VOLUME 84, NUMBER 4

PHYSICAL REVIEW LETTERS

24 JANUARY 2000

Photoinduced Dehydrogenation of Defects in Undoped a-Si:H
Using Positron Annihilation Spectroscopy
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We report changes in variable-energy positron annihilation spectroscopy measurements on undoped
hydrogenated amorphous silicon films after light soaking. The change, seen predominantly in the high
momentum band of the annihilation radiation, is not reversed by thermal annealing. We suggest, fol-
lowing recent models of the Staebler-Wronski effect, that light exposure induces hydrogen trapped in
vacancylike defects to become mobile in the Si network. The observations place constraints on mod-
els of hydrogen motion fitting macroscopic Staebler-Wronski effect kinetics and may help to achieve a

definitive description of metastability in a-Si:H.

PACS numbers: 78.70.Bj, 81.05.Gc

Advances in amorphous hydrogenated silicon (a-Si:H)
technology have been hindered by the limited understand-
ing of the microstructure. In particular, shortly after the
realization of effective doping of ¢-Si:H [1], it was found
the material suffers from light-induced metastable changes
[Staebler-Wronski effect (SWE)] [2]. Light incident on
a-Si:H causes metastable Si dangling bond (DB) defects
to form with the result of increased carrier trapping
and decreased photoconductivity. Much theoretical and
experimental effort has been put into understanding the
SWE, but a comprehensive explanation has yet to be
achieved.

Hydrogen is known to play a dominant role in the
stabilization and annealing properties of the metastable
defects [3]. A recent class of models [4—6], which
explains much of the experimenta data, has light-induced
electron-hole pairs breaking Si-H bonds and allowing H to
become incorporated in a mobile form within the a-Si net-
work. According to Biswas and Pan [4] and Branz [5], the
light-induced Si* DBs are induced at the original site of
hydrogen emission:

Si-H e ) S* + Humobile - D

The mobile form of H arises as a result of the atom jump-
ing from one bond-center site to another in the form of
Si-H/Si* complex [7,8] which reduces the energy cost of
breaking the Si-H bond. In contrast, Godet [6] addresses
the energy problem by suggesting hydrogen is emitted
from doubly hydrogenated Si-HH-Si sites where recon-
struction is permitted:

(Si-HH-Si) “ ) s.si+ 2Hmobile - (2
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Here the mobile form of H is a three-center Si-H-Si con-
figuration. The DBs result when the mobile H reacts with
Si-H bonds [6]:

Hmobile + S-H— S* + (S|-HH-S|) (3)

Both models agree that it is the “sinking” of H atoms
into low energy (Si-HH-Si) configurations that |eads to the
metastability, because this complex is stable at room tem-
perature. It is only the mechanism of (Si-HH-Si) produc-
tion that differs. The scheme of Godet [6] favors reaction
(2) while in the scheme of Branz [5] the (Si-HH-Si) com-
plex forms on the collision of two mobile H atoms.

Both schemes can explain the observed kinetic data on
DB formation and annealing. Evidence of hydrogen up-
take comes from the observation of expansion of the Si
network occurring concurrently with illumination [9—15]
since on forming the mobile H state at the bond-center site
there is an average 0.4 A outward relaxation in the Si-Si
separation [7]. However, to distinguish between the mod-
els requires direct information on the microscopic origin
of such macroscopic changes. Positron annihilation spec-
troscopy (PAS) is a powerful tool for studying point de-
fects in semiconductors since positrons naturally trap into
open volume sites and through the annihilation radiation
they emit microscopic information is made available [16].
Here we report on light soaking induced microstructural
changesin the defect structure of undoped a-Si:H observed
by PAS.

The two samples studied in this work, both giving simi-
lar results, were 1 wmintrinsic a-Si:H homogeneous films
grown by pure silane (SiH;) PECVD (plasma enhanced
chemical vapor deposition) at adeposition rate of 1.5 nm/s
[17] on quartz, at rf power 40 W, and substrate temperature

© 2000 The American Physical Society 769



VOLUME 84, NUMBER 4

PHYSICAL REVIEW LETTERS

24 JANUARY 2000

330°C. Theratio of photoconductivity to dark conductiv-
ity of the film was about 5 orders, indicating material of
solar cell quality. The light soaking illumination intensity
was 100 mW cm~2. The Staebler-Wronski effect was ob-
served in the electrical measurements.

