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In order to investigate the role of hydrogen in amorphous sili@$i), hydrogenated amorphous silicon
layers have been prepared by ion implantation at different H concentrations. Implanted samples have been
characterized before and after annealing up to 550 °C by small-angle x-ray scattering, secondary-ion-mass
spectrometry, and infrared spectroscopy. The study of the evolution of hydrogen concentration profiles and
bonding configurations combined with the investigation of the atomic and nanoscale structures of the films
indicate the solubility limit of hydrogen im-Si to lie at 3—4 at. %. This limit is associated with the defect-
related trap concentration i&Si. If hydrogen is introduced in the matrix at a concentration well above its
solubility, the alloy is intrinsically unstable to the formation of hydrogen complexes. Upon annealing at
temperatures higher than 300 °C, the excessi.el, above the solubililyleaves the matrix, presumably
forming H, molecules, which accumulate in nanoscale hydrogen complexes. Observations on nucleation and
growth of these hydrogen complexes are discussed in light of H diffusion and solubility.

I. INTRODUCTION below 1 vol.%°~1° The void density is affected by thermal-
annealing treatments subsequent to deposition, and has been
One of the important issues concerning the interaction ofeen to increase during annealing at temperatures over
hydrogen with the Si bulk in hydrogenated amorphous sili-~300 °C in the case of rf-sputtered and good-quality
con (a-Si:H) is the role that hydrogen plays in structural- PECVD films!t*2
defect formation. Presentlg-Si:H films are deposited by a The morphology of the material depends strongly on
variety of techniques such as plasma-enhanced chemical vgrowth conditions:”®**Changes in the hydrogen concentra-
por deposition(PECVD), rf sputtering, and hot-filament tion [H] have been observed to affect the void content and
CVD. Hydrogenated amorphous silicon obtained by deposifiims with [H]=15 at. % appear inhomogeneous, almost re-
tion is not homogeneous, but contains low-density inhomogardless of the preparation methdd® On the other hand,
geneities with typical sizes of 1-10 nm, embedded in theecent experiments have shown tl@asi:H requires only a
amorphous matrix-3 These features are thought to be voidsfew at. % of hydrogen to be of high qual#§-*8 A clear
or H-rich clusters, and it has been suggested that their presinderstanding of the relationship between nanovoidg Erd
ence decreases the local strain of 88 network? Since s, however, still lacking, mostly because, in deposited films,
these structural defects may be detrimental to the optoeledt is not possible to distinguish unambiguously the influence
tronic properties of the film, voids have been extensivelyof the deposition conditions from the role of hydrogen itself.
investigated in the past few years. Films of poor electronic In the past decade, many studies have been made of pure
quality may have void contents of several vof%,’ while  (i.e., unhydrogenateda-Si produced by ion implantatioff.
in device-quality material contents are usually near or wellThis material has properties that are insensitive to the prepa-
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ration details, suggesting that the structure is independent afihomogeneities were present in the filfi§:he high-H con-
the implantation parameters. Its investigation has providedent sample, designated as the HH sample, received a total
useful information on the silicon matrix that constitutes thefluence of 3.0¢10'® cm2 (corresponding to an average
rigid frame of thea-Si:H network. The defect density in the concentration of 8.5 at. % over the G&n laye) with a
as-implanted state cd-Si has been estimated to be of the SIMS-determined average peak concentration of 20 at. %
order of 1%. Heat treatments induce structural relaxation andue to the nonuniform, as-implanted distribution. In the
decrease the defect concentration by a facter—5 with  low-H content sample, designated as the LH sample, the in-
respect to the as-implanted st&¥8 lon-implanteda-Si is  jected dose was 3:710'" cm™2 (corresponding to an average
1.8% less dense thanSi,*? and the changes in density ob- H concentration of 1.1 at. Yawith peak concentrations of
served during structural relaxation do not exceed 0?1%. 3—4 at. %, again due to the nonuniform, as-implanted state.
Furthermore, very recent small-angle x-ray scattering For SIMS and IR experiments, a single-crystal float-zone
(SAXS) measurements have demonstrated the absence (#2) silicon wafer was irradiated with Siions at energies of
nanovoids, within a sensitivity of 0.1 vol.%, both in the as-0.5 and 1.0 MeV to a total dose of<&0"® cm 2 These
implanted and in the relaxed state &fi.2* implants produced a surface amorphous layer of 1.3 xin4-
The reproducibility and structural homogeneity of ion- thickness. Samples were then implanted witi" Hit three
implanteda-Si make this material particularly suitable as a different energies, 30, 50, and 80 keV/amu. The injected
system for the further investigation of the structural properdoses were estimated from effusion measurements to be
ties of hydrogen ira-Si. In the present work, we have im- 5.4x10' cm 2 in the HH samplg20-at. % peak concentra-
planted hydrogen int@-Si prepared by ion implantation tion) and 9.4<10' cm 2 in the LH sample(4-at. % peak
[a-Si(H)] with the objective of investigating the interaction concentratioly with an accuracy of a few percent. It is to be
between H and tha-Si network. The atomic and nanoscale noted that doses were chosen in order to have H peak con-
structures, the concentration and evolution of hydrogen, andentrations similar to those in the SAXS samp(egd and
the hydrogen bonding were studied using small-angle x-ray H), and thus to allow comparison of results from the vari-
scattering (SAXS), secondary-ion mass spectrometry ous techniques.
(SIMS), and infrared(IR) spectroscopy, respectively. These  Samples were subsequently annealed at temperatures
experiments provide further insights on the nucleation andanging from 200 to 550 °C. The anneal timesah for all
growth of hydrogen complexes in hydrogenate8i and our  temperatures and anneals were done in 50 °C increments
observations are discussed in light of H diffusion and solufrom 200-400 °C, and in 25 °C increments for higher tem-
bility. Annealing of a homogeneows Si network structure, peratures. Anneals of the SAXS samples were made under
containing more than 10 at. % hydrogen, leads to the separgh-purity, flowing He in a tube furnace, while anneals of
ration of the structure into a two-phase system: hydrogetthe SIMS samples were performed in a vacuum furnace
dissolved in thea-Si matrix and hydrogen clustered in low- (pressure~10’ mbay. The different ambient conditions are
density inhomogeneities. The present studies demonstratét expected to have changed the bulk annealing behavior of
that inhomogeneities are caused by hydrogen complex fothe samples.

mation.
Experimental details of sample preparation and character-
ization techniques are described in Sec. Il. Results are pre- B. Characterization techniques

sented in Sec. lll, and Sec. IV reports the analysis in order to
interpret the SAXS data quantitatively. A discussion follows
in Sec. V, while in Sec. VI the correlation between diffusivity
and solubility of H ina-Si and the clustering process are
described. Conclusions are drawn in Sec. VII.

