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From junction-capacitance measurements we have determined the density, energy distribution,
and electronic occupation of light-induced metastable defects near the midgap for a set of nearly
intrinsic hydrogenated-amorphous-silicon samples with well-characterized impurity levels. In par-
ticular, we have inferred the changes in both neutral and negative dangling bonds for a series of
isochronal anneals between the light-soaked state and full-dark-annealed state of each sample.
Our results indicate that the dominant defect-creation mechanism is not Si—Si bond breaking,
and also indicate the existence of at least two quasi-independent metastable defect-creation pro-

Cesses.

A key element in the Staebler-Wronski effect in hydro-
genated amorphous silicon (a-Si:H) is the light-induced
increase in the midgap dangling-bond (DB) density of
states. However, there is considerable disagreement about
the fundamental mechanisms of such defect creation. A
popular current model, proposed on the basis of electron-
spin-resonance (ESR) studies, "2 is that recombination of
photoinduced carriers can break weak Si—Si bonds.
However, recent optical absorption studies® and other
ESR studies* seem to disagree with some of the detailed
aspects of that model. In this Rapid Communication, we
describe extensive new studies of the metastable defect
creation using junction-capacitance methods on undoped
amorphous silicon films. Because capacitance measure-
ments disclose the absolute number of occupied gap states
regardless of spin, such information allows us to examine
new aspects of the defect-creation models that have been
proposed. And while capacitance methods have been ap-
plied to this problem previously,>~” this is the first study to
map out the energy and spatial dependence of the meta-
stable defects near midgap as a function of light satura-
tion and partial annealing.

One lightly PHj3-doped and five nominally undoped
samples were grown by the glow-discharge method on p *
crystalline silicon at substrate temperatures of 255 = 5°C.
The SiH4-to-Ar gas ratios are given in Table I. Semi-
transparent Schottky barriers of Pd were used for the top
contact; however, the measurements reported below use
an applied bias which depletes the p * substrate barrier
junction. Secondary-ion mass spectroscopy (SIMS) re-
sults® for oxygen, nitrogen, carbon, and phosphorous im-
purities are summarized in Table I. These concentrations
are listed over the region where we believe the capacitance
measurements actually probe each sample.

Samples were prepared in a light-saturated state (state
B) by exposure to 1.9-eV light from a cw krypton laser at
400 mW/cm? (corrected for the semitransparent metal
contact) at room temperature for 2.5 h. Samples were an-
nealed isochronally at 10- or 20-K temperature intervals,
beginning with a 5-min anneal at 380 K, up to a tempera-
ture of 473 K (state 4). Capacitance versus temperature
(C-T) measurements were carried out over the range
250-400 K at frequencies from 2 Hz to 1 kHz for every
metastable “state” of each sample studied. As discussed

TABLE I. Sample characteristics comparing the impurity concentrations determined by SIMS analysis with the deep defect densi-
ties determined by drive-level capacitance measurements in state-4 and the light-saturated state-B1 (following a 380-K anneal). The
Fermi-level positions as determined by the analysis of the drive-level measurements are also given.

SiHs-Ar SIMS-determined impurity concentrations Fermi-level position Deep defect density

ratio phosphorous  oxygen nitrogen carbon state A4 state B1 state A state B1

Sample (%) (cm ™) (cm ~3) (cm~3%) (cm %) (eV) (eV) (cm™3%) (cm %)
1 50 2x10'8 4x10" 1x10®  3.5x10'® 0.50 0.59 2.4x10'  53x10'¢

2 30 7x10'6 2x 10" 4x10'82 3x10'8 0.69 0.65 3.1x10'  7.2x10'®

3 100 8x10'6 2.5x10" 1.5x10'2 25x10!82 0.62 0.66 2.4x10'%  4.3x10'¢

4 30 1x10'72 3x10"  2.5x10'8 7x10!82 0.68 0.60 4.9x%10" 1.7x10'6

5 10 2x10' 1.5x10"” 1.5x10'8 3x10'8 0.58 0.66 3.5x10'%  8.6x10'°

6 100 6x10'® 2x10" 2x10!'® 1.4x10"2 0.64 0.73 44x10'%  3.6x10'°

3SIMS analysis indicated a spatial variation for this impurity in excess of a factor of 1.5 um ~'.
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previously,5 such data allow us to obtain the activation en-
ergy of the conductivity, E,, and the value of g(Er) for
each partial-anneal state. This determination of E, is
considered more reliable than coplanar measurements be-
cause it is unaffected by surface barrier potentials and
thus is more likely to reflect bulk film transport properties.

