JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998

Effects of prior hydrogenation on the structure and properties
of thermally nanocrystallized silicon layers
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Nanocrystalline silicon layers have been obtained by thermal annealing of films sputtered in various
hydrogen partial pressures. The as-deposited and crystallized films were investigated by infrared,
Raman, x-ray diffraction, electron microscopy, and optical absorption techniques. The obtained data
show evidence of a close correlation between the microstructure and properties of the processed
material, and the hydrogen content in the as-grown deposit. The minimum stress deduced from
Raman was found to correspond to the widest band gap and to a maximum hydrogen content in the
basic unannealed sample. Such a structure relaxation seems to originate from the so-called
“chemical annealing” thought to be due to Si—Mdpecies, as identified by infrared spectroscopy.
The variation of the band gap has been interpreted in terms of the changes in the band tails
associated with the disorder which would be induced by stress. Finally, the layers originally
deposited with the highest hydrogen pressure show a lowest stress—which does not correlate with
the hydrogen content and the optical band gap—and some texturing. These features are likely
related to the presence in these layers of a significant crystalline fraction already before annealing.
© 1998 American Institute of Physids$0021-897@08)00511-§

I. INTRODUCTION lites. Thus, the nature of the grain boundaries in the ther-
) ) i mally crystallized silicon would depend on the hydrogen

The mlcrpstructura! features ,Of polycrystalline SEMICON-c4ntent and configurations in the basic material. Comparing
ductors continue to raise great interest on account of theig,, grain boundary region to an amorphous network, the

ability to govern the electrical and optical properties of these; g energy in the strained and distorted bonds may vary

rﬂgtefrllaléhArll;on%_th_ezm, _thhe gar;ocry;tallme 3|I|;:(§hnc_-SD by a factor of 2 depending on the degree of structural relax-
t_ Ilnf ims o Ia |st|_ng(ljJ|s_e pacE ecaulseé)e; g'thOtenétion, in a similar way to that reported for the amorphous
tial for microelectronic devices such as solar ceasd thin - aieriaB Within this context, it is of prime importance to

film transistors for flat panel displays. ) _examine the effects of prehydrogenation on the microstruc-
) The m_ost common way for the. prgparatlon 0g-Si ture of the thermally crystallized Si films. The present work
films consists in th(.e. thermal crystalhzann of an hyqroge-deals with detailed structural analyses rod-Si layers ob-
nated amorp.h.ous silicon Iayég-SuH). For all the chemical tained by thermal annealing of sputtered films containing
vapor dgpogltlor(C\(p) tech'nlq'ues that are W'O_leW used for various concentrations of hydrogen. The as-deposited and
the fabrication of silicon thin films, hydrogen is always in- yermally nanocrystallized layers have been investigated by
corporated through t_he H-nch_plasma or the gas vectors. OI?\frared(IR) spectroscopy, Raman scattering, x-ray diffrac-
the contrary, sputtering technique allows the control of hy-jq, (XRD), conventional and high resolution electron mi-

drogen incorporation in the deposits. Considering the ke)(:roscopy(CTEM and HREM techniques, in combination
role ascribed to hydrogen in the crystallization mechanismgNith optical absorption measurements.

the concentration and configurations of this element in the
as-deposited layer are important to be determined for a better
control of the crystallized silicon structure. In this connec-

tion, it is known that the high dilution of SiHor SbHgin H, || EXPERIMENT
for CVD technique$;® or the prominence of hydrogen in the
sputtering plasmé&ead in both cases, to the direct deposi-  The films used in this study were deposited by radiofre-

tion of nc-Si thin films. This is due to a preferential etching quence(rf) sputtering of a 1@ cm silicon target of 2100 mm
during growth of energetically unfavorable bonds at the surdiameter. Quartz and single crystdl01) Si wafers were
face of the growing films by the hydrogen speci@he prior  used as substrates. The total pressig, of argon or a
incorporation of hydrogen may increase the nucleation sitemixture of argon and hydrogen was kept constant at 2
and influence also the growth kinetics of the silicon crystal-x10™2 Torr, while the ratio of hydrogen partial pressure
rH:PHZ/Ptot was varied from 0% to 75%. During deposi-