Secondary-ion mass spectrometry (SIMBMS measure-
ments were carried out using a Cameca IMS-4F ion micro-
probe with a sample chamber vacuum of 208 Torr during
operation. With these vacuum conditions, the detection limit
of H in Si was 2x10%° cm 3. A 5.5-keV O," beam was
scanned over a 136175.um? area and the intensities of
Il. EXPERIMENT 2852+ and H' ions sputtered from the 3@m-diameter cen-
ter of the crater were monitored. The depth scale has a typi-
cal accuracy of 2.5%. Under the same experimental condi-
Two samples were prepared for SAXS measurements bijons, the conversion from secondary ion intensity to atomic
self-ion bombardment at various ionization states with enereoncentration is reproducible from sample to sample within
gies ranging from 0.5 to 17 MeV into 7bm-thick double- 10-15 %. This enables an accurate evaluation of the relative
polished Si wafers. The thickness of theSi layers produced decrease of the total hydrogen content during annealing, pro-
was measured by Fourier-transform IR reflectivity measurevided that all the H profiles belong to the same set of mea-
ments to be~8 um for both samples. Hydrogen was intro- surements. We checked the possibility that matrix effects
duced by implanting k" at energies ranging from 50 to 500 may affect the absolute content assignment, but we found no
keV/amu. All H implants were performed with the Si targets evidence for this at the quoted accuracy level. Isolated or
held at~77 K by means of a liquid-nitrogen-cooled holder clustered H molecules that desorb from the sample will
in order to improve vacuum conditions and avoid self-evade registration. During the sputtering process,ntbl-
annealing processes. The resulting hydrogenated layer wagules may be split in two H atoms by the primary beam or,
measured by SIMS to be6.5 um. The implantation sched- more likely, escape from the surface as a neutral species
ule was designed in order to achieve a hydrogenated amoremaining undetected. Therefore, we cannot exclude that
phous layer sufficiently thick to detect the weak SAXS sig-SIMS might have misse(tf. Sec. V) the H, that may form
nals which were expected if low densities of in the bulk upon annealing.

A. Sample preparation
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Small-angle x-ray scattering (SAXS)he SAXS system
consists of a Kratky compact small-angle systeattached
to the Rigaku rotating anodéCu) x-ray generator, a crystal
monocromator to select the G{; radiation, and a propor-
tional counter operated with an Ar-Xe gas mixture. The
background count rate with the x-ray shutter closed was as
low as about 0.16 counts/s with the detector in the energy
window for the 8.05 CWK, x rays. The observed SAXS
signals were sometimes only about 2—3 times this rate, so
rather long signal averaging was used in collecting the data.
A step-scanning mode was used to count the scattered x rays
as a function of the momentum transfgr(47/\)sin 6 (A
=x-ray wavelength-0.154 nm, Z=scattering anglefrom
about 0.1 to 6 nm’. The line-collimated x-ray beam was 14
mmx130 um at the sample and its intensity was measured
by the moving slit techniqu® A typical value of the inci-
dent intensity used here was X0 photons/s. Since each
scan took about 12—15 h, intensity-drift corrections had to be
made by checking the intensity at the start and end of each
scan, and assuming linear drift with tinfgypical intensity SIMS sensitivity 5 AU O
changes were quite smal1% to 2%). Scans were repeated ool v v
2-3 times and signals averaged. For each SAXS scan a ref- 0 400 800 1200
erence scan was made on a crystalline silig@®i) wafer of depth (nm)
the same thickness. Since the x-ray absorption by the
a-Si(H)+c-Si sample and that by theSi reference are iden- £ 1. The hydrogen SIMS profiles for the hydrogenaeSi
tical, a simple subtraction of the reference scan data explicsamples prepared by ion implantation in the as-implanted state and
itly yields the additional SAXS from tha-Si(H). The mea-  after annealing b4 h at 425, 475, and 525 °C. Iifa) the low-
sured difference was normalized by the thickness of th%on’[en’[(LH) sample, and ir(b) the high-contenfHH) sample.
a-Si(H) and the incident intensity, the latter having been cor-
rected for the absorption by the entire thickness of the wafeihas spread out uniformly over treSi layer (plateaulike.
The normalized intensity was then converted into electrorThe H concentration of the plateau in Figblis about 3
units [electron/atom €/a)] using the appropriate geometry at. % after the 425 °C anneal, and it remains at this level
factors in the SAXS system and the scattering cross sectioafter annealing at 475 °C.
of the electron(l ,=7.94x10 2 cn).? With increasing temperature, the differences between an-

Infrared spectroscopy (IR)Infrared-absorption spectra nealing behaviors of the two samples become even more
were measured with a Digilab FTS-40 Fourier-transform in-pronounced. After the 475 °C anneal, the H distribution of
frared spectrometer. The device was equipped with a liquidthe LH sample becomes uniform throughout the amorphous
nitrogen-cooled HECd, _,Te detector. To eliminate the ef- layer, whereas relatively minor changes in the shape of the
fects of multiple reflections of the infrared beam at thedepth profile of the HH sample have occurred with respect to
interface between amorphous and crystalline Si, spectra wetle 425 °C annealed state. The distinctive peaks in the HH
corrected using the procedures of Brodsky, Cardona, an8IMS profile remain visible even when about 80% of the
Cuomd@’ and Langford, Fleet, and Mah&h. hydrogen has left the sample after annealing at 525 °C. From
integrals of the ion depth distribution, we estimate the re-
tained H doses after annealing, as shown in Table I. The H
content has decreased by a factor of 5.5 from the as-
implanted to the 525 °C annealed state of the HH sample,

Figure 1 shows SIMS profiles measured on both LH andVhereas this factor is only '2.7 in the case of the LH sample.
HH samples after implantation and after subsequent anneal- The SIMS hydrogen 5|gn_al of both the LH and HH .
ing at 425, 475, and 525 °C. The as-implanted depth profile§aMples after 425 °C annealing drops abruptly to the sensi-
of H exhibit three peaks corresponding to the different im-tVity level (2x10%° em ?) at a depth of~1400 nm. This
plant energies. For the LH sample, the as-implanted H prof”é)osmon corresponds to thee-Si(H)/c-Si interface. Because

peaks at 4 at. %, while the peak is at 20 at. % for the HH .
sample. A striking difference in the annealing behavior isﬁle;r'A‘BLE I. Hydrogen dosesat/cn) estimated from SIMS pro-

evident in the two samples. In the case of the low hydrogen
concentrations, thermal diffusion at 425 °C yields a complet@Anneal state
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Ill. RESULTS

A. Hydrogen profiles—SIMS measurements

. . ; LH sample HH sample
smearing out of the initially peaked profiles. In contrast,
there is no broadening of the H peaks after the anneal ats-implanted 9.410'° 5.4x 10"
425 °C in the high-concentration sample. However, H diffu-425 °C 1.x10Y 4.5x10"
sion has occurred since peak intensities decrease in compa#izs °C 7.7 101 3.7x10Y
son to the as-implanted profile. Furthermore, the concentras2s °c 3.5¢10'6 9.8x10
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FIG. 2. SAXS intensities from the LH sample in the as-
implanted state and after annealinfgdoh at different temperatures.
Solid lines are drawn to guide the eye. Also shown are the data from

the c-Si reference wafer and from the as-implanted parSi FIG. 3. SAXS diffuse intensity for the hydrogenatedSi

