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The Effects of Dopants and Defects on Light-induced Metastable
States in Hydrogenated Amorphous Silicon

Andrew Skumanich(2) and Nabil M. Amer
Applied Physics and Laser Spectroscopy Group
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

and
Warren B. Jackson

Xerox Palo Alto Research Center
Palo Alto, CA 94304

Using photothermal deflection spectroscopy we measure the optiéal
absorption of 1light-induced metastable defects in undoped and doped a-
Si:H. We observe an enhancement 1in the gap-state absorption after
illumination which we show is due to the creation of new silicon dan-
gling bond defects and not to a shift in the Fermi level. The results
provide evidence that the light-induced defects are related to dopants,
and imply that breaking Si-Si bonds may not be the primary mechanism for

creating the defects.

PACS: 78.50.Ge, 78.65.Jd4, 78.40.Fy, 07.65.Eh



An intriguing‘property of many amorphous semiconductors 1is that
they exhibit metastable defect states. For both the chalcogenide
glasses and hydrogenated amorphous silicon (a-Si:H), pfolonged illumina-
tion creates defect states which disappear upon annealing. In the case
of a-Si:H, these metastable states (Staebler-Wronski effect) alter vari-

1 and the luminescence.2 Yet,

ous properities such as the conductivity,
despite extensive research,3 they are still not well understood.
Although silicon dangling bond defects havé been implicated, the ques-
tion remains as to whether the apparent increase in the number of these
defects is due to a shift in the PFermi level,4 or to the creation of new
defects upon illumination.’ Another significant issue is the connection
between already existing (annealed state) defects and dopants, and thoée
defects induced by 1illumination. In this letter we report optical
absorption studies using photothermal deflection spectroscopy (PDS),6 of
the light-induced defects in a-Si:H. Since the measurement is insensi-
tive to the position of the Fermi level, both the change in defect den-
sity due to illumination, and the evergy level of the defect can be
determined. The results show that new silicon dangling bond defects are
created by illumination,’ and provide evidence that the metastable

centers appear to be associated with dopant defects.

The a-Si:H films were undoped, singly doped and fully compensated,
and were deposited by glow discharge under a wide range of depositiom
conditions.d The singly doped samples contained boron or phosphorous
concentrations ranging from 10-6 to 102 » and the compensated sample
contained 10~3 of both boron and phosphorous. Two wundoped samples had

oxygen intentionally introduced during deposition. The illumination-

anneal cycle consisted of exposing the a-Si:H films to ~1.0 W/ em? of



unfiltered 1light from a quartz tungsten halogen lamp for typically 1.5
hours. Annealing was achieved by heating the films to >150 C for 1.5
hours under vacuum in the dark. The absorption spectra taken from both
the front and back (substrate) sides were identical, indicating that the
observed 1light-induced enhancement in sub-gap absorption was not due to
surface changes. The absorption measurement itself had no detectable

effect on either the annealed or illuminated state.

Figure 1 shows that eiposure to light enhances the gap-state
absorption, and annealing restores the absorption to its original dark
value. The enhancement 1is consistently reproducible when the
illumination-anneal cycle is repeated several times. Previous work has
demonstrated that the magnitude of gap-state absorption in a-Si:H pro-
vides a direct measure of silicon dangling bond defect density, Ns ,9
Using the same procedure for the change in optical absorption, we quan-
titatively determine the change 1in the defect density between the
annealed and illuminated states, AN8 . For the undoped material, AN_ is
approximately 1016 cm'3, which agrees with both our electron spin (ESR)
measurements, and those of Dersch et ‘gi-s The agreement demonstrates
that the optical cross section of the light-induced defect is T1.2 x
10-16 cm?. By comparing the experimental absorption spectra with calcu-
lated spectra generated from density-of-states models, the defect emergy
level is determined to be T1.25eV below the conduction band. Since the
energy of the defect and its cross section are identical to those meas-
ured for silicon dangling bond defects, we conclude that the change in

sub-gap absorption 1s due to silicon dangling bond defects. Little or

no change is seen in the exponential absorption (Urbach) edge.
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Figure 2 shows that the light-induced defects scale with dopant
concentration over é wide range of doping levels. The ratio ANB / N, 1is
found to be independent of doping level to within a factor of 2. Thus,
the effect 1s largest for high doping, unlike the case of conductivity
ch;nges.lo The fully compensated sample exhibited the least enhancement,
; 1015 cm'3 defects, which is an order of magnitude smaller than for the
undoped material. Studies of the effects of compensation will be
reported elsewhere. In the case of undoped material, the increase in

defect density, AN_, is constant to within a factor of 2-3, independent

of the initial defect density, as seen in figure 3.