aAuthor to whom correspondence should be addressed; electronic maifion, the rf power and substrate tgmperature were maintained
richard.rizk@lermat.ismra.fr at 0.3 W/cn? and 250 °C, respectively. The thickness of the
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FIG. 1. Infrared spectra of as-deposited layers at the indicated hydrogen
partial pressure ratiosry in the regions 750—1050cm (a) and
18002300 crm” (b). the 750-1050 cm* bending mode rangega) and the
1800-2300 cm’ stretching mode rang@). The concentra-
. . . tion of bonded hydrogerC,,, has been deduced from the
deposits was ranging from 0.9 to 1un. The cc_)ncentranon integral over the v)\//agggijng n?od(assot shown that are located
and configurations of hydrogen were determined by IR ab?31round 640 cm? for the various hydrid species, following
sorption measurements using a Fourier transform Nicolelthe expression '
750-11 spectrometer. '

The layers were thermally crystallized at 720 °C during _
90 min in a double wall quartz tube furnace under a continu- CH_AG“OJ
ous flow of pure nitrogen. To prevent the abrupt eruption of . . - . .
hydrogen, the films were gradually and slowly introduced inWhﬂea Is the _absorptlon cqeff|c_|ent,) s the frequency in
the furnace which was first heated at the annealing temper&." glgdAﬁi‘g is the proportionality constantgtaken equal to
ture. The crystalline fraction and the internal stress were e 2. 1107 cm™, according to Langfordet al.” From the

timated from the analyses of the Raman spectra. The Ramavﬁmatlon ofCy vsry, shown in Fig. 2, we notice the gradual

. . : crease of the hydrogen concentration whgnincreases
scattering measurements were_performed in a J(.)bm_Yvo*['r]om 0% 10 20% aynd tgen its decrease whﬁr?snincreased
T6400 spectrometer coupled V\.”th an Olympg S m|crpscop% rther (=50%). The various hydrogen configurations are
The measurements were done in backscattering configurati H . - . : .
using an exciting wavelength of 514.5 nm from an"Aaser. usually dn‘fe_renmated by their s_tret_chm_g a_nd/or_ bending
The spot was focused on a diameter of about/@ on the modes. In this respect, the 2000 chvibration is attributed

o . isolated monohydridegSi—H), while the 2090-2100

sample surface and the excitation power density was ke&? 3 . . . .
. . cm - modes can be ascribed to dihydrides (Sj}-ldnd/or
below 0.26 Mwicrfi 1o avoid any heating eftect. clustered monohydride speci¥s!? The detection of Si—l

The crystallite size and texture were determined bybending vibrations and the modes of (SiyH chains at

XRD, CTEM, and HREM techniques. For the former, the _ . 4
' ! . . _— “.around 890 and 840 cm, respectively}> confirms the for-
analyses were carried out by means of a high resolution Phlr:‘nation and. therefore, the contribution of Si the spec-

lips instrument in the standam®-26 configuration. For elec- R
tron microscopy observations, the samples were thinned antaa shown in F.'g' b). . : 0 0

then glued with deposited films facing each other using the More particularly, the Increase @y, in the .0 /-20%
well known cross-section technique. While the CTEM inves-'merval _(if ry values, is mainly due to th_e increase of
tigations were made by means of a Jeol 200 CX equipme 190 cm ' component, whereas the 2000 ciband re- .
operating at 200 KV, the HREM observations were Ioer_malns almost unchanged. In contrast, the gradual reduction

