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The kinetics of light-induced defect generation or the Staebler—Wronski effect (SWE) have
been measured on device guality hydrogenated amorphous silicon (2-Si:H )} films having
hydrogen contents (Cy ) of ~10-28 at. %. The films were deposited with direct current {(dc)
magnetron reactive sputtering. The low €y films have a density of defect states (POS) ~7 to
10x 10" ¢ ? which is three to five times higher than the high Cy; films. Under light
exposure, the DOS for low Cy; films increases slower than that of the high C; or glow
discharge produced films; in fact it is smaller after a few hours of light exposure. These
measurements show that low C; dc magnetron reactively sputtered a-Si:H appears to be more
stable material for sensitive applications such as solar cells.

Staebler and Wronski discovered that the electronic
properties of hydrogenated amorphous silicon (¢-8i:H) de-
grade when the material is exposed to light,' now known as
the Staebler—Wronski effect (SWE). They ohserved a de-
crease in photoconductivity and dark conductivity of the
films upon exposure which was subsequently correlated with
an increase in the density of midgap defect states.” The
degradation is reversible. Annealing the films at 150-200°C
for 1-2 h restores the electronic properties that the films
possessed before illumination. Light-induced degradation
Iimits the usefulness of ¢-Si:H in solar cells and photorecep-
tors, and SWE-resistant material is required to make practi-
cal devices.

Stutzmann et af.* measured and modeled the degrada-
tion kinetics of a-8i:H and showed that the density of dan-
gling silicon bond defect states (DOS) in the gap increases as
£ 13 (¢is light exposure time) for glow discharge (GD) pro-
duced films in silane. Various mechanisms have been sug-
gested for the creation of these defect states in ¢-Si:H. The
widely recognized “bond breaking” model’ postulates two
stages: first, the energy liberated by free-carrier recombina-
tion events breaks weak Si—S8i bonds and then these newly
created defect states are stabilized, possibly by hydrogen mo-
ticn which spatially isolates them.*"

Most SWE studies have concerned GD films; several of
them suggest that the hydrogen content (C'yy ) affects the
material stability.®® This work is the first systematic exami-
nation of the light-induced degradation on reactively sput-
tered (RS} ¢-Si:H. All samples are device quality in the as-
deposited state and span a range of C'y;. We have previously
reported the details of deposition and the opticai, electronic,
and microstructural properties of these films.? 2

" This work was carricd out while the author was in the Department of

Materials Science and Engincering, and the Coordinated Science Labora-
tory of the University of Illinois at Urbana-Champaign.
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Here we focus on the SWE in two representative films
with low (12 at. %} and high (28 at. %) C;. The film with
low C'y; was prepared at 0.2 mTorr hydrogen partial pres-
sure in argon and a 300 °C substrate temperature. The fiim
with high Cy; was prepared at | mTorr hydrogen partial
pressure in argon and a 230 °C substrate temperature. The
argon partial pressure for all depositions was 1 mTorr. We
find no evidence for a substrate temperature effect (for films
deposited between 230 and 300 °C) beyond its influence on
Cy; we performed the light-induced degradation study for
up to 100 h on other low Cy; films ( ~ 13 at. 9% ) which were
deposited at 230 °C and 0.2 mTorr hydrogen partial pres-
sure, and found identical behavigr,'®13

Conductivity measurements were made using coplanar
chromium contacts deposited on top of the film and defining
a gap of 0.2 cmm. The hight exposure and photoconductivity
measurements used only the red portion of the spectrum
from an ENH slide projector lamp. Low and high pass filters
were used to bracket the wavelengths between 620 and 680
nm (1.83-2 eV) with a nearly top hat spectrum. This range
of photon energies is larger than the Tauc band gap of all the
films studied. The light intensity was 150 mW/cm? as mea-
sured by a pyroelectric radiometer and the areal illumination
of the sample was uniform. The filins were placed on 2 water-
cooled stage to keep the temperature constant at ~30°C.
The low and kigh C; sputtered films and a GD-produced
film had thicknesses of ~ 1.6, 1.0, and 1.2 um, respectively.