(dashed lingfrom Ref. 24. samples LH and HH in the as-implanted state, and after annealing
of 4 h from 200 to 550 °C. Also included are the data showing the

the solubility of hydrogen is much lower innSi than it is in  diffuse scattering for the pura-Si before and after annealing from

a-Si.?° hydrogen atoms are prevented from diffusing throughref. 33.

the interface into the-Si bulk*° After 525 °C annealing, the

drop in H concentration to the background level occurs in . . . .
. . tween theoretical calculations of these intensities and the ex-
both samples at a shallower depth in comparison to the an- .
rimental values shows that the nanostructure of the as-

nealing stages at lower temperatures. This indicates that e o
a-Si(H)/c-Si interface has advanced by solid phase epitaX)}'ﬁnpl"’mted and. annealed-Si is homoge_neous. In_other .
(SPB of ~320 nm in the LH sample and £220 nm in the words, nanovoids are n_ot detected, and if they a.re.present it
HH sample. For amorphous silicon without H, the recrystal-mus_t be at volume fract!ons well below 0.1%. A similar con-
lized layer is expected to be larger, i.e-720 nm for the clusion f'ollows regarding the nanostructure of 'Fhe LH
presently used 525 °C annédlTherefore, the SPE rate is Sample, i.e., due to the lack of amy dependence in the
slowed by the presence of H. A hindering of growth rate dueSAXS from this sample, there is no evidence of nanovoids or
to H doping has been observed beftté! although in a  oOther nanostructural features associated with H clustering,
range of lower H concentratioris. even after anneals up to 550 °C.
The increased diffuse SAXS from the LH sample com-

B. Atomic and nanoscale structure—SAXS measurements ~ Pared to the pura-Si shown in Fig. 3 for all annealing
temperatures can be attributed in part to the atomic-scale
compositional disorder introduced by the H alloying. This
effect is known as Laue monotonic scatteriignd will be
treated more in detail in Sec. IV. Annealing above 300 °C

Anneal Temperature (°C)

LH sample Figure 2 shows the SAXS intensities from the
LH sample compared to those from the unimplante8i
wafer, and thea-Si produced by Si implantation prior to H

implantation. There is essentially mpdependence in any of reduces the difference between the LH @ngi sample dif-

the data, which implies that all three samples at all annealin : S o o
states yield only diffuse SAXS. There is a systematic reduc%Jse intensitiesFig. 3. This difference reaches zefwithin

tion in the intensity from the LH sample with annealing. If the uncertainty after the last anneal at 550 °C. This reflects

the intensities for a given scan are averaged in the rang'® outdiffusion of H from thea-Si matrix, as observed in
1.5<q<6 nm , then the variation shown in Fig. 3 by the F9- 1@. .

open squares results. Included in Fig. 3 are data showing the HH sample.Figure 4 shows the SAXS from the as-
variation in diffuse intensity with annealing for the pure implanted HH sample, and the dramatic changes caused by
a-Si, which have been recently presented and interpreted if1e annealing. The as-implanted state displays only diffuse
detail?**3Briefly, the SAXS signal ot-Si is due to thermal scattering(i.e., noq dependende but much stronger than
diffuse scattering and incoherent Compton scattering, whilghat from the LH sample. This is due to the Laue monotonic
static-disorder scattering accounts for the increase afterontribution from the H alloying at higher concentrations.
amorphization by Si implantation. The good agreement beAnnealing at 200 and 250 °C caused no change in the SAXS,



53 HYDROGEN SOLUBILITY AND NETWORK STABILITY IN . .. 4419

300 T T T T T T
a ] [ ——— as—implanted (a)
4 HH Sample [ 200°C
i\ o as—-impl r - - T 300%¢
a . L .—-— 350°C _
A, v 300°C 200r DD oo o |
z \ ] / \\
107 | oo o 350°C - /
had . 400°C ] e r
[« & 425 C g 1oor
| . 450°C g
~ " o v 475°C g L
{ |- + 500C g oof
° o 525°¢C g I
~— ) - . 550°C S 1000] : t t : : ¥
> 10° | e g [ ——— as—implanted
= o g L 300°C () ]
0 8 800F _ _ _ aso°C ]
g § 400°C ]
P 425°C
t ® eoof
0 C
< A . 400 P
< P oy i ' ]
v 1 0 d ‘\ARANA | I y i . A :
107 F ] 200 ST N 1
[ W ] 0.0 < N
I ™ a-si ] 2200 2150 2100 2050 2000 1950 1900
energy (cm™)
10° ) . . . . . FIG. 5. Infrared-absorption stretching bands of the hydroge-
0 1 2 3 4 5 6 nateda-Si in the as-implanted state and after annealifd & at
—1 different temperatures. I@ we show the LH sample, and {b) the
q (nm ) HH sample. Spectra are shown after the background subtraction,

using the procedures indicated in Sec. Il B.

FIG. 4. SAXS intensities from the HH sample in the as-
implanted state and after annealinfgdoh at different temperatures. To test for isotropy in the SAXS, the sample after the
Solid lines are drawn to guide the eye. Also shown are the data fromygg °C anneal was also measured in a tilted orientation such
the as-implanted pura-Si. that the angle between the surface normal and the x-ray beam

direction was 45°. There was no change in the shape or in-
and averaging the SAXS intensity over the same range usd@nsity of the SAXS curve, and this is consistent with either
for the LH sample yields the values of diffuse scatteringspherical scattering objects or randomly oriented nonspheres.
shown in Fig. 3.

Annealing above 300 °C induces systematic changes in
the SAXS corresponding to the formation of low-density
nanostructural features of increasing size and volume frac- Infrared-absorption spectra were used to investigate the
tion with temperature. The appearance of a maximum in théocal bonding configurations of the LH and HH samples be-
intensity is direct evidence of an interference effect due to dore and after annealing cycles. We will focus our attention
high density of scattering centetsThe shift of the maxi- on two absorption regions of the infrared spectra: the stretch-
mum intensity toward smalleg with increasing temperature ing band between 2000 and 2100 cinand the doublet at
indicates an increasing size of inhomogeneities. After the800—900 cm' which results from bending vibratio?é3®
350 °C anneal their average size is about 0.5 nm, whereas The features at 2000 cr are associated with the stretching
is 1.55 nm after the last anneal at 550 °C, as a result of thenodes from isolated Si-ifmonohydridé configurations. The
analysis of the data reported in Sec. IV. The systematic dromodes in the 800—900-cm frequency regime are attributed
in intensity at largeg is attributed to the loss of H from the to Si-H, (dihydride sites in different local environments,
matrix which decreases the Laue diffuse scattering. Figure 8pecifically isolated Si-H and (Si-H,), (polyhydride
includes the fitted diffuse intensities for the annealing in thegroups®’ The assignment of the 2070—-2100-chmodes re-
temperature range above 300 °C. Values contain a relativelgnains controversial. Although it is widely accepted that these
large error because they take only the portion of SAXS amodes (and the 800-900-cht mode$ originate from
largeq, so that evaluation of the diffuse intensity is affected.dihydride/polyhydride configuratior$;® their association
However, one can clearly see that the data point at 300 °@ith clustered monohydride bonds has also been the subject
shows an increased diffuse intensity which then decreases af a long debaté®=42
higher anneal temperatures. After the 550 °C anneal the dif- LH sample Figure 5a) shows the stretching bands of the
fuse intensity has not dropped to the value of the LF€8i  absorption spectra after implantation and annealing of the
samples even though much of the H has left the sample a¢-H sample. The absorption band of the as-implanted state
cording to SIMS(Table ). exhibits only one Gaussian distribution peaked at 2000

C. Si-H bonds—IR measurements
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I Cn sponsible for the decrease of the total integrated intensity,
‘ : : since the 2000-mode intensity remains flat in this region. In
200042070 cni™! ; Fig. 6 the integrated intensities of the 800—900-¢rapec-

: ; : tral region are also included. In our spectra a weak doublet
peaked at 835 and 875 crhis present, and reaches a relative
maximum after the 300 °C anneal.