; . . of Cy for ry=50 °C is originated from the decrease until
formed in a Topcon 002B operating at 200 kV allowing a~ ~H | H . )
resolutic:n of 1 g)l\ perafing wing extinction of the 2000 cmt, together with the lowering of

a1
Finally, optical absorption measurements were per—the 2100 cm” peak.

formed between 0.4 and 4.1 eV in a double-beam Perkin-
Elmer spectrophotometer, allowing the determination of theB. Raman spectroscopy measurements
optical band gapE,q, and the refractive index.

a(w)

— dw, (U]
®

The analyses of the Raman scattering measurements per-
formed on the as-grown and the annealed layers have al-
1l. RESULTS lowed the estimate of the crystalline fraction, the correlation
length,L (related to phonon confinement effects in the crys-
tallite), and the stressy.

The IR measurements performed on the as-deposited The Raman scattering spectra from amorphous silicon is
samples aimed at the determination of both hydrogen conterharacterized by the presence of broad bands centered at
and hydrogen configurations before annealing. The IR spea&80 cm? (TO), 380cm?! (LO), 310cm?! (LA), and
tra recorded on these samples and reported in Fig. 1, sho®50 cni® (TA), while crystalline silicon only shows a first

A. Infrared measurements
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12 - - - - the observed shifts and distortions are likely due to disorder
effects related to the presence of structural effects and which
i confine the phonons and the stresses in the crystallites. As-
suming that both disorder effects and stress are uniform in
the scattering volume, the fitting of the spectra with the cor-
relation length modelCLM) allows one to estimate both the
correlation lengthl., which is related to the average distance
- between defects, and the stress vatu&, "1’ Of course, both
magnitudes have to be considered as effective average values
as in principle some distribution of both and o might be

s : : : present in the layers. On the basis of the loss of the transla-
200 400 600 800 tional symmetry in highly disordered materials, the CLM
Wavenumber (cm”) assumes a relaxation of the momentum conservation rule.

FIG. 3. Raman spestra of the as-deposited films at the indicated hydroge-l;he Intensity of the first order Raman line is given by
partial pressure ratios; . 2n/ag  |C(q)|*4mqg’dq
I(w) o f _ 2 .2 2
0o (0—w(q)"+(I'e/2)

Raman intensity (u. a.)

2

order line with a lorentzian shape centered at 521 trithis h is th is the R trinsic i
corresponds to a triply degenerated zone centered phonon!/"€€d 1S the wave vectorl'o is the Raman intrinsic line-

The Raman spectra measured on the as-deposited filnxfgdt_h of crys.talline silicon, an@(q) is an appropria’Fe mul-
with r ;<20% do not show any contribution from crystalline tiplying funcnon that Iocal_|zes the r_node inside a finite space.
mode. This indicates that we are dealing with completely©" SPherical shap&(a) is Gaussian:
amorphous layers. In contrast, fo=50%, a crystalline |C(q)|2cexd —q?L2/8]. 3)
contribution arises in the spectra shown in Fig. 3, which
reflects the partial crystallization of the layers during depo-The phonon dispersion relation(q) is taken according to
sition. This is maximum for sample depositedrat=75%  Ref. 18:
which shows a very much higher crystalline contribution. _ 2
Note thatC,, increases withr,; as far as the deposit is amor- @(0)=w,~1200/00)", @
phous, but it decreases when crystallites start to fse®  wherew, is the wave number of the first order Raman band
Fig. 2. in the absence of disorder effects apy=27/a, (ay: lattice

