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Silicon network relaxation in amorphous hydrogenated silicon
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We have investigated nanovoid-free, low-defect-density, amorphous hydrogenated siliSohl, with
variable hydrogen content. We have observed reconstruction of all silicon-silicon bonds at temperatures as low
as 430 °C, well below the crystallization temperature. This bond reconstruction leads to a decrease in thin-film
thickness and an increase in material density, about 3% for the material with 9 at. % of hydrogen, during slow
hydrogen outdiffusion. These results suggest that a long-range structural rearrangement of the silicon network
can occur simultaneously with hydrogen motion and this has important consequences for all metastability
models in amorphous hydrogenated silicon.
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Hydrogenated amorphous silicoaSi:H, is not in com-  the amorphous-crystalline transition. Essentially we find that
plete thermodynamic equilibrium, as is crystalline silicon.the volume shrinks as the hydrogen leaves the sample result-
Nevertheless many of its properties can be described bing in complete reconstruction, and the material density in-
equilibrium thermodynamic model<, the most widespread creases.
being the hydrogen glass modelGM).3* This model treats To measure the film thickness and density we use optical
amorphous hydrogenated silicon as an all@ypically  transmission measurements in the nonabsorbing spectral re-
SiggH 1) where hydrogen plays a very important role. Thisgion. We precisely evaluate the interference frifgésnd
alloy consists of a fairly rigid silicon bonding matrix and a thereby determine the thickness and mass density of amor-
glasslike hydrogen submatrix. Above the so-called “equili- phous silicon thin films as a function of hydrogen content.
bration temperature’{about 220 °C in undoped matefidl  This study is in two parts. The first part is to measure the
hydrogen can move, resulting in an equilibrium betweerfilm density in samples with differing hydrogen contents.
weak Si-Si bonds and Si dangling bonds. The second part is to measure the density in films selected

The midgap defectéhreefold-coordination defects, dan- from the first set after hydrogen evolution.
gling bonds$ in undoped material, which we will discuss  The films in this study were of high enough electronic
here, are determined by equilibrium chemical reactions anduality that their dangling bond densityN{) was below
their density can be calculated from thermodynamic argulx 10 cm 3. We concentrate on material grown by hot-
ments. According to the HGM, in the process of equilibra-wire chemical-vapor depositiotHWCVD) with H content
tion of a typical material with about 4:610?2cm 2 Siatoms ~ (Cy) between 0.3 and 20.5 at. %ee Ref. 10 This tech-
and 0.5< 10?2 cm 3 H atoms, about 1§ cm 2 Si dangling  nique can produce device-quality material with a low hydro-
bonds are created at temperatures above the equilibratiggen content. The material also shows reduced
temperature from a pool of the order of #@m 3 silicon ~ metastability:"'* NMR studies show a different H micro-
weak bonds. More than 99.9% of the silicon atoms do nostructure of this material, comparedrmaterial produced by
move during the equilibration proce$s. the conventionalplasma-enhanced chemical-vapor deposi-

In this paper we pose the fundamental question: is théion (PECVD).'® The nanovoid fraction) in all HWCVD
matrix of Si atoms really rigid at the temperatures well be-samples withc;<<4 at. % is less than 0.01%he detection
low the amorphous-crystalline transition or is there a trudimit of small-angle x-ray scattering, SA¥$* Material with
equilibration of the whole silicon-hydrogen network? What higher H concentration contains increasing nanovoid frac-
happens when the hydrogen is very slowly driven out? Willtions. One PECVD sample withv;<0.01% and
a significant lattice reconstruction occur; is there a measuNg=1x 10'° cm~3 was measured as a control. This is quite
able shrinkage of the thin film? HGM gives us no predictiondifferent from previous studies where a material with sub-
in this respect. The answer to this question is important fostantial void fraction was examinéd.
an understanding of the crucial problem in the field of amor- Approximating the imaginary part of complex dielectric
phous hydrogenated silicon, which is the metastability of thisconstant by & function resonance absorption at an energy
material(creation of additional, equilibrium density of meta- Eg (Penn gap the index of refraction as a function of pho-
stable Si dangling bonds by light, which decreases the effiton energy can be described by two paramefPenn gap
ciency of solar cellg*® and plasma energyEf) |16 We made the first approximation

