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Using a parameter obtained from infrared measurements of the silicon-hydrogen stretch mode,
the amout of light-induced degradation in hydrogenated amorphous silicon (g-Si:H) has been
explored as a function of the amount of microstructure present in our samples. We find that
samples with more microstructure, and also more bonded hydrogen, show an increased light-
induced effect. At the same time, the volume density of states in the initial (annealed) state
remains virtually unchanged. We discuss how the present resulis relate to existing models

proposed to describe the light-induced effect.

The reversibie light-induced degradation in hydroge-
nated amorphous silicon {¢-Si:H) has drawn considerable
attention in recent years. Though numerous experimental
resulis have added to our understanding of the effect, a com-
plete picture has yet to emerge.! There have been various
models proposed to explain the creation of the light-induced
defects. The bond breaking model was first proposed by Pan-
kove and Berkevheiser® and Dersch er ¢/.,° and was later
developed by Stutzmann et ¢l.* Adler® suggested a model for
the light-induced effect in terms of redistribution of charges
among the charged and neutral dangling bonds. Carlson®
has suggested a mechanism for the light-induced degrada-
ticn involving the motion of hydrogen on the surfaces of
microveids in the material. In this letter we report our inves-
tigation on the correlation of the light-induced effect with
the amount of microstructure present in the material.

The 2-Si:H films used in this study were grown in a ca-
pacitively coupled glow discharge apparatus using 100% si-
lane. State-of-the-art ¢-Si:H can be produced in this system
using a subsirate temperature of 25C °C, a radio frequency
(zf) power of S0 mW/ cm?, and a silane fiow rate of 60 scem.
In this letter, since our main interest was in varying the
amount of microstructure present in our material, we have
grown the films used in this study at higher of powers and/or
lower substrate temperatures.”® The films were typically 1 to
2 pm thick and were grown simultaneously on glass and
crystalline Si substrates to enable a correlation of the amount
of light-induced degradation with the initial kind of H bond-
ing in the films {as inferred from infrared measurements).

The microstructure in the films was determined from
infrared (IR) absorption measurements. In a-SiH the
amount of microstructure can be inferred™’” from the ratic
of the integrated band intensity of the IR mode centered at
2070 cm ! to the sum of the integraied band intensities of
modes centered at 2070 cm ™' and 2000 cm ~ ', This ratio is
proportional to that fraction of hydrogen bonded in some
sort of microstructure (typically hydrogen multibonded toa
single atom, or singly bonded hydrogen on an internal sur-
face).!! We thus define a microstructure f{raction
R(G<R<1) as

_ [2076]
[2000] + [20701
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where the brackets denote the integrated band intensities of
the respective modes. We make no claims about the exact
shape or nature of the microstructure (multivacancies,
small voids, columnar growth morphology, eic.}'? excep?
that an increase in R contributes to a larger density defi-
ciency. In particular, R hasbeen correlated” with 2 void frac-
tion (or density deficiency) by film density measurements
using the flotation method; in that work, the reduction in
film density compared to crystalline silicon was taken to be
the void fraction, and a direct relation between K and the
void fraction was observed for values of R<0.8. Note that
the effects observed here are significantly outside the range
of the error bars estimated for each of these measurement
techniques (3% accuracy in R, due {0 the determination of
the baselines of the absorption peaks, and 1% accuracy in
density, as estimated from successive density determinations
of a crystalline silicon sample). For example, for films with
the largest R vaiunes studied in the present paper (0.6-0.7},
the void fractions ave §8-10%, which correspond to mea-
sured film densities of 2.15-2.10 g/cm’. Film densities of
similar magnitude (containing H contents similar to the
present samples) have been reported elsewhere.
Photothermal deflection spectroscopy (FDS) measure-
ments were done to monitor the light-induced changes in the
films. The films were annealed at 160 °C in vacuum for an
hour before the measurements were initiated (state 4}, They
were then light soaked for 22 k under an ELH lamp calibra-
ted to 100 mW/cm? and remeasured (state #). The volume
density of states in each case was obtained by integrating the
excess absorption from an energy equal to half the optical
gap to where the low-energy shoulder in the PDS curve
meets the Urbach tail,'* an energy interval of about 0.6 V.
This range of integration was kept constant for ail samples.
Table I lists the vaiues of the optical gap, R, hydrogen con-
tent [ obtained from the integrated absorption strength of the
silicon-hydrogen bending (rocking) mode centered at 630
cm '}, an estimate of the amount of H bonded in the SiH
2000 cm ™ ! mode, the Urbach tail width (E,), the volume
density of states in state 4 (N, ) and the excess volume den-
sity of states after light soaking (AN = N, — N}, for these
samples. Figare 1{a) shows a plot of AN versus the micro-
structure fraction R. We find that AN increases by a factor of
4 as the microstructure fraction R increases from 0.15 to
0.60. In Fig.1{b), we show the same AN values, but this time
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TABLE §. Some properties of the ¢-St:H samples used in these measurements.