IV. SAXS DATA ANALYSIS

The increase in diffuse scattering intensity of the as-
: : : implanteda-Si(H) with respect to pure-Si is partly due to
2070 cm™ the H alloying, and is described by the Laue monotonic
: 5 : scattering®* This contribution exhibits a particularly simple
form for the intensity in electron units in case of a random
substitutionalA; _,B, alloy with the same atomic volumes
for A andB,

835+875 cm™

integrated absorption coefficient (cm™)

0 100 200 300 400
. o _ 2
annealing temperature (°C) | M= X( 1— X) ( ZA_ ZB) , (1a)

. . - whereZ, and Zg are the atomic numbers of the and B
FIG. 6. The integrated absorption coefficient of the 2000-tm elements. Taking the average H content of the LH sample as

2070-cn ! stretching and bending modes as a function of the an-

nealing temperature for the HH sample. The three regimes of an)_(=0.011(fr0m SIMS daty, the intensity from Eq(1a) is 1.7

nealing temperatures are indicated by the vertical dotted lines. e_’?’ in good agreeme_nt with the difference in d|1_°fuse_ Inten-
sities between tha-Si and LH sample shown in Fig. 3,
cm™%, indicating that the incorporated H is predominantly 2.2+0.6 €/a, for the as-implanted state and up to the 300 °C
bonded in the monohydride configuration. Upon annealinganneal. Since the atomic volume of H is definitely smaller
this band remains symmetric while narrowing. Due to thethan that of Si, and the concept of a substitutional alloy may
low-H content, the background subtraction and the presenc@ot be appropriate for H in tue to the nature of the bond-
of interference fringes become problematic, so quantitativé"d), this agreement is surprising and might be accidental. A
measurements and reliable integrated intensities cannot BBodified expression that accounts for the difference in

accurately inferred from the spectra. atomic volume betweeA andB, Q,—Qg, is given by*
HH sample.The annealing behavior of the HH sample is )
more complex than that of the LH sample, as shown in Fig. 1=l 1= (Qa=Qe)/ Q4T (1b)

5(b) where the stretching-mode absorption bands of the HHwherey=3(1— WI(1+), andv is Poisson’s ratio. Using evi-

sample as a function of the annealing temperature are rjance that the atomic volume ratio of H to SiarSi:H is
ported. A broadband peaked-a2000 cm ! is present in the near 0.4—0.4 and usingy=1.23 fromc-Si, one can es-

as-implanted state. After annealing, the absorption band bginate that the modified Laue monotonic should be reduced
comes more asymmetric, and the contribution of the modeg, near 0.4-0.@/a, well below the experimental difference
peaked at 20602075 crhis more resolved, showing an pteq above. In the case of the HH sample, using the average

initial increase up to 300 °C followed by a decrease Upony ontent ofx=0.085 (from SIMS data in Eq. (18 and
annealing at higher temperatures. This contribufieferred Q,=0Q, yields an expected Laue diffuse intensity for a ran-

to below as the 2070 modeis still observable after 500 °C dom Si_,H, alloy of 13e/a, again in good agreement with

annealing, but after higher-temperature anneé@5- he gpserved increase in diffuse intensity relativeatsi of
550 °Q the H-related absorption bands can hardly be distin-5 g+ g e/a (Fig. 3, as-implanted state, and anneals up to

nghed. from the backgro.ur(not Shoyvr). 250 °0Q. Taking into account the difference in atomic vol-
The integrated absorption coefficient of the two modes ig; e Eq.(1b) yields an intensity of 3.4—4.6/a, well below

obtained by fitting the stretching-mode band to two separatg,o éxperimental value. ’

Gaussian components. The results are shown in Fig. 6. The | order to obtain quantitative information on the size and

total amount of bonded hydrogen can be estimated from thgq)yme fraction of the inhomogeneities as well as values of

sum of the integrated absorptio(? coefficients of the tWoyhe gitfuse component, the data relative to the HH sample for
modes. A decrease of about 30% in the total intensity iSach anneal temperature were fitted with a theoretical inten-
observed during annealing in the range between 300 andy, function corresponding to a distribution of spherical ob-

400 °C. Conversely, the total H content, as measured Dy.cis that are correlated in position by an effective hard-
SIMS, does not change outside of the experimental uncelgphere interaction to account for the interference effect:
tainty after anneals up t6=400 °C. This indicates that the

reduced IR absorption is not due to the outdiffusion of hy- 1(q)=C30;R?P(qR)S(qD) + 1y, (2a)
drogen. The further decrease after annealing at higher tem-
peratures must involve the outdiffusion of hydrogesee
Table ).

The 2070 modes reach a maximum relative value ofC is a constant fitted to give the intensity in electron units,
~50% of the total absorption signal after the 250—300 °Cand R; are the volume fraction and radius of thi-sized
anneals. The decrease in the regime of 300—400 °C is resphereP(qR) is the form factor for a sphere of radigs,*

P(qR)=P(u)=(9/u®)(sinu—u cosu)?. (2b)
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TABLE Il. Results of SAXS analyses of the annealed HH recrystallization ofa-Si by SPE. The average inhomogeneity
sample T is the anneal temperatutall for 4 h), Q is the integrated ~ size and the hard-sphere diameter increase systematically
intensity[Eq. (3b)], f, andf; are the total volume fractions of the ith the anneal temperature in Table Il, and a plot reveals
inhomogeneities based on zero and high-pressyreléttron den-  |inear increases of both within experimental erfice., +0.1

sities, respectivelyR) is the volume-fraction-average radius of the nm for (R) and +0.2 nm forD). Both extrapolate to zero at
inhomogeneities, anB is the effective hard-sphere interaction di- T=264 °C suggesting this as the initial formation tempera-

ameter. ture of the inhomogeneities.

