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Critical comparison of light-induced changes in sub-band-gap absorption
and photoconductivity in hydrogenated amorphous silicon
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Solar Energy Research Institute, 1617 Cole Boulevard, Golden, Colorado 80401

(Received 15 September 1988; accepted for publication 12 January 1989)

This work compares changes in the density of states due to light-induced degradation
estimated by photoconductivity with those measured by photothermal deflection spectroscapy
(PD8)} on a series of hydrogenated amorphous silicon (¢-Si:H) filins having different valence
bandtail widths (&, ). We find that the photoconductivity measurements indicate orders of
magnitude larger defect density changes than do the PDS measurements as the valence
bandtail becomes broader. This conflict is resolved by showing that this difference is due to
changes in the recombination rate coeflicient X with valence bandtail width. The absolute
change in K increases exponentially with ¥,. However, the change in K relative to the K of the
annealed state decreases with £, explaining why poor material shows a smalier light-induced

effect.

There has been considerable work on the light-induced
degradation phenomenon in hydrogenated amorphous sili-
con (@-Si:H).! In general, prolonged iflumination causes the
photoconductivity ¢ of the material to decrease and the sub-
gap density of states (I2OS) to increase. Several authors
have tried to relate these two parameters. In particular,
Statzmann ef ¢l found that the photoconductivity is in-
versely proportional to the electron spin resonance (ESR)
signal; therefore, they write o~ 1/, and show that this
relation holds during degradation for device quality materi-
al. Wronski ef al.” repeated these measurements using both
ESR and the integrated subgap DOS obtained using pho-
tothermal deflection spectroscopy {(PDIS), and obtained
sirnilar results, Therefore, in the above relationship, &, can
represent either the total number of spins (ESR ) or the inte-
grated subgap density of states (PDS)}, which agrees with
the work of Jackson and Amer.® If this relationship were
universal, then the photoconductivity change could be used
as a direct measure of the increase in subgap DOS arising
from the degradation.

In this letter we report measurements of the change in
photoconductivity as well as changes in the subgap DOS
resuiting from light-induced degradation of a series of a-St:H
and amorphous silicon carbon (2-SiC:H) samples having
different valence bandtail widths £, . We find that the photo-
conductivity measurements, in contrast to the previous re-
sults,”? indicate significantly larger defect density changes
upon light scaking than do the PDS measurements as the
valence bandtail becomes broader. We demonstrate that
these large photoconductivity changes are governed not so
much by the increase in the subgap DOS but rather by
changes in the electron-hole pair recombination rate cceffi-
cient X as the bandtail width changes. Furthermore, we find
that the amount of light degradation becomes larger in abso-
fute magnitude as the Urbach edge ( B, ) widens, but that the
relative change upon light soaking, compared to the initially
prepared material, is smaller, which is consistent with other
results.’

The sampies were deposited on Corning 7059 glass by of
glow discharge of silane and/or silane-methane gas mixtures
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in a deposition system described elsewhere.” For the a-Si:H
films, the rf power and/or the substrate temperature were
varied from their optimum values (70 mW/cm?, 250°C)
used to deposit device guality matertal, while the carbon
content was varied to change the properties of the a-3iC:H
films. Such variations had been shown previously to produce
fitms with differing valence bandtail widths.®’ The samples,
having thicknesses typically between 1-2 pm, were first an-
nealed at 170 °C for 1 h to reach the initial state 4. To reach
state B, they were then light scaked for 22 h under a General
Electric model ELH lamp calibrated to 100 mW/cm>
Room-temperature and atmosphere photoconductivity
measurements in both states 4 and B were made using the
same light. The Urbach edge width was measured using
PDS, and the subgap DOS for states 4 and B were obtained
foilowing the procedure of Jackson and Amer.” For the DOS
values, the range of integration was from half the optical
band gap to the energy value where the sub-band-gap ab-
sorption meets the valence bandtail. Table 1 lists the relevant
measured parameters.
Assuming that o« 1/N, then the difference

