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Structural disorder induced in hydrogenated amorphous silicon
by light soaking
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We show, using variable coherence transmission electron microscopy, that light soaking of
amorphous hydrogenated silicon thin films leads to structural changes. We speculate that the
structural changes are associated with instability in the as-deposited material. We suggest that
improved immunity to Staebler—Wronski degradation could be achieved by a less-ordered material
which is closer to the ideal continuous random network. 198 American Institute of Physics.
[S0003-695(198)02947-1

The light-induced creation of dangling bond defects inscale of 10-20 A that fall short of the perfect ordering nec-
hydrogenated amorphous silicorfa-Si:H), called the essary for strong diffraction. Raman scattering and x-ray ab-
Staebler-Wronski effedSWE),! > has proven an obstacle to sorption near-edge structure may also provide useful infor-
the widespread technological application of this material. Al-mation about medium-range order, but the interpretation of
though the Staebler—Wronski effect saturates with the crethese techniques is complicated by the need to know the
ation of about 1&/cn?, there is growing indirect evidence internal properties of the atoms in order to calculate the vi-
that a much larger number of atoms are affected by lighbrational spectrum or electronic density of states. Because
soaking?™® variable coherence electron microscopy uses high energy

Here, we report that there is a significant structuralelectrons as a probe, the atoms’ positions are their most im-
change in hydrogenated amorphous silicon after light soakportant attribute, supplemented by the well-known atomic
ing, which we have observed using variable coherence elegcattering factor.
tron microscopy. Our experiments show no such structural  For this experiment amorphous hydrogenated silicon
change in hydrogen-free silicon. In the light of our previousfilms of varied composition were deposited by reactive mag-
work on pure amorphous Ge and’Siwe interpret this result netron sputtering of a silicon target in argon and hydrogen.
as evidence for a structural instability in the as-depositedhis method permits independent control of hydrogen con-
a-Si:H structure, which has more medium-range order thanent, and produces material with excellent electronic and op-
the continuous random network. We propose that thejcal properties®!! <0.1 at. % argon concentration, and a
Staebler—Wronski effect is intimately related to this struc-jow void fraction!? Films of 20 nm nominal thickness were
tural instability. deposited on commercial aluminum foil at 230 °C. Speci-

Electron fluctuation microscopy techniques have highmens for transmission electron microscopyEM) were
sensitivity to such subtle structural changes. Diffraction, in-picked up with 3 mm Cu grids after dissolving the Al in 20%
cluding small angle scattering, and other single-scatteringyC| solution. X-ray microanalysis indicates a barely detect-
teChniqueS SUCh as eXtended X-I’ay abSOI’ption ﬁne Structu&)le residue of Al in the form Of Sparse'y Separated alumi_
(EXAFS) reveal correlations between pairs of atoms only, as,um oxide particles on the film's surface ard0.1 at. %
embodied in the radial distribution functi¢RDF), which is  concentration of any other metal contaminant. Broadband il-

not sensitive to subtle differences between networkymination was provided by a 100 W Oriel quartz halogen
structures. We have shown that higher-order atomic COrre-lamp coupled to a quartz fiber to yield an illumination inten-

lation functions(three and four body which are measured gty of 0.4 W cmi 2 at the specimen. Specimens were irradi-

by variable coherence microscopyare sensitive to such ated for 70 000 420 h) at room temperature in a water-
differences. Specifically, variable coherence electron mi- cogoled TEM holder.

croscopy can detect correlations at a characteristic length  gamples were examined in a Hitachi HO00ONAR side-

entry TEM operating at 200 kV using the variable coherence
aElectronic mail: j-gibson@uiuc.edu microscopy method!® Hollow-cone dark-field images of
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FIG. 1. Typical hollow-cone dark-field micrograph of 20-nm-thick amor- R e e R B AN LA SRRy ALY
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amorphous materials, such as Fig. 1, exhibit a speckle pagg. 2. Piots of the image intensity variandeof the Sp gHo 15 Sample, as
tern whose character depends on the scattering vector mag-unction of the hollow-cone scattering vector magnitkd®©pen circles

nitude, k=sin(#)/\, whered is the hollow-cone illumination —2are before light soaking, and solid circles are after light soaking.
semi-angle\ is the electron wavelength. The lateral extent of

