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The first experimental evidence for a thermal-equilibrium defect density in undoped hydrogenated
amorphous silicon, a metastable material, is presented. The defect density is in thermal equilibrium at
temperatures above 200 °C; the defects measured at room temperature are largely those frozen in during
cooling from the equilibrium regime. Rapid quenching reversibly increases defect density. The defect
density can be reversibly decreased by shunting of the defect-generation process during cooling. This
latter technique has important implications for a-Si:H-based solar cells.

PACS numbers: 71.55.Jv, 71.20.+c, 81.40.Rs

In true equilibrium, silicon below the melting tempera-
ture (1415°C) is in its crystalline form. Hydrogenated
amorphous silicon (a-Si:H), commonly prepared from
plasma or thermal decomposition of silane at 250 to
325°C, is thought to be structurally far from equilibri-
um; yet many metastable effects are observed, which im-
ply that the material is in some sort of local minimum of
energy to which it can return after perturbation. The
most intensely studied of these metastable effects in a-
Si:H has been the light-induced change in optical and
electronic properties known as the Staebler-Wronski ef-
fect.! As a clearer picture of the mechanism behind
light-induced defect generation has begun to emerge,? at-
tention is now turning to the nature of the initial (or
“as-deposited”) defects.

Working from the model of Stutzmann, Jackson, and
Tsai® for recombination-induced silicon dangling-bond
generation, it was postulated that recombination of
thermally generated carriers at the commonly employed
growth temperatures could result in dark generation of
dangling-bond defects, and that most of these defects, al-
though metastable, would be frozen in during cooling
after growth.* The slow annealing of frozen-in defects
has recently been observed in phosphorus-doped a-Si:H.>
This work builds on the early observations® of quenched-
in conductivity in P-doped a-Si:H; both studies, however,
leave open the possibility that the effects are due to the
presence of dopants. In this Letter, we present the first
evidence for a temperature-dependent thermal equilibri-
um defect density in intrinsic a-Si:H. We identify the ki-
netics of the creation and removal of these defects. This
work also suggests that a completely new interpretation
of field-induced effects in a-Si:H"® may be in order.

The intrinsic a-Si:H films used in this study were
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prepared in a dc glow-discharge deposition system de-
scribed elsewhere® from undiluted silane; parallel experi-
ments conducted on a-Si:H,F films grown from SiF;+H,
yielded essentially identical results. The deposition sys-
tem has never been exposed to dopant gases. Characteri-
zation of optical and electronic properties included
subband-gap absorption as determined by the constant-
photocurrent method (CPM),!° carrier diffusion length
by the differential surface photovoltage method,!! carrier
drift mobilities, and trapping times by the transient
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FIG. 1. Subband-gap absorption vs photon energy for a typi-
cal a-Si:H film in the initial state and after cooling at various
rates from 300°C. The CPM curves for the initial state and
the 4°C/min cooling state overlap within error and are drawn
with one symbol (plusses).
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TABLE L. Integrated subband-gap absorption (from CPM) fadE, total dangling-bond den-
sity (calculated from theory) N¥5%, photoconductivity opn (measured with 600-nm photons at a
flux of 2x10'7 cm~2s™!), and neutral dangling-bond density (total spins/sample volume) Npin
for a-Si:H film in initial (4°C/min cool from growth), after rapid (200°C/min), and slow

(4 °C/min) cooling from (300 °C) equilibrium.

fadE Nﬂl&l Oph Nspin
Initial state =] =1 =] =1
Quenched 1.90 1.8 0.78 1.27
Cooled 4°C/min 1.00 =1 0.98 SR
Cooled 1°C/min 0.64 0.71 SR R
Uncertainty + 5% R +5% +15%
Normalization 0.45 7.8x10" 1.04x1074 5.7x10'
(units) cm~! eV cm™3 Q' em™! cm™?
photoconductivity time-of-flight technique,'? neutral thick films we observe sizable changes in the PDS spectra

dangling-bond densities as determined from electron-spin
resonance (ESR), and temperature-dependent dark con-
ductivity in vacuum. Typical films exhibited spin densi-
ties of (3-8)%10'> cm ™3, diffusion lengths 0.1-0.3 um,
electron mobilities of =1 cm? V™! s~!, hole mobilities
=5%10"3 cm? V™! 57!, and dark conductivity activa-
tion energies of 0.75-0.85 eV. These results indicate that
the materials studied are comparable to the highest quali-
ty films reported in the literature.