ANg = /o, — i/, (1)

between the reciprocal photoconductivities in states 8 and 4
should give a measure of the number of light-induced de-
fects.” The number of defects produced by light scaking was
also determined from the difference in subgap absorption in
states 4 and B as measured by PDS. These data areshown in
Fig. 1, where the light-induced defect densities determined
both from the photoconductivity measurements [ AN(PC) ]
and from the PDS measurements [AN(PDS) = N, — N, ]
are plotted versus £). As can be seen, the AN{PC) measure-
ments show a dramatic increase with increasing £,, whereas
the AN(PDS) measurements show little change. Note that
the present changes in photoconductivity are similar in mag-
nitude, on our device guality material, to those observed by
Kuwano ef al.® for films deposited in their superchamber
system after ~20 h of light soaking, while the present
AN(PDS) results are consistent with those of Skumanich
and Amer.” The present results differ from those reported
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TABLE L Properties of -8i:H and ¢-SiC:H saraples as a function of increasing valence bandtail width E,,.

Sample Deposition® L £, HP N,© Ny oY oyt K, K" AK AK /K,
no. cond. {pm) (meV) (at. %)  (10'%) (10'%) (g * (oY
i 1.0 49 8.0 2.6 3.4 217 14.8 0.0018 0.02 0.018 10.11
2 133 mW .3 50 6.8 1.1 2.1 111 8.4 (0.008 0.058 Q.05 6.21
3 1.8 51 5.8 0.6 1.1 92 13.7 0.022 0.066 0.044 2.01
4 Q.7 54 11,6 2.2 4.1 17.2 6.8 (0.026 (0.036 0.01 0.38
5 167 mW 2.5 57 6.8 1.3 1.9 i8 1.9 0.043 (.28 (0.237 5.51
6 200 °C 1.2 38 12.8 2.2 3.6 12.8 3.1 0.036 8.089 0.053 1.47
7 220°C 1.5 60 10.0 1.8 2.8 6.1 3.0 0.092 0.12 0.028 0,30
8 170°C 1.3 64 135 2.1 37 111 1.5 (3.043 0.19 0.147 3.42
9 150°C 2.5 67 16.8 2.1 3.7 0.5 4.3 Q.88 .00 0.12 0.14
10 X, =0.035 1.7 76 12.0 1.5 2.4 1 0.3 (.68 1.6 (.89 1.31
11 X, ==0.143 1.4 8( 16.6 1.4 14.3 Q.01 0.01 7.3 12.7 5.39 0.74

*The reievant deposition parameters (of power, substrate temperature), when different from the optimum values, are noted. The last two samples are a-

SiC:H alloys.

>The H content was determined from the area under the 630 ¢cm™ ' infrared Si-H absorption peak.

“The units are cm

Y The units are (£} em)
¢ Arbitrary units.

1

eariter.”® In particular, for none of the present samples do
we see a one-to-one relationship between changes in the pho-
toconductivity and changes in PDS upon light soaking, ei-
ther for device guality material (¥, ~5X10% em %) or for
material with a wider valence bandtail. That is, for a given
change in photoconductivity upon light soaking, we see a
much smaller PDS change than do either Stutzmann ef al.?
or Wronski ef al.’