the scattering coherence volume decreases®&%. The im-  cate that light soaking produces structural rearrangement
age resolution imposes a maximum lateral distance ovefhich reduces medium-range order and involves substan-
which scattering can be correlated, which we set at 1.6 nriially all the atoms in the sample. The rearrangement is not
with the objective aperture. In our images speckle arisegasily detected in the diffraction pattern because diffraction
from statistical scattering fluctuations between volumes typiis sensitive only to pair correlatiod$. It is consistent with
cally containing~1000 atoms, which determines the length growing evidence for hydrogen motion during light soaking
at which we probe medium-range order. A perfect crystakhat involves the creation and annealing 6f13—Siinterme-
would show no speckle at low resolution, since each mesodiate bonds?~'" A detailed interpretation of the observed
scopic volume would be scattering identically. A perfectly change inv(k) will require atomic modeling.
random atomic distribution would exhibit speckle corre- It has been proposed that keV electron irradiation creates
sponding to the sampling statistics of small volumes, but thigimilar effects to light soakindf*® The electron beam cur-
contribution will have little or nok dependence. An amor- rent density during our experiments was 25 A@mA typi-
phous specimen with medium-range order, however, will im-cal image requiré a 3 sexposure, and an entire series taken
pose additionak-dependent intensity fluctuations because offrom one area required about 20 min, for a total dose of
local orientation dependencies to the coherent scattering. The3x 10* Coulomb cm2. No pronounced dose dependence
variance of the image intensity provides a measure of theuas observed for doses between 75 anti@6ulomb cn?,
speckle, and was recorded from each image, then plotted ashat at higher doses>10° Coulomb cm?) changes similar
function of the scattering vector magnitude, as in Fig. 2.to those observed on light soaking began to appear.
V(Kk) is given by The energy deposited by the high energy electron beam
is around 10 eV per electron for a 20-nm-thick film, as esti-
I kAP mated from Bethe’s formufin the very thin film limit. The
CLrd power density deposited into the sample is thus 230 Wxm
However, the electron illumination is confined to a circular
wherel(r,k) is the image intensity at position when the region about one micron in diameter, and the total beam
hollow-cone scattering vector magnitudekisEach point in  currentis 70 nA, yielding a total power of only Ou8V. This
Fig. 2 represents the average of typically ten measuremenshows that temperature changes associated with electron ir-
from successive scans from different areas plotted with oneradiation are negligible. Based on earlier published wWorR,
standard-deviation error bars. Scans were made from high @®n exposure of around 1 ms, at the electron dose we use,
low scattering vectors, and vice versa, to reveal any electroahould be equivalent to our total light dose. If that were the
dose dependence. We also examined the variance at a fixedse, e-beam effects should dominate the results, with no
scattering vector as a function of time. discernible contribution from the light soaking.

Figure 1 shows a typical speckle image from an as- We see two possible resolutions of this difficulty)
deposited 20-nm-thicla-Siy gHp 15 Specimen, taken ak Electron and photon irradiation produce distinctly different
=3.0 nm 1. Sample(a) was virgin material, and sampl®) effects;(ii) The models of defect creation by keV electrons
was light soaked. Both samples were taken from the samim the literature cannot be simply extended to our experimen-
piece of film. tal conditions. Previous work comparing ultraviol@iV)

The variance peak amplitude at 3 iifis reduced con- and electron irradiation has focused only on the electrically
siderably after light soaking, and is a signature of medium-active Staebler—Wronski defects, which are created at densi-
range order on a length scale 6f1.6 nm. We have demon- ties around 18 cm™3. It is possible that while defect cre-
strated by modelifythat pronounced peaks, such as thoseation associated with electron and UV irradiation are similar,
observed here, are not consistent with a continuous randostructural rearrangements are not.
network. The differences between Figga)2and Zb) indi- Earlier work noted that electron beam irradiation seemed

V(k) oY)
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to be more than 3000 times more efficient than UV irradia-recombine. These effects might minimize photodegradation.
tion in generating Staebler—Wronski defettd? Previous e- It is known that microstructure affects the Staebler—Wronski
beam irradiation experiments were performed in a scanningffect’*~" It has been generally assumed that the favorable
electron microscope, where an intense focused electron beamicrostructure is more highly ordered, but there is little evi-
is scanned rapidly over very large areas; however the moddence for this. We propose that the favorable microstructure
eling assumed uniform illumination. It is known that there isis less orderedand more like a continuous random network.
a striking increase in the efficiency of Staebler—Wronski de\WWe know that high temperature annealing can produce a
fect production with high-intensity pulsed light beafls. continuous random network in pure amorphous semiconduc-
There may be a previously undetected dose-rate dependentes; the challenge is to find a way to reproduce the continu-
to the e-beam effect, which would introduce a differenceous random network and to maintain hydrogen passivation.
between scanned and flood illumination. Additionally, we Even though disorder may promote stability, it remains to be
study free-standing thin films where surface effects may baseen how it affects the initial electrical properties of the ma-
more important. Further experiments will be required to re-terial.

solve these issues. This work shows that light soaking &-Si:H leads to

If the electron-based Staebler—Wronski effect were idenstructural changes that involve many atoms, and are distinct
tical to the light-based effect, then from power density con-from any electron beam effects observed at very high doses.
siderations, we would expect to see electron induced chang&¥e speculate that the structural changes are associated with
in about 100 s. We do not detect such changes. The substaimstability in the as-deposited material, and suggest that a
tial difference in light-soaked and virgia Si:H samples ob- material which is closer to the ideal continuous random net-
served under the same electron dose conditions indicates thabrk would exhibit improved immunity to Staebler—
there is light-induced structural relaxation. Wronski effect degradation.

Recent observations of paracrystalline medium-range or-
der in as-deposited-Si anda-Ge suggest an explanation of
the light-induced structural chang&®aracrystalline materi-
als comprise strongly deformed grains, less thaBnm in
size, that ardopologically crystalline, but diffraction amor-
phous. The deformation is an elastic relaxation bonding dis-
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