We calculated the volume generation rate (G) for
reactively sputtered films using G=F(1-R} (1

— exp ad)/d and integrating between 620 and 680 nm;
F(A), R{(A), a{A), and 4 are the photon flux (photons/
cm?), reflection coefficient, absorption coefficient (cm™'),
and sample thickness (cm), respectively. The use of near-
band-gap light produces a roughly uniform G throughout
the sample. For the high Cy film the G for the topmost 0.2
pm (~6X 10 cm " *) is ~40% higher than the bottom 0.2
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um. For the low Cy; film, which has higher absorption coef-
ficients, the topmost 0.2 ggm has about an crder of magnitude
higher G( ~4X 10°' cm ) than the bottom 0.2 ym { which
is still comparable to the G for the bottom 0.2 gm of the high
C g film). This is obvicusly not “uniform.” However, pre-
vious studies have shown that the defect generation rate pro-
ceeds as G7; thus the low Cy; flms should degrade more
rapidly since their average G is a {actor of ~2 higher than
high C,;, fikms,' whereas in fact they degrade much more
slowly.

The photoconductivity (o, )} of the films as a function
of the light exposure time is shown in Fig. 1. For compari-
son, Staebler—Wronski effect studies were also performed on
a high quality glow discharge produced a-Si:H film
(Cy ~10at. %)."* All three films have nearly the same o,
in the as-deposited state, but the reduction in &, as a func-
tion of the length of light exposure is different. Both the GD
film and the high C; RS film show a similar rapid degrada-
tion in o, compared to the low C; RS film. Similar degra-
dation in the o, of GD films has beer observed by other
groups.*"® Afier 100 b of light exposure, o, for thelow Cy
film is ~three times higher than the o, of the other two
samples. Four other RS films with low and high C;; (not
shown for clarity) have been measured for exposure times
exceeding 100 h and closely foliow the trend shown in Fig. 1.
This indicates that the degradation in o, of the RS films is
systematically related to their total Cp;."%"

The DOS in the band gap of ¢-8i:H increases with light
exposure and degrades the carrier transport by reducing the
free-carrier lifetimnes. This ultimately limits the long-term
performance of ¢-8i:H in device applications. We have mea-
sured the increase in BOS using the constant photocurrent
method {CPM).'*"" Figure 2 shows the increase in DOS as a
function of the light exposure time for the same GD and RS
films discussed above. There are iwo key results. First, we
observe a crossover in the BOS for these films. In the an-
nealed state, the low Cyy fitm has a DOS approximately three
times targer than the high C, and a GD film. The rate of
increase in the DOS for the low Cyy film is markedly lower
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FIG. 1. Reduction in 0, as a function of the light exposure time for a low
and a high C, reactively sputtered film, and a glow discharge deposited a-
Si:H film.
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FEIG. 2. Increase in DOS (measured by CPM) as a function of the light
exposure time at / = 150 mW/cm® for two representative RS films and a
G film. The low € film is superior against SWE compared to the GD
films. The SWE results of Stutzmann ez al. [ 7. 200 mW/cm?®, ESR Ref.
(4)] and Wronski ez al. [F - 50 mW/cm’, CPM data Ref. (16)] for G
films are also shown for comparison. Light intensity does not affect the
slope of the curves.

than the other films so that after few hours of light exposure
the BOS for low Cy; RS film becomes lower than the other
two films. Further light exposure increases the differences
between the more stabie low Cy; and the less stable high Cy;
and the GD films.

The crossover in Fig. 2 is 2 clear indication that the
defect creation kinetics must be fundamentally different for
low O films. In Stutzmann’s model, the imtial DOS affects
the initial rate of defect creation by a shunting mechanism.
Recombination events proceed either through band tails,
which create defects with a probability 44w, or through
midgap states which dissipate the pair energy without defect
creation. A large initial DOS will dominate the recombina-
tion traffic and reduce the defect formation rate. However, if
the recombination pathways and the 4 ¢, coefficients are
identical in two films with different initial DOS values, then
they must asymptotically approach the same DOS vs ¢ be-
havior at long times. The low Cy; RS film has a lower DOS
for long times. We note then that the initial DOS is not a
reliable indicator of a-Si:H quality in terms of stability.

