growth.
probability, respectivelyR e, the deposition rate, arfdg; the
Si atomic density in the film{dependent on plasma condi-
tions). Moreover, the parameters in E@) are not all known *A. Gallagher, Mater. Res. Soc. Symp. Pra@6, 3 (1986.
with a high accuracy(especiallyv, s, and 8) preventing ’A. Matsuda, J. Vac. Sci. Technol. 26, 365(1998.
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