The results unambiguously éhow that the increase in defect density
i8 not due simply to a shift in the Fermi level towards midgap upon
illumination. A shift in the Fermi level, without any change in dan-
gling bond defect density, results in less sub-gap absorption rather
than the observed increase. Further, by s8successively increasing the
dopant concentration, the Fermi level moves into the band tails so that
after i1llumination it is still in a region of smaller dangling bond den-
sity. Consequently the effect should decrease with increased doping,
which is the opposite of what we observe. Since Fermi level motion
alone cannot account for the observed changes, we conclude that 1llumi-

nation creates new dangling bond defects.

Recently, Lang gglg;.a have used deep level transient spectroscopy
(DLTS) to study the light-induced changes in phosphorous doped a-Si:H.
They conclude that after illumination there is no change in the density
of states in the wupper half of the gap. Instead they interpret their

observations as due to motion of the Fermi level. Our results clearly



show that this is not the case.

From their DLTS data, Lang et al. deduce a large increase of about
1018 =3 in donor-like states at 0.5eV above the valence band. A large
change in the density of states l.6eV below the conduction band cannot
produce significant changes in the absorption at 0.6eV. Instead, their
density of states change would alter the slope of the Urbach edge; How-
ever, the optical absorption spectra exhibit no change in the Urbach
edge, which in the case of a=-Si:H 1s dominated by the valence-band
uredge.ll This result was confifmed by a series of photoinduced absorption
studies which probe the valence band tail.l2 There was no change in the
decay rate between the illuminated and annealed states. Thus, we con-
clude that the light-induced states do not significantly alter the
valence band tail.l3 1n addition, recent drift mobility experiments
found no evidence for light-induced hole traps, indicating that the

valence band is not modified by 11lumination.l4

In terms of the mechanism for creating the dangling bonds, the
results imply that the light-induced defects do not result from breaking
weak Si-Si bonds. One would expectrAN8 to be relatively large for high
defect density undoped material which has substantial strain disorder
(as evidenced by a broad Urbach edge), and consequently a large number
of weak Si-Si bonds. Yet for undoped material ANs is constant,
independent of disorder. Thus, for the undoped material, the light-
induced defects may be associated with residual impurities such as oxy-
gen, nitrogen, or carbon. On the other hand, the fact that for singly

doped material, the ratio ANS / Ng is constant, independent of thick-

ness, dopant type and concentration, implies that the light-induced
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defects are closely related to doping4induced defects or dopant-defect

complexes.

Finally, there are several implications regarding solar cell fabri-
catione. When air is let into the chamber during preparation,vthe cell
exhibits an even larger efficiency drop after prolonged illumination,
which again can be annealed away.ls The conclusion that light-induced
defects are impurity related is consistent with this observation. In
addition, for p-i-n solar cells, illumination results 1ﬁ.a fall off in
the blue respoﬁse.16 Here, the doped outer layer will have the largest
density of light-induced defects. Consequently photons with short pene-

tration depths will be strongly affected.

In summary we have observed an enhancement in the gap-state absorp-
tion after illumination, which disappears upon annealing. We attribute
this enhancement to the creation of new silicon dangling bond defects.
For doped material the new dangling bonds are a constant fraction of the
pre-existing defects. The results imply that the light-induced defects
may not be related to weak Si-Si bonds as has been suggested, but rather

to impurities or other defects in the films.

This work was supported by the Assistant Secretary for Conservation and
Renewable Energy, Photovoltaic Systems Division of the Department of
Energy under Contract No. DE-AC03-76SF00098 and by the Solar Energy
Research Institute Contract No. XJ-0-9079-1.
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Figure 1:

Figure 2:

Figure 3:

Figure Captions

The effect of illumination on gap-state absorption of undoped
a-S1i:H.
The dependence of the light-induced defect density, ANS, on

dopant concentration.

The dependence of the light-induced defect density, ANS, for

doped and undoped material.
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