The second key result is that the exposure time depend-
ence of the defect creation of the RS films is different from
that of GI films. This is shown in Fig. 2. The low Cy film
has a £%2* dependence of the DOS on exposure between 100
and 1000 h (the longest time examined ). The slope is deter-
mined from the last four data points. The high Cy; film
shows a faster degradation with DOS proportional to £%.
Stutzmann ef /. predicta 7' dependence which is inconsis-
tent with our results for low Cy; RS films. It 1s possible that
the RS films will take on the 7' dependence with Ionger
exposure; however, our results do not indicate a significant
evolution in siopes. If we assume that we will eventually
observe the ¢ '/? rule for these filins, then we must conclude
that the susceptibility coeflicient A5y is ~ 100X less for
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films with a low C; compared to high Cy; films. Identical
light exposure experiments on a high quality GD film yield-
ed a %% dependence. This result is in accordance with the
Stutzmann ¢t af. model and the resulis reported by other
groups.™'®

A more quantitative measure of light exposure is the
total number of photons absorbed by the material. In the
spectral range used here, the low Cy; films have ~twofold
higher generation rate than the high C; films due to their
smaller optical band gaps, i.e., they have larger optical ab-
sorption coefficients.!! Figure 3 shows the increase in DOS
as a function of the number of photons absorbed (generation
rate X exposure time). When quantified in this fashion, the
crossover (Fig. 2) occurs even earlier in the exposure.

Our degradation results may be interpreted within the
bond-breaking model as evidence that either the Si—Si
bond-breaking step, or the broken bond stabilization, or
both are enhanced in high C, films. Skumanich and Amer'®
measured a variety of films and suggested that the rate of
defect creation increases with the band gap, i.e., with the
energy released per band-to-band recombination event. In
accord with this idea, Kolodzey et ¢/, reported very low rates
of defect formation in low band-gap ¢-81,Ge:H,F alloys.”’
The band gap (Tauc gap) of our material changes from 1.62
to 1.85 eV with increasing Cy;, ' which agrees with the trend
of increasing degradation.

Alternatively, the broken bond stabilization may be fa-
vored in high C ; material. Wereported thatas C,; increases
above 15 at. %, the additional H goes into dihydride modes
and the microstructure becomes void-rich.'? Both aspects
have been associated with increased susceptibility to degra-
dation. Carlson’s model of degradation inveives the motion
of hydrogen in the internal surfaces of microvoids and pro-
poses that increasing the density (lowering the void content)
of the material should increase the stability of o-Si:H.”!
Bhattacharya and Mahon® reported that material with
greater SiH, content (which they associate with void den-
sity) is more susceptible to light-induced defect creation.
Kakalios et al.** associate the motion of hydrogen with the
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FIG. 3. Increase in 3OS is shown as a function of the number of absorbed
photons (generation rate X exposure time) during light exposure. Com-
pared te Fig. 2 the crossover in DOS for RS films occurs earlier in the light
exposure.
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annealing of the defect states in ¢-Si:H which indicates that
hydrogen is involved in the degradation process. Our results
are in agreement with these assertions.

In conclusion, the total O of dec magnetron reactively
sputtered films has a strong effect on the stability of these
films against SWE. Low Cy; films are more stable against
SWE compared to high Cy; films or typical GD films. Not-
ing that the low C; films have the highest IDOS in the an-
nealed state, our results show that the initial DOS is not a
reliable indicator of ¢-Si:H guality in terms of stability. For
light exposure times of 1000 h, the DOS in the low Cyy sput-
tered films increases only as ~#%?*, which cannot be ac-
counted for by the kinetic model of Stutzmann ez al.

Professor Jokn A. Thornton, whe originated this re-
search project, passed away unexpectedly in November
1987. We are indebted te his gnidance and dedicate our work
to him. We would like to thank Dr. Nagi Maley for measur-
tng the hydrogen content of the samples and Dr. Charles
Fortman {Solarex) for supplying the glow discharge depos-
ited a-Si:H film. We also would like to thank Professor
Christopher Wronski from Pennsylvania State University
and Professor Sigurd Wagner from Princeton University for
many inspiring discussions. This work was supported by the
Electric Power Research Institute.
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