The Raman scattering spectra recorded on the thermallgonstant
crystallized silicon layers are compared in Fig. 4. The crys- Owing to phonon confinement, the correlation length
talline contribution in the spectra was obtained by fitting thewould correspond to the average distance between defects
amorphous bands and substracting this fitting from the exwhich are breaking translational symmetry such as grain
perimental spectra. Moreover, we noticed some changes inoundaries, precipitates, dislocations, and cavities then
the shape and position of the crystalline peak with respect texpected to be smaller than the grain size when the grain
the corresponding ones for monocrystalline silicon. For theseontain a high density of defects, but it would give an esti-
modifications, neither the Fano effects, nor the thermal efmate of the grain size in the case of low amount of defects.
fects can be taken into consideration. The reason lies for the Although the shape of the crystalline-related line can be
former in the low doping of the target, and, for the latter, inaccurately fitted, the peak position is also affected by the
the absence of any alteration upon changing the excitatiopresence of stresg;, in the scattering volume. The stress-
power in the range of values used in this work. Accordingly,induced shift is defined as

Awg=wp— g, 5)

or i wherewy is the wave number of the first order Raman band
60 | 4 in the absence of both disorder and stress effects

(521 cm'Y). Assuming an in-plane stress mod&l:

50 - =

wl ] Aws=—3.20 cm ! GPaL (6)

30 - . The values ofL and o, reported in Table I, have been
2l 3) ] estimated for all the crystallized samples on the basis of the
I 4 T above-mentioned assumptions. These values suggest that

5 ] is almost constant ranging from 65 to 75 A, and thais

or T e compressive. This latter shows a minimum fge=20% and
400 450 500 550 600 650 its values correlate with the hydrogen content plotted in Fig.
Raman Shift (cm™) 2, except for the sample deposited with the highest value of

0 i i indicati i -
FIG. 4. Raman spectra of the thermally crystallized samples which haverH (75%. This provides a clear indication of the achieve

been deposited with different hydrogen partial pressure ratia(1) 0%; (2) ment of an increas_in_gly rela_xed structure when the unan-
10%; (3) 20%:; (4) 50%; (5) 75%. nealed basic layer is increasingly hydrogenated.

Intensity (a.u.)
©
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TABLE I. The correlation lengtf. and the stress values, as deduced from 160 T T T T T
the correlation length model describing the Raman scattering for the nano- | o
crystallized samples that have been deposited before annealing at the indi-
cated ratios of hydrogen partial pressuge Also reported are the values of 120 & A o b
the corresponding crystalline fractioh and refractive indexn deduced A A o
from Raman and optical absorption measurements, respectively. < A
2 80 ° g o 1
ry (%) L (A) o (MPa) f. (%) n E ® o
0 66 ~496.9 71 3.10 © a0t — 1
2 70 —960.4 70 3.18 © Raman
10 65 -8125 70 3.19 A XRD
20 72 -681.3 70 3.25 or | ) . . ) L
50 70 —1040.6 75 3.29 0 20 40 60 80
75 75 —637.5 70 3.32

ry (%)

FIG. 6. Variations of the average grain size values obtained from TEM
observations and from XRD measurements, compared to that of the corre-
Table | reports also the crystalline fraction as deducedation length values deduced from Raman measurements of the crystallized
from the integrated intensityc andl a of the crystalline and samples, as a function of the hydrogen partial pressure ratad the origi-

: nally unannealed layers.
amorphous bands, respectively: y Y

e

fo=—"—,
¢ e+ yla

(7)  tals, whereas fory=75%, there is a clegR20 preferential
orientation at the expense of thiEL]) direction. On the other

wherey is the ratio of the Raman efficiencies of the crystal-j,5n4. the average grain siehas been determined by XRD
line and amorphous parts. Following Ref. 20can be de- using the Scherrer formula:

termined from the expression
D=K\/w cos ¥, 9

y(L)=0.1+exd — L(A)/250]. (8) . _
whereK~1, \ is the x-ray wavelengthy the width of the

The data of Table | have been obtained viith 70 A aS  pand, andd the Bragg angle. The evolution Bf values with
an average value for all samples. They indicate a crystalllnltyegard tory, is shown in Fig. 6.

which appears almost independent of the prior hydrogen

The electron microscopy observations realized on the
content.