T Q fa fa (R) D

(°C) (107 e/a cnt) (%) (%) (hm)  (nm) V. DISCUSSION

350 5.2 0.29 0.40 0.50 1.9 A. Pure amorphous silicon

400 11.5 065 089 072 2.5 The maximum volumetric fraction of nanovoids in ion-
425 16.1 091 126 081 32 implanted purea-Si is well below 0.1%, and no void nucle-
450 21.0 120 165  0.96 3.5 ation occurs during thermal treatments, i.e., during structural
475 27.2 155 214 108 4.1  relaxation? By contrast, pure-Si films prepared by depo-
500 31.9 1.83 2.53 1.25 4.6 sition always exhibit nanovoids, suggesting that voids are an
525 36.1 2.08 2.87 1.39 5.3  artifact of the preparation method. The absence of nanovoids
550 42.9 2.47 3.47 1.55 5.7 in ion-implanteda-Si invalidates the statement, originating

from molecular-dynamics simulatiodghat a structure con-
taining voids(of a size corresponding to several missing Si
S(gD) is a pair correlation structure factor for hard spheresatomg is energetically favorable since voids would decrease
of diameterD,* and| is a constant to account for the dif- the local strain of the network, at least for pureSi. There-
fuse scattering. Equatiof2) is appropriate to line-focus fore, the 1.8% deficit of the atomic density observed in ion-
conditions?’ The value oD is closely related to the location implanteda-Si with respect tcc-Si (Ref. 22 is not due to

of the maximum inl (q).*® To fit the data in Fig. 4, it was voids. Possible causes for the density deficit(@yea length-
necessary to include only 1-3 different sphere radii, and th@ning of the Si-Si bonds, of2) an imbalance of density
fits are essentially indistinguishable from the solid lines that;hange due to vacancy/interstitial-type defééts.

connect the points shown in the figure. For fitting the 550 °C  Depositeda-Si:H films generally contain inhomogene-
data, a third term was added, namely a Porod t8rmg >, ities, and the question of whether the hydrogen plays a role
to Eqg. (2) to account for the rise in intensity at the lowest in their formation has not been answered unambiguously. In
caused from some larger-sized objects which appear on th@ie remainder of this section, we will demonstrate that inho-
surface as a result of this last anneal. The total volume fraogmogeneity formation isot onlyan artifact of the deposition
tion of inhomogeneitiesf, was determined from the expres- method, but that hydrogen may cause it. More importantly,
sion appropriate to a two-phase system studied with a linethe drastically different behavior of the LH and HH samples

focus SAXS systenf® confirms that the H concentration is a critical parameter in
5 X the structural quality and stability of the material. In this
f(1-1)=QR27(Q)(An)7, (3@  section we discuss the results presented in Sec. Ill, separat-

ing the as-implanted state from the evolved structure. The
evolution of the structure of the HH sample will be divided
Q=(qs/2)f qLl(a)—1lq]da, (8b)  into three regimes of annealing temperatufsT <300 °C,
(I 300 °C<T=400 °C, and(ll) T>400 °C.
whereq, is a constant determined by the SAXS slit geom-
etry,(Q)) is the average atomic volume of the sample, And
is the electron-density difference between the hydrogenated
matrix and the low-density features. We have calculated val-
ues off from the experimental data in Fig. 4 assuming two The hydrogenated layers are characterized by a nonuni-
values of the electron density in the inhomogeneities, zerdorm H distribution with maximum concentration at the im-
(i.e., assuming they are voidand 9.2 10°2cm ™3, The latter  plantation peaks of 4 at. % in the case of the LH sample and
value is that associated with a hydrogen pressure of 0.2 GP20 at. % in the HH sample, as measured by SI#g. 1. In
in the inhomogeneities, for which there is experimental evi-the as-implanted state, almost all the H is expected to be
dence in the case of Hmolecule clusters ia-Si*® The  bonded to Si after implantation with monohydride bonds as
electron density of the matrix was taken as 5% lower tharthe preferred configuration im-Si hydrogenated by ion
that of c-Si to account approximately for the H alloying and implantation?>° This preferential bonding has been ex-
the intrinsic density deficit of 1.8% faa-Si.?? plained as an effect of irradiation, ion bombardment causing
Table Il lists the results of the analyses of the SAXS datahe transfer from dihydride to monohydride centers. This
via Egs.(2) and(3), including the average radius of the in- conversion from dihydride to monohydride has been found
homogeneitie$R)=3v;R;, D, andf. The volume fraction to occur only for[H]<3 at. %>°
increases to 2.5-3.5% at the highest anneal temperature. The IR spectrum of the as-implanted state of the LH
Further anneals at 550 °C up to 20 h produced a further smaslample shows no 2070 modgsg. 5a)], indicating that all
increase inQ (to 44.2<10” e/lacn? after 8 h and then a the H is bonded as Si-H configurations, in agreement with
decreasdto 36.3x10?% e/a cnt after 20 B probably due to  previous investigations. In the as-implanted HH sample, the

B. As-implanted state of hydrogenated amorphous silicon
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absorption band is slightly asymmetric and the intensity ofthe total amount of bonded hydrogen estimated from the IR-
the 2070 modes is of the same order as that of the bendingpsorption coefficieAt agrees with the incorporated H dose
modes(Fig. 6), i.e., ~16% of the total integrated intensity of (Table ) to within 10%.

the stretching modes. This suggests the presence of polyhy-

dride centers. The x-ray intensities of both the LH and HH

samples show no evidence ofcadependence in the as-

implanted state. This indicates that ion bombardment does C. Low-concentration (LH) sample

not induce nanoscale inhomogeneities at the fluences under The SAXS data presented in Fig. 2 showqdependence
study, i.e., up to 20 at. %, and that the samples are stablg the scattering intensity of the LH sample after annealing
against H-induced void formation during implantation atcycles through 550 °C. We therefore conclude that the vol-
liquid-nitrogen temperature or after irradiation at room tem-ume concentration of the nanoscale inhomogeneitiels
perature. or H-rich cluster$ can be at most 0.1%. Information on the
In Fig. 3, a difference in diffuse scattering intensity is structural evolution on a scale smaller than 1 nm can be
evident between the as-implanted state of the LH, HH, andieduced from the study of the diffuse scattering intensity
pure a-Si samples. This difference can be attributed to a(Fig. 3). The diffuse intensity systematically decreases with
difference in static disordéf and to the presence of H atoms increasing annealing temperature similar to par8i. The
which act as scattering centers. A random distribution of Hdecrease in scattering of puaeSi has been interpreted as a
atoms leads to atomic-scale composition fluctuations whicliecrease in static disorder during structural relaxatiorhe
are described by the Laue monotonic scattering given by théimilar behavior exhibited by the LH sample indicates that
expressions in Eq1). The values fot ,, obtained using Eq. the silicon network relaxation is neither perturbed nor en-
(1) fully compensate for the difference of the experimentaln@nced by the presence of 3—4-at. % hydrogen, consistent

. . 7 . .
diffuse intensity illustrated in Fig. 3 between pure and hy-With previous resultS] obtained by studying the bond angle

drogenateca-Si for both samples. Therefore, assuming thatdiStortion from Raman-scattering spectra.

the atomic volumes of H and Si are the same, this would The stretching band of the IR spectra narrows during an-

indicate that the static disorder of the Si network structure, a ea“ng’ suggestmg a reduct|or_1 in the energy dlstr|but|on of
. . . e Si-H bonds which could arise from structural relaxation
measured by SAXS, is the same in the as-implanted state of