Sample R B (V) E,lmV) [H50( %) [ H app0{ T 1" Ny© AN®
1 0.15 1.72 49 8.0 6.8 2.60 Q.77
2 0.22 1.76 56 116 9.0 2.23 134
3 0.25 1.71 48 6.3 5.1 1.12 0.93
4 0.3 1.75 60 10.0 6.5 1.78 1.05
5 0.39 1.75 57 6.8 4.1 1.31 0.62
6 (.44 1.78 58 12.8 7.1 220 1.40
7 0.56 1.76 &7 16.3 7. 2.10 310
8 0.36 1.79 69 135 5.9 2.10 1.58
9 0.62 1.80 71 18.0 6.8 3.60 230

10 0.63 1.74 77 i5.5 5.7 7.95 2.15

* The total hydrogen content is obtained from an integration of the SiH 630 cm ~' rocking-bending mode.

> These values were obtained from the formula {Hlag0 ~ (-~ B) [Hlz0.
“The numbers in these columns are in units of 10'° states/cm?,
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FIG. 1. Logarithm of excess volume density of states (AN = N, -- N,)

after light soaking vs {a) microstructure fraction R, and (b) total hydrogen
content {H?, ,, for different ¢-$i:H sammples.
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plotted versus the total H content of the films. Again, we see
a well-defined correlation. However, since previous nuciear
magnetic resonance work (correlated with infrared mea-
surements} has noted a saturation in the amount of distrib-
uted H (H bonded in the 2000 cm ™! infrared mode),’’ the
excess H must therefore be bonded either in the (SiH, ), (or
SiH, ) configuration, or as singly bonded H on the internal
surfaces of voids, both of which contribute to the infrared
2070 cm - ' mode."’ Therefore, since an increase in the 2070
cm ™' mede (which contributes to an increase in R ) has been
shown to correlate with an increased void fraction, we sug-
gest that the increased amount of microstructure is the cause
of the increased light-induced effect in our samples. The ex-
act mechanism which produces the excess absorption upon
light soaking cannot be discerned from the present experi-
ments, but we believe the present resuifs present the first
direct confirmation of the model of Carlson linking hydroge-
nated microstructere with the light-induced degradation.
Ohsawa ef al.'® have studied the effect of hydrogen con-
centration on the light-induced effect by monitoring the
changes in the electron spin resonance signal. From hydro-
gen evolution experiments they found a correlation between
the light-induced effect and the amount of hydrogen which
evolves at the lower (300400 °C) evolution temperature,
This evolution is believed to be due to the reiease of clustered
hydrogen from either the SiH or SiH, bonding configura-
tions. Although the trend of this data is in agreement with
the present work, especially that of Fig. 1{b), important dif-
ferences should be noted. In particular, we correlated our
results directly with a void fraction. We do not think this is
cbvious from Ohsawa’s results, since even though the IR
frequency of clustered SiH has been seen to occur at 2070
em ", clustered hydrogen can also appear in films showing
no 2070 cm ~' peak.” In addition, Ohsawa’s results also
show & much larger light-induced effect than ours. We be-
lieve this is because their samples show not only a higher
averail H concentration than the present samples, but also
more H bonded in the SiH 2000 cm ! infrared mode. We
suggest this for the following reason. In particular, in Fig.
1{a) of the present paper, two data points (Jabeled X and ¥)
fall significantly outside the range of the other samples
whose trend we have observed. These samples we claim have
H contents in the 2000 cm ™ ' mode outside the range of the
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other samples. We are unable to determine guantitatively
how much H is bonded in either the 2000 cm ™ * mode or the
2070 ecm™ ! mode due to confusion over which values of the