annealed layers have corroborated their nanocrystalline
structure and have enabled us to estimate the grain size in the
C. X-ray diffraction and electron microscopy range from 80 to 140 nm. These values are compared in Fig.
6 to those deduced from XRD measurements and also to the

Beside the usual absorption fact@hickness of the . )
sample, irradiated argathe experimental XRD intensities E?—g&nacrzrr;ﬁ?&? I:r?c?ﬂs];)\-:—vhz ¥?ell;zstgbéae|2r(eeisg >v(v$1,;)nand
obtained with our nanocrystallized films, have been cor- :
rected by standard intensities relating to a randomly oriented €"€35€S: whereas the R‘?‘ma” correlatpn length appears al-
silicon powder. The normalized contributions of tHelL1), most constant, as emphasized above. It is worth noticing that

I 0,
(220), and (311 diffraction peaks obtained on our samples for the highest value of, (75%), the XRD, CTEM, and. .
are plotted in Fig. 5 as a function of,. Up to r,<500%, values become all comparable. From the representative

there is a randomly distributed orientation of the nanocrys—HREM image reported in Fig. 7, the grains appear mostly

T T T T T T T T T

sr —a—<111>

—o— <220>

- —a— 311>

35 |-

30

25 -

Relative intensity <hkl>

20 -

0 20 40 60 80
Iy (%)

FIG. 5. Normalized intensities of th@11), (220, and(311) x-ray reflec-

tions from the thermally crystallized layers, vs the hydrogen partial pressur€&lG. 7. High resolution electron microscopy image of the crystallized
ratio r of the basic deposits, i.e., before annealing. The contributions fromsample corresponding to a deposit with an hydrogen partial pressure jatio
higher angle reflections are negligible. of 20%. The arrows indicate some microtwins present in the grains.
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' ' ' ' ' sputtering plasm&*?° The desorption of hydrogen accompa-
nying the direct crystallization has been already noficéd’
1801 1 and is generally ascribed to complex interactions between
the silicon hydride$Si—H,, Si—H;) produced by the reactive
sputtering of the silicon target by hydrogen, on the one side,
170 . and the weak or strained bonds at the growing surfaces, on
the other side. This is known to lead to the crystalline state,
o together with the formation of volatile species such as,SiH
1.60 |- i Si,Hs, and H.’
Turning now to the thermally nanocrystallized samples,
o % a0 80 80 the data provided by Raman measurements allow one to note
r (%) the compressive character of the stressvhose values of
" some hundreds of MPa remain significantly lower than those
FIG. 8. Values of the optical band gap of the nanocrystallized samplef 2000—4000 of MPa reported by Igbet al. for samples
versus the hydrogen_partial pressure ratjoused for the deposition of the  gptained by chemical transport method using a hydrogen
layers before annealing. 3 . - .
plasma?® This allows to point out the relatively relaxed
structure of our material. Besides, tlevalues of Table |

polygonal with(111) limiting surfaces, in addition to some Show a net decrease when, is increased for the values of
steps and terraces. A careful observation of this image allow&+ below 50%(Fig. 2. To attempt an explanation of this
one to notice the existence of microtwisdme are indicated aspect, we recall that hydrogen is usually associated with a
by arrows, whose separating distance to the nearest graifiore relaxed structure since it releases the distorted bonds

Optical band gap (eV)

boundary is comparable fo. and would lead to the formation of some microvoids. Thus,
upon solid phase crystallization, and particularly for a
D. Optical absorption gradual and moderate heating as in our case, the existing