. X the underlyinga-Si network. Local ordering during an-
the LH, HH, and pura-Si samples. This result would not be nealing atT<300 °C induces H atoms to settle into more

surprising because the defective state qf the as-implantegable configurationgdeep trapping statgsand all the H is
samples before and after the hydrogenatiobaih fluences  oynected to remain bonded as monohydride. At temperatures
is expected to contain the same amount of disorder, since qjlligher than 300 °C, H can be released from the bonds to the
samples were implanted up to the maximum damage fével. transport level leading to diffusio??:*®

Although this simple interpretation of the results is tempt-  5|MS measurements in Fig.(@ show that the three-
ing, the volume difference between H and Si has to be conpeaked as-implanted Gaussian-shaped H profile has evolved
sidered, and Eq.1b) gives values of |, much smaller than into a flat-topped depth distribution after 425 °C annealing.
the experimental ones. A possible explanation for this differ\ze estimate theffectivediffusion lengthL .4 by comparing
ence is the presence of vacancy-type defects, correlated withree Gaussian fits to the measured profiles before and after
the presence of > which would increase the Laue con- diffusion. The value obtained fok .4 is ~0.5 um for the
tribution according to Ref. 43, y=NcZ? wherec is the 475 °C profile, five times lower than that found in undoped
atomic fraction of vacancies clustered Msvacancies per a-Si:H %% for which results could be described by a single
cluster(N=1, a monovacangyandZ the atomic number of activation energy of 1.5 eV for the diffusion process. Unfor-
Si. In other words, the apparent enlarged volumeHagould  tunately, the little data available in the literature on ion-
be due to those H atoms associated with a vacaocdiva-  implanted hydrogenatea-Si appear not to be in agreement
cancy in the network structure. For the high-concentrationon the diffusion Coefﬁcierﬁ?_mmaking the comparison with
sample, the scattering intensity may be enhanced by the preghe present result difficult. However, these results clearly
ence of the small amount of polyhydride centé¢see IR show thatl . and diffusivity are dependent on H and defect
spectry;, i.e., as in the above expression, dihydrides wouldconcentrations.
contribute more effectively than monohydrides.

Since several experiments have detected the presence of
trapped H molecules in as-depositettSi:H at levels from
0.05 to 0.5 at. %63~¢the H, molecule should also be con- D. High-concentration (HH) sample
sidered as a possible configuration of H in the as-implanted
state of our samples. In the case of implanted material, it has
been suggestétithat nuclear collisions induce Hormation Upon annealing aT<300 °C, again na dependence is
by activating two neighboring Si-H bonds or a Sj-Bond.  evident in the SAXS scattering intensity of the HH sample.
Only two H atoms which are near neighbors are capable oThus the annealing within this temperature range does not
forming H,, since their deexcitation time is very short lead to the formation of low-density nanofeatures. The dif-
(<10 %), Thus the H formation as a result of ion bom- fuse intensity does not change up to 250 °C within the ex-
bardment likely occurs only in the HH sample, and not in theperimental error, while it increases after the 300 °C anneal.
LH sample. However, the amount of H in,holecules ap- This rise in intensity is likely associated with an increase of
pears to be relatively small in the present experiments, sinc8i-H,/(Si-H,),, units and/or of small clusters of Si-H which

1. Regime | (T<300 °C)
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would increase the Laue monotonic contribution if the num-nm and then not visible by SAXS asjadependengeduring

ber of such clusters becomes larger than expected for a raannealing. Since the decrease of the diffuse scattering inten-

dom alloy?* sity coincides with a systematic increase in content and size
IR results are also consistent with a partial transfer uporf the inhomogeneities, we suggest that the H which leaves

annealing from monohydride to polyhydride bonding con-the matrix undergoes clustering into nanofeatures.

figurations. After the first annealing at 200 °C, the 2000 and  This picture is confirmed from study of the evolution of

2070 modes exchange intensity and they become of the sanjge |R spectra upon annealing. The total integrated absorp-

order after the 250 and 300 °C anneals. The relatively stronflon coefficient of the stretching bands decreases by about

increase in the 2070 modes is accompanied only by a sligh§no, as a result of the anneals between 300 and 400 °C.
increase of the bending modes, as is evident from the we

; . : ince the total integrated intensity is proportional to the H
a\l?ssrfglor; %angstvﬁ),resf?rt, mzt(r)]?eo?p’r?i;?on@i?mgrlgnb Fr'%vl\:] content®® we conclude that the amount of bonded H di-
ever, the rafio between the cmntensity a € 9 inishes during annealing. On the other hand, tittal H
absorption strength has been seen to depend on sam

tiorf2 ting that th K f the bendi Sntent at T<400°C, as measured by SIMS, does not
preparation,” suggesting that the weakness ol the ben IngI:hange within the resolution. This suggests that at this tem-
modes could be characteristic of ion-implanted material. W

therefore associate the presence of the bending modes fﬁ?rature regime H leaves the bonds while remaining inside
gether with that of 2070 modes with SiSi-H,), bonding e sample. It also appears that SIMS is able to detect the

f i In oth ds. IR it fani entire H population, at least in this temperature regime. Fig-
contigurations. In oth€r woras, 1 resu’ts sugges %n INCr€aSkre 6 illustrates that the decrease in the total strength of the
of polyhydride centers during annealing @300 °C, in

) . i ) stretching band is entirely caused by a reduction of the 2070

agreement with t_he interpretation given from SAXS reSUIts'modes. The value of the intensity associated with the 2070

D“T'”g annealmg "’.‘T$300 C.a rearrange_ment of H at- band after the 400 °C anneal is as small as that of the as-
oms in the matrix is thought to occur via local bond

switching® with eventual passivation by H of dangling implanted state. This decrease is accompanied by a decrease

. X f the weak intensity of the bending modes, indicating that H
bonds. In this regime, the release of H from deep defeceaves the bonds preferentially from tf&i-H,),, (with n>1)

sTat(?[st_ls |mprob$blt={f, ;r)d orr:l)lll the tH atoms W.h'tCh ?fte); Im'groups. If we assume that polyhydride centers constitute at
plantation are situated in shallow trafesg., in interstices o,¢p part of the clustered phase of Hair8i %% "°the prefer-

have the possibility to rearrange locally because of their low, . . :
binding energy(0.2—0.5 eV. %% Thys the possible pro- ential release of H from the polyhydride groups seen in our

. . : data is in agreement with a model recently propdsédthat
cesses occurring at this stage are an accommodation of ne’_zg

neighbor Si-H bonds via bond switching and a release of e H in the clustered phase is situated in a shallower trap
from disorder-induced shallow states. These processes pr 1.4 eV) than the H in the isolated phage2.1 eV).