We try to answer the above question by carefully measuref these two parameters from the reflectance measurement in
ing the change in the film volume as hydrogen moves and strongly absorbing region where no interferences are
slowly evolves from the material, at temperatures well belowpresent. IfEp, Er, andd are approximately known, the full
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1.0 T T T T T TABLE |. Hydrogen contenty, index of refractiom.., in the
long-wavelength limit and mass densityfor series of HWCVD
samples and the reference PECVD sam@®).
0.8 1
© Sample cy (%) N p (gcmd)
Q 06l i HW26 0.3 3.667 2.286
_9 HW59 1.6 3.625 2.271
= HW91 2.2 3.639 2.274
UE) 04+ . HWth81 5.8 3.591 2.252
c GD232 9.0 3.520 2.225
9 HWth62 11.0 3.501 2.214
F 02 o experimental data 1 HW129 12.6 3.494 2.207
— fitted curve ] HW70 17.0 3.438 2.178
HW71 20.5 3.252 2.108

00 " 1 L 1 L 1 L 1 " 1 "
07 08 09 10 11 12 13
Photon Energy ( eV ) given in Table | and displayed in Fig. 2. It can be seen that
) _ _ ~ the density of-Si:H decreases with an increasing H content.
FIG. 1. Transmittance cd-Si:H sample, in a transparent region. Fqor g comparison, a conventional PECVD sample is also

The sample is HWCVD with H content of 1.6 at. %, 24 thick,  ghown, Error bars of the mass densities have been estimated

deposited on Corning glass No. 7059 substrate. Experimental daﬁlom errors of fitted indexes of refractiom), which were
points and fitted curve are shown. typically around 0.005 '

spectral transmittance curve in the nonabsorbing region was Our results presented in Table | and in Fig. 2 show that in
simulated according to Refs. 8 and 9. A better estimate of'€ material with a negligible void fraction, as it is for “de-
parameters, error estimate on the parameters, and a statistii!éﬁe quality” HWCVD matoerlal with hydrogen content be-
measure of goodness of fit then represent a process of optPW approximately 10 at. % and for conventional PECVD
mization in many dimensions and it yields the values of2 SheiHooo (Se€ Ref. 14 the density deﬁue_r;c&compared
thickness ¢) and index of refractiofin(E)] as a function of {0 the crystalline silicon density=2.33 g cm °) comes not
photon energy ) with a high enough precision to investi- only from a dlfference_ be_tween th_e unhydrogenated ‘amor-
gate thickness and index of refraction changes following hyPhous Si(prepared by ion |r.npllantf1t|6f‘) and the crystalline
drogen evolution. state, but also from “substitution” of Si atoms by H atoms.
The classical approach, based on the Clausius-Mossotidttice relaxation is not included. To describe this behavior
equation, is used to relate the index of refractian)(in the WO Simple models are presented in Fig. 2. In the monova-
long-wavelength limit with a number of Si-Si and Si-H os- Cancy model four hydrogen atoms replace one silicon atom,
cillators with densities, respectively, Ny and Ny and in the divacancy model six hydrogen atoms replace two sili-

bond polarizabilitiesxs;.s; and ag;.y (see Ref. 1Y. The bond

polarizability of the Si-Si bond is determined from the mea- 2388 4—+—mr—"1+——7

sured refractive index od-Si:H with a negligible hydrogen —_ K

content and its mass densijiy=2.287 g cm*° (see Ref. 18 ‘*’E 230 i

The bond polarizability of the Si-H bond is taken from po- S

larizability of the SiH, molecule'’ Hence, knowing the con- S |

centration of bonded hydrogen from IR absorption measure- — 225 7

ments and dominant monohydride bondiffgr c,<12%) o I g T

Ref. 22, it is possible to determine the mass dengilyf(om > 2.20 R -

the measured index of refraction. Full technical details are '% | O HWCVD §

given elsewheré? S 5451 A PECVD e
A computer-controlled single-beam spectrometer was 8 T W S _ S

used for high-precision transmission measurements in the ., 510k T 4 H replace 1 Si §_

400-2000 nm spectral region. A stabilized tungsten-halogen 8 gl IR 6 H replace 2 Si

lamp was used as the light source; Si and InGaAs photovol- s | — fitted curve l

taic and PbS photoconductive detectors were used in differ- 206 0——t——1 S

ent spectral regions. Monochromatic light illuminated the 0 S 10 15 20

sample through a mask with a 0.5-mm-diameter hole to sup- 0

press the influence of thickness variation of &38i:H layer. Hydrogen Content ( at. % )

The optimum film thickness was between 0.5 andr8 be- FIG. 2. Measured mass densify of a series of HWCVD

cause of the finite monochromator spectra resolution and n&amples with a different hydrogen conten, error bars are shown
cessity of a sufficient number of interferences. Typical ex-too. The conventional PECVD sample is also shown for compari-
perimental data together with fitted curve are given in Fig. 1son. Samples are summarized in Table I. Two theoretical dependen-

At first we investigated a series of HWCVD samples pre-cies are simulated. Full curve is the best mix of them fitting mea-
pared with a different hydrogen contery;.!%! Results are  sured densities for,<11%.
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TABLE Il. Hydrogen contenty,, thicknessd, index of refractiom.,, and mass density, before and
after (...— ...) annealing. Error bars af,, were 0.005, error bars af were 5 nm.