The ab q ibed its related to the structural f hydrogen is expected to contribute to the relaxation of the
€ above-gescribed resulis refatea to he structural e “rystallized structure. This would be increasingly more effec-

tures have bgen complemented by optlcal absorptlgn Me%ve for increasingly higher concentration of hydroge j
surements. Flggre 8 shows the behavior of the optical 98, the basic material. In this respect, we note that the major
E|Ogt fS{ the various samples, as deduced from the Tau%ontributor toCy is SiH, species. Because of their highly
plots: unstable and reactive charactethese species might con-
(ahv)Y2x(hy—E,y), (10)  tribute, by the so-called “chemical annealing(Ref. 7, to
both crystallization and relaxation during the above-
mentioned smooth annealing. This contribution consists in
the breaking of strained and weak Si—Si and Si—H bonds,
eIeading to much less distorted bonds upon thermal crystalli-
zation. Using nuclear magnetic resonance technique, the role
of Si—H, in the improvement of the microcrystalline silicon
structure has been recently clearly evident®@n the other
hand, samples deposited with high values gfare found of
composite charactefnanograins grown in amorphous tis-
sue. This takes place especially for the sample deposited
To examine the hydrogen-related features in the samplesith r,=75%, which accounts for the deviation of the mea-
before annealing, we will comment first their IR spectrasured stress from the behavior observed for the other
shown in Fig. 1. These latter indicate a Si-¢bntent in the samples. As plotted in Fig. 2, the samples deposited with
amorphous films(for ry<<50%) higher than that of the ry=50% show smalle€,, and therefore more compactness,
monohydride bonds. This seems characteristic of sputtereals corroborated by the refractive index values reported in
amorphous silicoR? except the case of=2% which Table I.
shows a higher contribution of monohydride bonds  Concerning the correlation length estimated from Raman
(2000 cm'Y). The formation of these Si—H bonds would be scattering measurements, the comparison of its values rang-
favored by the low hydrogenation rate.(=2%), together ing between 66 and 75 A to those of the grain size deduced
with the deposition at a moderat€250 °Q substrate from XRD measurements and CTEM observati¢sese Fig.
temperaturé® 6), allows one to stress on the smaller values of the former.
On the other hand, Fig. 2 indicates that the hydrogerAs emphasized abové, represents the average distance be-
concentration,Cy, increases withry as far as the as- tween defects and it is always found lower than the grain size
deposited layer is amorphous (G96,,<20%), but it de- determined by other techniques. This is confirmed by previ-
creases for higher values of, (>50%) where some degree ous results reported for microcrystalline silicon obtained by
of crystallization starts to take place. Such a partial crystalmolecular beam epitaxd/. There, beside a grain size of hun-
lization is in accordance with previous reports dealing withdreds of A, as determined by CTEM,was found lower than
similar predominance of hydrogen partial pressure in thel50 A and has been considered as the limiting factor for the

wherehv is the photon energy and is the absorption coef-
ficient. E,q shows an evolution that is, on the one hand,
strikingly similar to that ofC and, on the other hand, sys-
tematically opposite to the variation of the compressiv
stresso (see Table )l Otherwise, the refractive index mea-
sured at 1.9um, gives values which are indicative of a
slightly increasing compactness with (see Table)l