Clearly, then, we need to examine the assumptions un-
der which the defect densities are obtained by these two tech-
niques. First of all, PDS measures transitions from filied to
empty states. The photoconductivity, however, as defined by
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FIG. 1. Natural logarithm of the density of light-induced defects (arbitrary
units) as determined from photoconductivity measurements AN(PC) and
from PDS measurements AN(PDS), plotied vs the width of the Urbach
edge £,.
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Eq. (1), 1s influenced only by those states between the hole
and electron quasi-Fermi levels. If all the light-induced de-
fects were created near midgap, then the PDS and photocon-
ductivity results should show a one-to-one correspondence.
If, on the other hand, the states were created throughout the
gap, the PDS would then measure a larger light-induced
change than would the photoconductivity. For most of our
samples, however, the reverse is true; that is, the PDS mea-
surements indicate a significantly smaller number of defect
states than do the photoconductivity measuremenis. There-
fore, the simple picture that o« 1//, must not aiways be
true. '

We suggest that the difference between the number of
light-induced states as measured by PDS and photoconduc-
tivity has to do with the nature of the recombination process
itself. If recombination involved only direct capture of free
electrons and holes at the dangling bond states, which are
characterized by a single capture cross section, then there
should be a one-to-one correspondence between the PDS
and photoconductivity results. This assumes, as outlined
previcusly, that all the light-induced states are generated
between the quasi-Fermi levels. In reality the recombination
process is more complicated.”’ It involves first trapping by
tail states, followed by subsequent tunneiing to and recombi-
nation in the deep trap states (dangling bonds). Therefore,
both the tail state density and the recombination pathway
involving the tail states play an important role. In all likeli-
hood, it is the hole being trapped in a valence bandtail state
that determines the recombinaticn rate."

To explore this, we note in Fig. | that AN(PC) increases
exponentially as the width of the valence bandtail increases,
suggesting that the wider bandtails play a role in the in-
creased light-induced effect as measured by the change in
photoconductivity. Note that the range of AN(PC) values
for the present samples is much larger than the range of
AN(PDS) values; we believe the larger AN(PC) values re-
flect changes in the recombination rate constant as a result of
light soaking.

We can check this idea by modifving the photoconduc-
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FIG. 2. Natural logarithm of the recombination rate coeflicient (arbitrary
units) for the initial state In(X ) vs the Urbach edge %, .

tivity deusity of states relationship to include a variable re-
combination rate coefficient; i.e., we now write o~ 1/N X |
where K is the rate coefiicient for recombination at a dan-
gling bond. Note that X is equivalent to 4, in Eq. {1} of
Wronski ef al.,® except that in our case we assume it to be
variable, i.e., a function of valence bandtail width. Since we
have already measurad both the photoconductivities and the
densities of midgap states (dangling bonds) in states 4 and
B, we can directly determine K, K, and AR =K, — K.
These results are also tabulated in Table I, while the K, vs B,
datz are plotted in Fig. 2. The data in Fig. 2 are representa-
tive of the changes observed in all & parameters with valence
bandtaii broadening. It is clear that both K, and K increase
dramatically with &,, thus giving credance to the above re-
combination model involving the tail states. We also see,
however, that AK increases with . Notethat using Eq. (1)
to determine AN from the photoconductivity data would
incorrectly suggest that a large number of midgap states had
apparently been generated to produce such a large change in
AN{PC). This is clearly at variance with the PDS results.
The changes in photoconductivity are seen to be due more to
changesin K thanin N,. Thisis consistent with the results of
McMzahon ef al.,'' who found that light soaking increases
the transition rate between hoies in the deeper valence band-
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tail states and the dangling bonds. The present data suggest
that, as the valence bandtail broadens, the valence bandtail
to dangling bond transition rate for the hole increases. In
addition, this increase in £, leads to a larger change in K on
light soaking. These results show clearly that an /ncreased
fight-induced effect occurs in nondevice guality material.
However, the relative change upon light soaking compared
to the initially prepared material (state 4) is smaller, which
is consistent with other resuits.’

Finally, we comment that the changes we have observed
are virtually independent of the initial state density N,. In
particalar, except for samples 3 and 11 in Table I, the initial
DOS (N, ) is almost constant, whereas the initial photocon-
ductivity (o, ) changes by nearly a factor of 500 as £, in-
creases. The present results are clearly different from what
we would expect, based upon the experiments of Stutzmann
et al.* and Wronski er al.’ ‘
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