The primary method we employ is called “drive-level
(DL) capacitance profiling” and has been described in de-
tail elsewhere.® This technique experimentally determines
the gap-state occupation

Ef
Nov=J, -, g(E)IE M

where Ef is the Fermi-level position in the bulk sample
and the lower-energy cutoff E, is given by the relation
E.(w,T)=kpTIn(v/w). Here o is the (angular) ac mea-
surement frequency and v lies in the range 10'2-10!3
sec !, The spatial dependence of Np_ is obtained by
varying the applied dc bias to the junction as in standard
profiling measurements. The energy dependence of the
density of states may be examined by increasing the tem-
perature to increase the range of integration in Eq. (1).

Typical results from 100-Hz drive-level profiling mea-
surements are shown for sample 6 in Fig. 1(a). Each data
point for each anneal state represents the spatially aver-
aged value of Npp taken over a 0.1-0.2-um range near
one spatial region for each sample. On the top scale, the
measurement temperatures are indicated; on the bottom
scale, we have converted this temperature into an energy
depth E, using v=1x10'% sec ~!. Each curve therefore
represents the value of the integral in Eq. (1) plotted as a
function of E,.

The derivative with respect to energy of the curves in
Fig. 1(a) will yield the density of states. Because of the
limited energy range of these data (typically 100-150
meV) we generally obtain only the average value of g(E)
and an indication of its slope in the vicinity of E, below
E.. However, taken together with the value of g(Efr)
determined by C-T measurements one can infer a peaked
distribution for g(E) with a maximum near the middle of
the gap. We have thus parametrized g(E) in this energy
range by a Gaussian defect band characterized by its en-
ergy position, energy width, and magnitude, which are fit
from the values of g(Ef), g(E.—E,), and g'(E.—E,)
determined above. Such fits were further constrained by
requiring a smooth monotonic variation of parameters be-
tween partial-anneal states. One additional piece of infor-
mation came from the absolute magnitude of Npy (apart
from its derivatives). This may be used to infer a value of
EP independent of the measured value of E,. Using this
method we hoped to avoid potential ambiguities associat-
ed with E, due to statistical shifts or the Meyer-Neldel
rule. These values of E2 were, in most cases, 100 to 150
meV shallower than the corresponding E, values.

The deduced g(E) and values of E£ for sample 6 are
shown in Fig. 1(b). These results are in good qualitative
agreement with many other measurements which indicate
a metastable increase in DB density and a monotonic shift
of Er toward midgap with increasing light exposure.
Small changes in the peak positions or widths in this sam-
ple are not significant within experimental error.
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FIG. 1. (a) Drive-level densities for sample 6 as a function of
temperature for state A4 plus five partial anneal “states” pro-
duced by anneal temperatures, T4, as indicated. The solid lines
drawn through the data points are obtained by integrating the
densities of states shown in (b). (b) Densities of states deduced
by sample 6 from the data in (a). The solid line portion of each
curve indicates the energy range of the drive-level data. The
single data point at low energy for each curve is the value of
g(Ef) deduced from the C-T measurements.

A second example of such data is displayed for sample 2
in Fig. 2. The overall behavior for this sample is similar to
that above; however, the shift in the peak position of the
Gaussian defect band appears to be experimentally
significant. This shift implies that the metastable defect
band lies roughly 0.1 eV closer to the conduction band
than the intrinsic DB band. Indeed, for anneal states near
state A the distribution does not seem to match a single
Gaussian band. Note also that Er in this sample moves
toward deeper energies in the final high-temperature an-
neal. Although unexplained at present, this anomalous
shift is exactly mirrored in the dark conductivity behavior
in this sample.