parameter 4 to use for the different bonding modes,'>'®
However, a determination of the total H content from an
integration of the SiH 630 cm ™ rocking-bending mode (de-
noted as { H 4,0 ) 1s universally accepted as being an accurate
determination due to an independent calibration proce-
dure.”® Therefore, if we assume that the amount of H vonded
in the 2000 con ™' mode is proportional to the factor [H o
~{1 — R)[H]:q, then all the other points in Figs. 1{a) and
1{b) contain 5.0 at. % < [Hipo < 7.5 at. %. However,
points X and Yin Fig. I contain respectively 9.0 at. % and
4.1 at. % ¥ bonded in the 2000 cm™ ' mode, and exhibit a
much larger and smaller (respectively) light-induced effect
than samples having a similar amount of microstructure, but
having an [H),qo content within the previously stated
range. Note that the [H],,,, values for Ohsawa’s samples lie
in the range 10-14 at. %. Therefore, following the model of
Carlson, one can speculate that even singly bonded H (in the
2000 cm " 'mode) can to a certain extent move and cause the
light-induced effect. This has been discussed in a recent pa-
per by Jang et al®®

Finally, we comment on the relevance of the present
resulis as they relate to the bond breaking model of the light-
induced effect,”® which suggests that the breaking of
strained bonds by the energy released during recombination
of photogenerated electron-hole pairs is the cause of the deg-
radation. These strained bonds are believed to be deep band
tail states,”! which would give rise to broader Urbach tails.”
However, a direct relationship between microstructure (R)
and the Urbach edge (F, ) has been observed for 4-8i:H as
well as for -SiC:H and ¢-$iGe:H.» These authors have at-
tributed the broadening of E, beyond the nominal 50 mV
value as being due entirely to the presence of an increased
microstructure in their material, and we see the same in-
crease in £y with an increase in R for our samples (see Table
[). From this correlation, we suggest that the strained bonds
(which manifest themselves in a broader Urbach tail),
which break upon clectron-hole recombination, may lie al-
most entirely on the interior surfaces of the microstructure,
and that, therefore, the bond breaking model can indirectly
involve microstructure as well. It is important to note at this
point that we do not need to invoke an increase in &, the
initial gap state deunsity in the material, to explain an increase
in AN. Iu particular, from the results in Table 1, the values of
AN and N, can be seen; except for the last sample (310},
AN has increased significantly while &V, has remained rela-
tively constant. Therefore, we have not significantly degrad-
ed the quality of our bulk material (by increasing N, ).
Rather, we have just increased the amount of microstruc-
ture, and this is what we claim causes the increased light-
induced effect observed here.
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In conclusion, we find that there is a net increase in the
light-induced excess volume density of states (AN) as the
amount of microstructure increases. There is also a direct
correlation between the total hydrogen content and the
amount of the light-induced degradation. On the other hand,
almost no increase in the initial gap state density is observed
while AN increases. We believe that these results support the
model of Carlson for light-induced degradation involving
the motion of hydrogen near the internal surfaces of micro-
voids, and can also be an (indirect) explanation for the bond
breaking model proposed by Dersch and others,
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