In the first set of experiments, the subband-gap ab-
sorption spectra and photoconductivity of 2.0-um-thick
films of intrinsic a-Si:H (cooled from growth at a rate of
4°C/min) were measured immediately after a 160°C an-
neal (to eliminate any possible light-induced defects).
The samples were then heated to 270-300°C (the sub-
strate temperature during film growth) in Nj, held there
for 30 min, and then rapidly (>200°C/min) cooled.
After being measured again, the samples were heated to
either 160°C or ~300°C and then cooled slowly (either
4°C/min or 1°C/min). Typical results are shown in Fig.
1. The subband-gap absorption increases dramatically
with quenching, indicating the introduction of new defect
states.!»!* As shown in Table I, the integrated subband-
gap absorption increases by a factor of 2 upon quenching,
and this increase is removed by slow cooling.

In addition to an increase in low-photon-energy ab-
sorption, the results in Fig. 1 show an increase in the
width of the absorption tail upon quenching. This in-
crease could correspond to an increase in the valence-
band-tail width of a few millielectronvolts, consistent
with the idea that the band-tail widths are proportional
to the temperature of freezein.!’

Subband-gap absorption spectra were also measured
by photothermal deflection spectroscopy (PDS).!?
Through a comparison of PDS and CPM spectra on a
series of films covering a range of thicknesses, we have
determined'® that PDS sees transitions involving surface
and near-surface states which CPM does not. Thus when
the absorbances measured by these techniques are con-
verted into effective bulk absorption coefficients, PDS
curves greatly exceed CPM curves for thin films. In

upon quenching. The surface states appear to be unaf-
fected by quenching. For the sample shown in Fig. 1 and
Table I, the difference between quenched and 1°C/min
states in integrated subgap absorption [AadE is 1.5
cm ™! eV by PDS and 0.6 cm ™! eV by CPM. By use of
the appropriate prefactors'’ to convert [adE to the asso-
ciated defect density, both methods find a difference in
defect density of 1.1x10'® cm ™3 between quenched and
1 °C/min states.

In Fig. 2 we show calculations of the temperature-
dependent dangling-bond density theory preliminarily
developed in Ref. 4. The annealing term of that theory
has been modified. When the dangling-bond density is
calculated for states with a distribution of activation en-
ergies, the annealing term in the time differential equa-
tion must not be integrated over energies; rather, each
energy “bin” of the distribution must be time-integrated
separately and the result summed. Thus the time rate of
change of dangling-bond density with annealing energy
E, NE, is given by

dNE/dt =cswrin?(T)f(E) — ve “E/KTNE
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FIG. 2. Left: Calculation of temperature-dependent
dangling-bond density. Right: Curve a, relative distribution of
annealing energies of dangling bonds as created; curve b, the
net distribution present in equilibrium at 300°C; and curve c,
those remaining after (4 °C/min) slow cool.
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where

f(E)=Cexpi— [(E —E 0)/Ewl]*/2},
and

n2(T) =1T/(300 K)1*22(300 K)e ~5¢/*",

To compute Fig. 2 we have used the band gap E;=1.7
eV, the room-temperature intrinsic carrier concentration
of n;(300 K)=1x10% cm™3,* and an analytic fit to the
data of Ref. 3: cspr,=1.5x10"5 cm? s~ v=1x10"
s™h Eqo=1.1eV; Ew=0.1 eV. These values agree with
those determined from solar cell degradation and anneal-
ing characteristics.'® C, is a normalization factor chosen
such that f(E ) integrates to unity for a given integration
step size AE. Note that variations in parameters for
which there is the greatest uncertainty or sample-to-
sample variability, cswr, and (300 K), have the effect
of scaling the magnitude of the calculated defect density,
but not changing the ratio of defects present at room
temperature in the quenched versus slow-cooled states.
The calculated value of frozen-in defects N, is listed
in Table I.