The PAS measurements were performed using the
monoenergetic positron beam at the University of Hong
Kong, detailed in [18]. The maximum beam energy of
25 keV gives a mean positron stopping depth of about
3 um[19] in a-Si:H of density 2.2 gcm™3. The 511 keV
annihilation y radiation from the sample was detected
with a high purity Ge detector of resolution 1.4 at 514 keV
and a digitaly stabilized multichannel analyzer system.
A total of 1 X 10° counts were collected under the
annihilation y-ray photopeak for each positron energy.
The y-ray photopeak line shape was described using
the conventional line shape parameters S and W, which
are, respectively, the ratios of counts in the centra and
wing portions of the annihilation photopeak to the total
peak count [20]. The S parameter window was set to
cover positron annihilations with low momentum valence
electrons having a longitudina momentum component
of pr = 3.7 X 10 3mgc, where my is the electron mass
and ¢ is the speed of light, and the W parameter is to
cover high momentum core electrons over the range
7 X 103 mge = pr = 23 X 10 3myc.

Positrons get trapped at neutral and negative vacancy de-
fects because the missing positive charge of the ion cores
causes the particle to experience a potential well. The
reduced valence and core electron density at a vacancy
increases the lifetime of the trapped positron, and nar-
rows the positron momentum distribution, since the rela-
tive proportion of valence to core annihilation increases.
Consequently, with an increasing number of microvoids, S
increases and W decreases. Theratio of S to the bulk crys-
talline value Syuix IS an approximate gauge of the type of
defect. For example S/Spu1x for monovacancies is 1.030,
divacancies 1.034—1.038, vacancy clusters 1.047-1.061,
and microvoids 1.10-1.14 [20,21]. Figure 1(a) shows the
variation of S/Spu1x Vsincident energy for as-grown, light-
soaked, and 40-h 150 °C annealed ¢-Si:H thin films. The
same genera trends are observed in all samples, namely,
aplateau in the 2—10 keV range characterizing the a-Si:H
film, while S drops at lower and higher energies due to the
surface and substrate, respectively. The ratios S/Spuix for
the as-deposited, light-soaked, and annealed films in the
plateau regions are 1.018, 1.021, and 1.018, respectively,
indicating annihilation both from the bulk and probably
small size trapping vacancies. The Sy,x value was mea-
sured separately on a crystalline Si (¢-Si) sample with our
equipment.

The results show little process condition dependency
in the S parameter of the film, agreeing with Muramatsu
et al. who aso noted no appreciable change in S on light
soaking [22]. In sharp contrast is the very noticeable
change in the W parameter on light soaking shown in
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FIG. 1. The (@) S and (b) W parameter normalized to bulk
values as a function of incident positron energy for as-grown,
light-soaked, and 40-h annealed a-Si:H thin films. The bulk val-
ues Spuk and Wy, were measured in a separate measurement
on a c-Si sample.

Fig. 1(b). The W parameter for the as-grown a-Si:H is
higher than that in ¢-Si, in agreement with the angular cor-
relation data of Bhide et al. [23]. After light soaking the
value of W isvery closeto that for ¢-Si. It isthissignature
which we argue below to be due to defect dehydrogenation
on light soaking.

The light soaking effect can more easily be seen in the
W /Whoutk VS S/Spuix plot shown in Fig. 2. This type of
plot allowsisolation of the different defect sites and assess-
ment whether more than one defect type is involved, since
each defect has its own (S, W) coordinate [24]. Note that
on the plot ¢-Si corresponds to the position (1, 1). For the
as-grown film the data points lie along a straight line at al
beam energies, indicating that the film has a homogeneous
distribution of the same defect at al depths. The same is
not true for the films after light soaking. Here one sees not
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FIG. 2. The normalized core annihilation parameter W versus
the normalized valence annihilation parameter S, in as-grown,
light-soaked, and 40-h annealed a-Si:H samples. The regions
corresponding to majority surface, bulk film, and quartz sub-
strate annihilation are indicated, together with the data point
corresponding to bulk crystalline silicon. The lines are guides
to the eye.

only a different defect type in the bulk film on transfer-
ring from substrate to bulk, but in addition a very different
surface and near surface defect type [characterized by low
S/Sbulk (~096) and hlgh W/Wbulk ("‘1.25)] on transit-
ing from bulk to surface. Some minor changes in defect
signature occur on annealing in the surface region, which
we suggest are due to hydrogen diffusion to the surface.
More importantly, in the bulk region there is no reversal of
the light soaking effect on thermal annealing, as would be
expected if the changes in the line shape parameters were
directly connected with the metastable defect sites respon-
sible for the SWE.