IV. DISCUSSION
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conductivity®! This demonstrates the relevance of our ap-hydrogen content in the basic mateliiaé. before annealing
proach in combining the Raman scattering to other structuralould give similar effects to those determined by the anneal-
characterization techniques such as CTEM and XRD. Coning duration at a given temperature. In both cases, we notice
sequently, out values imply the existence of defects in our a release of the stress field, then the narrowing of the band
crystals such as the microtwins evidenced by the HREM im+ails which, in turn, leads to the observed widening=gf.
age of Fig. 7. The average distance between these microt- Regarding texture, the random distribution of the grain
wins (some are indicated by arroysr that separating these orientation noticed for ;<50%, (Fig. 5 could result from
defects to the nearest grain boundary are both comparable the great multiplicity of the nucleation sites and/or from the
L. The almost constant value of this latter with suggests a homogeneously distributed imperfections in the as-deposited
similar density of structural defects in the grains from thelayers where nucleation occurs predominaftifhe former
different samples. For high values of, the grain size pro- feature may originate, as already observed fgrdiuted
vided by CTEM and XRD decreases and approaches the coplasma-enhanced CV#,from the incorporation of hydro-
relation lengthL. This suggests that for these small crystalsgen in the deposit, while the latter could be due to the amor-
(~80A), the grain size becomes comparable to the averagehous structure of the unannealed samples where defects are
distance between defedfgiven byL), pointing out the low expected to be evenly spread. In all these cases, the growth
amount of defects in these grains, which is relevant for theof crystallites would occur on a randomly oriented nuclei
electronic properties of the material. with the assistance of mobile hydrogen species. However,
It is worth noticing, however, that neither the grain sizethe pronounced increase @20 direction forry=75% may
values ranging between 80 and 140 A, nor their variatiorbe due to some texturing of the partially crystallized film
with ryy, are able to give an account of the magnitude andbefore annealing, wher&20 preferentially oriented nan-
more particularly, of the evolution of the optical band gapograins are already formed.
Eog Shown in Fig. 8. The eventual influence of microvoid In summary, for all the samples, the thermal annealing
density on the behavior dE,, can be excluded since the determines a strong crystallization of the layers, which
values of the refractive index reported in Table | are ratheshows after annealing a crystalline fraction of about 70%—
indicative of an increasing compactness with. On the 75%. The characteristics of the crystallized layers strongly
contrary, it is important to point out the striking resemblancedepend on the structure of the as-deposited ones:
between the evolution &,y andCy, (Figs. 2 and 8 on the
one hand, and, the opposite behavior of the stseS&able |
versusry, on the other hand. Considering the band tails of
localized states that can be induced by the diséfderd the
stress in our material, we can argue that the most relaxed
structure, where the stress is m|n|m.um|(=20%), would the residual stress in the crystals and the optical band
correspond to the narrower band tail and, consequently, to .
: . S gap, as already discussed.
the widest band gap. This explanation is strongly corrobo-.. : . .
. (i)  for the layers which show some crystalline fraction
rated by the evolution of the Urbach enerdy,, measured : .
already before annealing (=50%), the preferential
on the same samples and reported elsewfiefée Urbach -
34 : growth of (220 nanocrystals already existing before
parameterE,, ,> which corresponds to the above-mentioned .
band tail and is associated with the topological diso¥der annealing leads to a more textured structure.
including structural, chemical, and thermal disorder, haHowever, in both cases no significant differences are ob-
been found minimum when the as-grown unannealed filmserved in the final crystalline fraction. The presence of a
was the most highly hydrogenatedy& 20%). In contrast, residual amorphous contribution in the annealed layers—of
the sample deposited withy=75% has already a significant about 25%—-30%, according to the data shown in Table I—
amount of nanocrystallite§ig. 3) before annealing, and has agrees with the previous observations from Harbetkal, >
the lowest hydrogen content. The presence of these nanon thermally recrystallized Si layers deposited by low-
crystals involves an inhomogeneous distribution of nuclepressure CVD technique. This amorphous contribution has
ation sites which would generate, upon annealing, interpenbeen assumed to be mainly localized in the grain boundary
etrating areas of various degrees of disorder. This could ex-egions. In relation to nanocrystalline Si layers obtained by
plain the differences observed in the stress and texture datther techniques as chemical transpgbnye observe a sig-
in relation to the other samples which, in any case, reflect thaificant decrease in the residual stress in the Si crystals,
different recrystallization mechanisms. Hence, in general thevhich, as already indicated, has been related to the critical
variation of E is likely determined by the variation of the role of hydrogen in the relaxation of the structure during
extent of the band tails, i.eE,. These suggestions are sup- annealing. Finally, the partial texturing observed in the lay-
ported by the observations reported in a recent study dealingrs which showed some crystalline contribution already be-
with identically heat treated Si samples after similar deposifore annealing, agrees with the results obtained by other au-
tion by sputtering but from H-free plasm&For the same thors as Suret al,>® who have observed the prevalence of
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