Data of this kind displayed in Figs. 1(a) and 2(a) pro-
vide very detailed information about metastable defect
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FIG. 2. Summary of drive-level densities and derived densi-
ties of states for sample 2 in state A4 and series of metastable
states. Other details concerning the displayed curves are as in
Fig. 1.

creation. In particular, if the defects probed in this energy
range belong to the dangling-bond D = subband as indi-
cated by a variety of ESR studies, ! then these data are
totally inconsistent with the Si bond-breaking model.
is, to preserve the total number of electrons, that model
requires that the shaded regions of occupied states in Fig.
3(a) must remain fixed. Because the drive-level measure-
ments give precisely the integral from E2 down to an ener-
gy E. below E. [see Eq. (1)1, we would predict the drive-
level values to become equal when E, reaches E), at
roughly 0.9 to 1.0 eV below E,.. For values of E, smaller
than E. — E, the value of Npp should actually be smaller
in state B than in state 4 due to the deeper Fermi level
and hence smaller range of the integral for Vpy in state B
[see Fig. 3(b)]. However, all the data show precisely the
opposite behavior. This argues very strongly against a
dominant role for the Si bond-breaking mechanism. Note
that this argument applies independent of any Fermi level
motion and, for symmetric D% and D ~ subbands, is even
independent of the degree of overlap of the DB defect sub-
bands.
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FIG. 3. (a) Schematic of the occupation of gap states in
states 4 and B. In the Si— Si bond-breaking model the shaded
regions must be equal. Ej labels the midpoint between the D ~
and D subbands. (b) General behavior of the drive-level densi-
ty vs temperature predicted by the Si— Si bond-breaking model.

We may also estimate the changes in both the D~ and
D? concentrations by integrating over energy the occupied
and unoccupied portions, respectively, of the D~ bands
displayed in Figs. 1(b) and 2(b). Such results are
displayed in Fig. 4. We believe that the dissimilarity indi-
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FIG. 4. Deduced metastable D° (open symbols) and D~
(filled symbols) defect densities for samples 2 and 5 as a func-
tion of anneal temperature. The state-A4 densities are also indi-
cated. (For sample 2, the state-4 density of DO centers is es-
timated to be negligible.)
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cated between the annealing of D° and D~ metastable
centers clearly indicates the existence of two quasi-
independent processes. The suggestion of more than a sin-
gle process in the light-induced effects in a-Si:H was made
a few years ago on the basis of field-effect measure-
ments.!! It is, however, interesting to note that annealing
behavior of the D° states is quite similar for all films.
This is generally in agreement with the ESR studies which
indicate metastable behavior independent of the impurity
content? and also with the activation energy (of roughly
0.8 eV) observed for annealing metastable spins.*

Table I summarizes the Fermi-level shifts and deep-
level defect densities for states 4 and B1 (the 380-K an-
neal state). These data indicate that the metastable de-
fect increase is roughly comparable with the state-A de-
fect density (except for sample 6), in general agreement
with optical-absorption studies.®> Also note that while
samples 4, 5, and 6 have comparably low defect densities
in state A, the metastable defect density of these samples
varies by a factor of 6, roughly in proportion to their car-
bon content. This strongly suggests a carbon-related ex-
trinsic component to the metastable behavior of these
samples at carbon impurity levels of 100 ppm.

Because the dominant component of the metastable de-
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fect increase in our samples involves D~ centers, a
defect-creation mechanism different than Si—Si bond
breaking clearly must be found to account for these data.
One possibility is a model (such as the one proposed by
Adler'2) in which local rearrangement of the atoms in the
vicinity of DB’s cause shifts of the associated energy levels
within the mobility gap. Another possible mechanism
concerns the roughly 1 ppm phosphorous contamination of
our films. Robertson'? has observed that the reaction
2Si3%+P;3%— Si; ~+P4* +Si,° is exothermic. This im-
plies that the reaction Sis®+P3%— Si; ~ +P,* will be en-
ergetically more favorable than Si—Si bond breaking
alone. The phosphorous content of the six films used in
this study does not completely preclude such a mecha-
nism. However, preliminary results on two totally
phosphorous-free films indicate no qualitative difference
in behavior from the above samples. Further experiments
are now planned to examine the role of the other impuri-
ties in the observed D ~ creation.
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