Despite many PAS studies using both positron beams
[21,22,25,26] and conventional sources [23,27—29], there
isasyet no general consensus on the positron trapping sites
in a-Si:H. Much of the uncertainty apparently arises from
the variationsin film preparation techniques[21,25]. How-
ever, evidence exists for four possible positron trapping
states, namely, (i) coordination defects (1v) (ii) divacan-
cylike defects (2v) (iii) vacancylike agglomerates com-
prising of ~5 missing atoms (5»), and (iv) large 10—20 A
diameter microvoids in which some positrons exist as
bound Ps (MV). Both 5» and MV states give rise to
lifetime components in the range 400-550 ps that are
commonly seen in various a-Si:H films [23,25-29].
The existence of microvoids is confirmed by the definite
observation of positronium components in both lifetime
and angular correlation studies [27,28].

The assertion that PECVD grown films contain 2v-type
defects comes from positron lifetime studies [22,24],
where the observed 310 to 350 ps component is identified
with the 325 ps lifetime of divacancies in ¢-Si [30]. A
number of studies also find a short lifetime component
(190-256 ps) from some films [23,27,28]. Such films
presumably do not have sufficient divancy defects or

agglomerates of higher volume present for saturation
trapping, and so some positrons annihilate from either a
delocalized Si-network state or from the site of saturated
coordination defects that are present at the level of
10" cm™3 in a-Si:H [3]. The latter could be the shallow
trapping sites of He et al. [27]. Since the mass of the
hydrogen atom is smal compared to the surrounding
silicon atoms, 1v- or 2v-type sites consisting of hydrogen
saturated dangling bonds are expected to be able to act as
positron traps.

The positron diffusion length obtained from the datain
Fig. 1isL+ = 100 = 30 A, with little dependence on the
light soaking condition. This is much shorter than the
length typically observed in ¢-Si and is probably indicative
as much of the greater degree of scattering experienced by
diffusing positrons in an amorphous network compared to
acrystalline lattice, as of a high density of trapping sites.

Although in the light-soaked state the S parameter is
seen to increase dlightly, the dominant change is in the
value of the W parameter. The relative amount of core
electron annihilations at a vacancy defect depends on the
open volume of the defect and on the chemical nature of the
surrounding atoms. On the other hand, mainly the valence
electrons contribute to the value of the S parameter, which
thus depends predominantly on the open volume. We may
conclude that while the open volume of the defect sites may
increase dlightly on light soaking, a change in the chemi-
cal nature of the open volume trapping sites causes fewer
positron annihilations with core electrons. One of the most
likely chemical environment changesisthe removal of hy-
drogen from the defect structure. The presence of H satu-
rating bonds within a defect could cause the positron to
see higher momentum for two reasons. Thefirst isthat the
Coulombic repulsion of the proton core of the hydrogen
could have the effect of restricting the positron wave func-
tion, thus allowing more positron overlap with the 2p core
electrons of the Si atoms. The second is that the spatially
confined sp? orbitals associated with the short Si-H bond
length (~1 A) would be expected to have high momen-
tum components in the range of 20 X 10 3mgc. Thus the
remarkable drop in the W parameter on light soaking to
close to a c-Si value can be explained simply on the basis
that Si-H bonds are being broken and H removed from the
defect site.

We may now relate the above conclusion to the micro-
scopic models of defect creation. The change in W on
light soaking is consistent with both the hydrogen emis-
sion mechanisms in (1) and (2). However, the change in
W is not seen to reverse on annealing. In the models the
metastable (Si-HH-Si) complex is broken up on annealing,
and the mobile hydrogen diffuses away. In the scheme of
Branz [5] the mobile H can then be recaptured by the dan-
gling bonds formed by the original emission process, i.e.,
reversing process (1). Godet in [6] does not treat the even-
tual fate of the mobile H released by annealing. However,
it seems possible that the Si-Si bonds formed by process
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(2) would have a low cross section for recapture of the
mobile H, i.e., that (2) is not reversed on annealing. The
origina doubly hydrogenated (Si-HH-S) site is a likely
positron trap, since the local density would be lower than
other regions of the amorphous network. If the network
adjustment on formation of the Si-Si bond of process (2)
is not too great, the site will also be a positron trap after H
emission. Thus our data tend to support the picture of [6],
rather than [4] and [5], with positrons being captured and
annihilating in the doubly hydrogenated (Si-HH-S) sites
to produce the large W signature in the as-deposited mate-
rial. Hydrogen is emitted from such sites on light soaking,
causing the fall in W, but does not return on annealing.

In summary, we have shown how positron annihila-
tion provides microscopic information on changes in open
volume-type defects in undoped hydrogenated amorphous
silicon before and after light soaking. The indication is
that such defects are losing hydrogen on light illumination.
This observation is consistent with the initiation of SWE
and experiments that see a global expansion of the lattice
on light soaking. Microscopic information gained from
PAS places constraints on models of hydrogen mation fit-
ting macroscopic Staebler-Wronski effect kinetics and may
help to achieve a definitive description of metastability in
a-Si:H.
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