blv take ol thout H. f tion b fthe | " The decrease of the 2070 modes at temperatures higher
sumably take place/thout H, formation because of € IoW v, 300-350 °C has been generally observed in deposited

temperatures involved. Since only near-neighboring H atomg_Si:H films by several authorS:"3The systematic decrease

cz;n interact ;/;]/ith ea(;_h otht_er inltr&i_s tr%gi{_ne Otf temgeratur_esof the 2070-cm* band has been interpretéy assuming
changes in the configurational distribution towards an Ny, ¢ 4y neighboring Si-H bondér a Si-H, bond break
Syith simultaneous formation of a Hmolecule which may

r|gh-conce?tr?tlon samg?le.l As |d|scéus§ed in Sec. VthC, ||r_1| tht scape from the sample. It is generally accepted that at tem-
ow-concentration sample local ordering arranges € 1 alyq a4 165 around 300-350 °C two neighboring H atoms re-

oms into deeper states. As a consequence of the local Scale(%imbine with H formation58:65 a process characterized by

the reordering, the SAXS intensity cannot reveal changes i%n effective activation energy of 1.7 &Y
The process of K formation during annealing at

the nanostructure, and therefore qpalependence appears in
>300 °C in the high-concentration sample may also occur

the scattering signals during anneals in this regime. Furthenl—.
more, SIMS measurements on H implanee@i have shown in the reverse direction; i.e., the formed molecules dissociate
“again with simultaneous creation of two Si-H bonds. How-

no difference in the H distribution profiles between the as
:J“p'.a”teﬁ statel and the S%"."ﬁp'efs annealed at 300 ¢Gp- ever, the H molecule configuration probably remains stable
Irming that no long-range diffusion occurs. if it is trapped h a H cluster which becomes enriched by H
and enlarges in size, as seen from the increase of the SAXS
: o o scattering signal. Since H primarily leaves the clustered
2. Regime I (300 *GT <400 *C) phase, we can assume the existence of a critical size for the
After the 350 °C anneal, the scattering signal of the HHH clusters. Those smaller than the critical size shrink, by
sample shows a clear dependence. This indicates the pres-forming H, molecules, while the larger ones grow by attract-
ence of low-density features with sizes of about 0.5 nm andng H atoms from the local surrounding. The coarsening of
a content of 0.3%0.05 vol. %, as determined by fitting the bubbles resembles the kinetics of metal precipitation gener-
SAXS intensity(Table Il). The increase of the x-ray signal ally observed in Sf> Thermal-induced coarsening leads to
after the 350 °C anneal is accompanied by a drop in théhe growth of large precipitates at the expense of the small
diffuse intensity which continues to decrease at higher annealnes, a phenomenon known as Ostwald ripening. Therefore,
temperatures. This drop may indicate a loss of hydrogemve conclude that the inhomogeneities visible by SAXS in the
from the matrix, with a consequent reduction of the atomic-HH sample are Kbubbles formed from the precipitation of
scale scattering centers and therefore of the Laue monotonibe hydrogen which cannot be dissolved as stable Si-H bonds
contribution[Eq. (1)]. Another possible explanation is the in thea-Si matrix. The formation of bubbles in hydrogenated
reduction of polyhydride centergéhose smaller tharn-0.5  a-Si appears to be a direct consequence of the fact that there
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is an intrinsic limit to the solubility of H ima-Si. measurement was made. A value of 2:2402 g/crmi was
Previous experiments have established that thecéh-  obtained. Allowing for an intrinsic deficit of 1.8%,shown
tained ina-Si:H-deposited films is in the form of clusters not to be due to nanovoid$,the remaining deficit is 2.1
with a lower size limit of ten I%L76 These results have been *=0.8% which is in good agreement with the value ferin
confirmed by IR measuremefitsvhich demonstrate thatH Table Il. We actually expect a better agreement ithhan
is incorporated ina-Si:H in the form of high-pressure f, since most of the H has left the sample at this stage of
bubbles. Thus the volume fraction of the bubbles in this temannealing(Table |) such that the larger electron density con-
perature regime is reasonably given by (Table Il), i.e., trast in thef,; calculation is more appropriate.
values which were estimated by assuming a bubble pressure
of 0.2 GPa as shown from the good agreement between Eqs.
(A1) and(A2) of the Appendix. VI. SOLUBILITY AND DIFFUSIVITY OF HYDROGEN,;
Table 1l reports the bubble radi¢®), while D represents CLUSTERING PROCESS
the size of the region around each bubble from which the H
is diffused to form the bubble. It is therefore quite reasonablef1i
thatD is significantly larger thad2R), sinceD is expected
to represent the size of the H diffusion zone around the av
erage precipitate of H That is,D is the diameter of the
depletion sphere that acts like a hard-sphere pair-correlati

The diffusion behavior observed in the H profiles of the
gh-concentration sample differs entirely from that of the
low-concentration samplé-ig. 1). In this case, peaks of the
implanted profiles do not broaden after annealing while de-
0:'.:‘,'{/easing in height. The diffusion profiles clearly show that
) . ; . ) drogen does not penetrate the nonhydrogenated amor-
interaction that is larger than the precipitate it§&lHow- phous material below the peaks and the low-concentration

Svler;nthefrvalt?erf fothstetd (ljntTabiIeIdll arehmutﬁhnsrr;ﬁtllerr thr?inl regions between the peaks for concentrations exceeding 3
olume fractions expected o yield such strong interparticley; ", Apparently, the spreading of the profiles of the HH

mterfe_rence e_ffe_ct%‘r?_ This can be readily attributed to the sample into the nonhydrogenated regions is prevented be-
qonunlform distribution Of.H(F'g' 1), so _that the precipita- cause H atoms cannot find available sites. In other words, the
tion of the H occurs only in some fraction of the layer cor- aterial is impermeable to hydrogen for concentrations
respo_n_din_g to the peaks in the profile whgre_the_ Ioc.aI igher than~1.5x10?* cm3. This result is consistent with
SO|Ub!|It¥ IS e>.<cee.ded- The no_numform H d|str|but|qn IS @ the observation that the hydrogen in the LH sample shows
pecullfrlty of |on-.|mpla.r?tecfii-8|(H), and marks tlhe differ- regular diffusion over the entire concentration range, &,
:ir(])%eelr:cnt]r(;jfpr)w?iilrtggr-asgl)ﬁs Io:]n?h(-:(-:gOSSOS-"SCe-(;:]Onf;I(ter(?nszrpr:;eat' %. Thus the difference in the annealing behavior of the
two samples can be explained in terms of solubility of H in

show bubble bands in the fractions of the layer correspondy,e a4y The diffusion profiles in the HH sample indicate

ing to the H-peak concentrations, with bubble sizes increas; yomarcation between soluble and nonsoluble hydrogen.