Sample cy (%) d (nm) Ne p (gemd)
Anneal at 500 °C GD232a 90 19021827 3.528-3.682 2.226-2.290
24 h HW59 1.6-0 2418-2393 3.625-3.702 2.27-2.295
Anneal at 460 °C GD232b 9=~0 1971-1869 3.512-3.675 2.222-2.288
100 h HWth8la 58:~0 828808 3.530-3.645 2.235-2.279
Anneal at 430 °C HWth81b 58~1 737728 3.582-3.656 2.256-2.283

100 h

con atoms. If we fit the data fary<11 at. % then the best The results are summarized in Table Il. Here the value of

mix of these two dependencies gives+7ID % of divacan- a long-wavelength limit of the index of refraction,, mass
cies and 30% of monovacancies presented in the void-fredensityp, and thicknessl is given before and after anneal.
material. A much lower density is typically observed for ma-  Figure 2 shows that tha-Si:H density decreases with an
terial with a hydrogen content higher than 11 at. %; nanodincreasing hydrogen contenf;. Our new observatiolook
voids are the reason for this density deffcit. at Table I) is that this effect is reversible: slowly evolving
To examine changes in the material density and layehydrogen increases the mass density back to the original
thickness with a gradual hydrogen evolution, the samplesalue corresponding to the unhydrogenated void-free mate-
were cut into several pieces and these were very slowly arial. Density and thickness of the layer with just partly
nealed above their deposition temperature in a flow of ultraevolved hydrogen is in between its initial and final value.
pure molecular hydrogen. The heating rate was 1 °C/min. Our data presented in Table Il conclusively show that the
and the cooling rate was 0.5 °C/min. The annealing time wasoid-free a-Si:H layer shrinks during slow hydrogen evolu-
24-100 h, depending on the annealing temperature antbn, hence, all atoms have to move and reconfigure their
sample thickness. Thinner samplésss than 1um) and relative position. This new observation has a strong conse-
longer times were used for annealing at 460 and 430 °Cquence for metastability models &Si:H. It means that up
Before and after annealing all surfaces appeared mirrorlikeio the present time rather speculative metastability model
In contrast to Ref. 20 no cracks were observed under theonsidering long-range structural rearrangements of the
optical microscope. Three samples with hydrogen contentamorphous network, involving thousands of atoms for each
of 9, 5.8, and 1.6 at. % were slowly annealed at 500, 460¢defect created® is quite plausible. In contrast to this, the
and 430 °C to evolve hydrogen. The sample with 9 at. % Hwidespread hydrogen glass model assumes that just the
was standard PECVD material. Deposition temperature waweakly bonded Si atoms reconfigure only on a local scale
250 °C. The medium and low hydrogen content matéfié8  due to a hydrogen diffusion.
and 1.6 at. %were deposited by HWCVD at substrates 320 In conclusion, we have investigated void-free, low-defect,
and 370 °C, respectively. amorphous hydrogenated silicon prepared by different depo-
Subgap optical-absorption measurement with the help ofition techniques. The mass density of this material decreases
the constant photocurrent method and calibrated by electrowith an increasing hydrogen content. Slowly evolving hydro-
spin resonanceESR was used to monitor the defect gen from the material increases the mass density to the origi-
density?! It was observed to saturate ax30®—1x10' nal value corresponding to the unhydrogenated void-free ma-
cm 2 for samples with more than 99% of H evolvEdin  terial. We have shown that a complete reconstruction of
accord with another study where ESR was used to measusglicon bonds proceeds in this material at temperatures as low
defect density° This means that 99.9% of the Si bonds re-as 430 °C, well below the crystallization temperature. This
construct during H evolution. Otherwise many more defectdond reconstruction leads to a decrease in layer thickness
would be produced. Annealing times for a given temperatur@and increase of material density, about 3% for the material
and sample thickness are consistent with our H evolutiomwith 9 at. % of hydrogen, after H evolution. Metastability in
data?® Great care was taken to ensure transmission measuramorphous hydrogenated silicon can involve rearrangement
ment of samples before and after annealing at the same spatf Si lattice on a large scale.
Typically the thickness and index of refraction were aver-
aged from several measurements with reproducibility better The authors acknowledge support of the US-Czech Sci-
than 0.5%. ence and Technology Program, Grant No. 93074.
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