ing with H concentration toward the peaks of the H distribu- o . _ oC ic [imi
tion. Therefore the local volume fraction of the bubbles is;l;)hg_sgl;?ﬂ(:/?/ of hydrogen ira-Si at 425-475 °C is limited

much higher than the values défin Table Il, since these

: : The data in Fig. 1 suggest that the diffusivity into the
values are averages over the entire layer thickness. g 99 y

nonhydrogenated regiai®00-1400 nmis larger in the HH
sample than in the LH sample. Thus the diffusion process is
. . concentration dependent. As a consequence of the higher dif-
3. Regime lIl (T>400 °C) fusivity, the flux to the surface is higher in the HH than in the
The SAXS signal increases with annealingfat400 °C, LH sample. This observation is confirmed by the fact that the
indicating that the accumulation of hydrogen in bubbles agetained dose in the HH sample after the anneals up to
H, molecule formation continues. Hnolecules trapped in 525 °C is a factor of 2 smaller than the one retained in the
voids in a-Si:H are thought to be stable until fairly high LH sample(see Table . At this point, the possibility that
temperature$~500 °O."® It is noteworthy that the 4-h an- the H content measured by SIMS does not include the H
neal at 550 °C caused a significant change in the HH sampl@resent in the bulk as Hmolecules(as discussed in Sec.
Optical microscope examination revealed that about 30% ofl B) has to be considered. Although this likely underesti-
the hydrogenated layer had delaminated from k& sub- mates the values of the doses in the annealed HH sample, it
strate in the shape of circular regions about 20 to 480in  may not completely account for the factor of 2 difference in
diameter(this loss of material was corrected for in tlig  the reduction of the H doses between the HH and LH
calculation at 550 °C Since all the holes appear to have thesamples. The enhancement of diffusivity with H concentra-
same depth, the phenomenon likely takes place originally a@ion can be considered to be in agreement with a recent
the a-Si(H)/c-Si interface, which moves by SPE toward the study? where two distinct rate processes were observed in
surface. Hydrogen diffusion induces an accumulation ¢f Hthe decrease of the bonded H content during annealing of
molecules in high-pressure bubbles at the interface. The ris-Si:H films, the faster process associated with the H in the
ing pressure eventually opens the bubbles via explosion, withlustered phase.
consequent delamination of the hydrogenated layer visible in The defect concentration present in as-implarate®i has
large regions of the surface. Similar blistering of the surfacebeen found to lie between 1 and 2 at. %; thermal treatments
was observed in depositedSi:H films**"°where holes were induce network rearrangements while reducing the density of
also associated with an accumulation of gaseous H at theefects?®?! Structural defects im-Si have also been probed
film/substrate interface. No further delamination occurredusing fast-diffusing impuritiegsuch as Cu, Au, and Pdhe
upon longer time annealing at 550 °C. Several pieces of thdefects acting as trapping centers for these impufitiésit
delaminated material were collected, and a flotation densityvas shown that the diffusion and solubility of the impurities
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are intimately related to the defect stateasi. The reduc- and nanoscale structures of the hydrogenatesi during
tion of the defect density during structural relaxatioraeBi  subsequent annealing regimes. Hydrogen atoms can be ac-
decreases the solubility of these fast diffusers while increassommodated in th@-Si matrix only at concentrations up to
ing their diffusion coefficient. In a similar stud,it was  3—4 at. %, which is found to be the solubility limit of H in
suggested that the defects also serve as traps for H atones.Si in the 425—475 °C temperature range. For alloys con-
with H more strongly bonded than the metal impurities. Thetaining H below this solubility limit, the network structure is
trap density measured in those experiments wast@.2  stable, and remains homogeneous during annealing. Con-
at. % for 350 °C annealing. If in our case we also assume &ersely, if H is introduced into the matrix with a concentra-
direct correlation between trap density and H solubility, wetion well above this solubility limit, the alloy is not stable,
conclude that the trap density is 3—4 at. % in the 425-and the excess H tends to leave the matrix at relatively low
475 °C temperature range. This value is in good agreemeriémperatureg>300 °Q to form H, molecules. In this re-
with that found in Ref. 64, though it has been measured at gime, a low density of hanoscale inhomogeneities appears,
higher temperature, where a smaller number of trap centeiigcreasing systematically in size during further anneals.
would be in principle expected due to further defect annihi-These inhomogeneities are thought to be H-rich clusters
lation. The concept of the presence of a limited concentrationvhere H, molecules are trapped, i.e., Hanobubbles. The
of trap centers for H in tha-Si matrix is also an important passage from homogeneous structure to one containing
insight for thea-Si:H technology, and raises a serious ques-nanobubbles of about 0.5 nm of radius must be gradual, and
tion about the models in which an unlimited number of trapsit is possible that the disklike H plateletsontaining 6—10 H
for H was assumed in $p:8283 atoms thought to result from clustering of the diatomig™H

By investigating ion-implante@-Si, we have shed light complexe$® and observed by nuclear magnetic
on the relative roles of the hydrogen and #i network, resonancé®’® are the precursors of the larger features ob-
providing clear evidence of the presence of a well-definedserved aff >300 °C by SAXS.
limit in the defect-related trap concentration in #Si ma- Finally, we want to emphasize that it is always possible to
trix. Amorphous silicon has a highly defective structure con-introduce H in amorphous silicon well above the solubility
taining a variety of defects!® e.g., point defects, and limit by various nonequilibrium methods with no detectable
strained Si-Si bonds, of which only a small amount consisténhomogeneities in the original structure. However, upon
of paramagnetic defectse., dangling bond<® The addition  thermal treatments H atoms can be stably bonded only to the
of H to this network leads to a passivation of most of thenetwork sites set by the defect concentration inherent to the
defects, with a possible relief of the local strain. During an-network. These defect-related trapping sites define the solu-
nealing, the hydrogenateaSi undergoes structural relax- bility of H in a-Si. All the trapping sites being saturated, the
ation, exhibiting a decrease in static disorder similar to purexcess H clusters during annealing and formsntblecules
a-Si. Therefore, results would indicate that defect passivawhich gather into nanobubbles.
tion by means of H is an independent mechanism from struc-
tural relaxation, as was suggested in Ref. 20 and very re-
cently shown in Ref. 86. Results furthermore demonstrate
that hydrogenated-Si does not necessarily evolve upon an- ACKNOWLEDGMENTS
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VIl. SUMMARY AND CONCLUDING REMARKS
APPENDIX: CONSISTENCY CHECK

In this paper, we have presented systematic studies of OF THE H, -BUBBLE PRESSURE

hydrogen implanted into pure amorphous siliqarSi) lay-
ers using SAXS, SIMS, and IR techniques. This investiga- We estimate the number of,Hnolecules trapped in the
tion shows that the H concentration determines the atomibubbles in the HH sample annealed at 400 °C. The number
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of H, molecules per unit volume\,,, /V, , is given by the Nu, (0.0255/2Ng; Ng;
_ _ = 2 ~14->=6.6X10° m 3,
ideal gas equation Vy 0.009/g; Vi
2
E _P_ 4.8x10?8 m3 (A1) e
Vy, kT ’

whereNg/Vg; is the density of the hydrogenatedSi matrix,
wherep is the bubble pressure at room temperature, i.e., 0.2aken to be 5% lower thao-Si.

GPa® k is Boltzmann’s constant, anfi=300 K. From IR The values calculated from EqgAl) and (A2) are in
results, the H loss upon annealing between 300 and 400 °C agreement within the experimental uncertainty, indicating a
about 30%, which is equivalent to 2.55 at. %, assuming 8.&onsistency between the number of Fholecules in the

at. % as the average H concentratifrom SIMS). Taking  bubbles and the pressure inside them. The agreement would

f,=0.9 vol.% from Table Il, Eq(A1) can be written as be exact if we assume a pressure of 0.27 GPa.
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