We note in passing that recent ESR data'® on a-Si:H
films grown over a wide range of substrate temperatures
and rapidly cooled to room temperature show an ex-
ponentially activated dangling-bond density with charac-
teristic energy 0.57 eV. As shown in Fig. 2, our calcula-
tions predict Vg9 to be thermally activated with a charac-
teristic energy of =0.55 eV.

One of the consequences of the distribution of activa-
tion energies for annealing dangling bonds is that, when
states are introduced at high temperatures, the shallow
energy states anneal out and the remaining distribution is
shifted to larger and larger energies. Our calculations
suggest that the frozen-in states have a mean annealing
energy of 1.4 eV. Annealing samples in the quenched
state at 160°C for 30 min (the standard anneal to re-
move light-induced defects) did not measurably alter the
subband-gap absorption, while a subsequent anneal from
280°C removed the quenched states completely.

How similar are the properties of the intrinsic defects
to light-generated ones? ESR experiments were per-
formed to see if the states frozen in are neutral dangling
bonds D°. The relative changes in the total number of
dangling bonds (expressed as an effective bulk density in
Table 1) fall somewhere between the bulk (CPM) and
bulk plus surface (PDS) subband-gap-absorption mea-
surements, as one would expect if both bulk and surface
dangling bonds (with various occupation probabilities)
are present.3

Thus far we have used quenching experiments as a
means of taking a snapshot of the defect density at vari-
ous temperatures, observing reversible defect enhance-
ment at temperatures above 200°C. The parameter ty-
ing the defects to thermal equilibrium was postulated to
be defect creation via electron-hole recombination, pro-
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FIG. 3. Quantum efficiency (electrons per incident photon)
of a-Si:H p-i-n solar cells. (1) Thermal anneal, no reverse bias;
(2) annealed with reverse bias; (3) subsequent thermal anneal,
no bias.

portional to np =n?(T). If the np product is reduced
below equilibrium, the defect generation mechanism
should be suppressed and the equilibrium defect density
reduced. If these defects are of sufficient magnitude,
they will affect the performance of a-Si:H-based devices.
We now present evidence that the efficiency enhance-
ment of p-i-n a-Si:H solar cells by the reverse-bias-anneal
(RBA) treatment,?® commonly interpreted as field-
induced doping efficiency enhancement’ of the p and n
layers8 is, in fact, a method to reduce the frozen-in defect
density in the undoped i layer.

In the RBA technique, a solar cell structure is an-
nealed at, typically, 200°C for up to 1 h while a
moderate reverse bias voltage is applied (5 V). As dis-
cussed in Ref. 4, the characteristics of the performance
enhancement are just the reverse of the characteristics of
light-induced performance degradation. As the latter ap-
pears controlled by the addition of dangling-bond defect
states to the i layer,?! this would imply that the RBA
technique lowers the defect density in the i/ layer. Furth-
ermore, the degree of performance enhancement as a
function of anneal time® behaves as if the annealing ac-
tivation energy were 1.4 eV, consistent with what one
would expect for frozen-in defects in undoped a-Si:H (see
Fig. 2).

For more direct experimental evidence, we measured
the quantum efficiency??> (number of electrons or holes
collected per number of incident photons) for high effi-
ciency (~10%) p-i-n solar cells?® for photon energies at
and below the band edge, before and after reverse-bias
anneal. The results (Fig. 3) show that the RBA treat-
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ment reduces subgap absorption. Furthermore, when the
solar cell is subsequently annealed (again at 200°C)
without reverse bias, the initial state is restored. These
results indicate that the defects in undoped a-Si:H are in
thermal equilibrium at temperatures above 200°C.

The difference between annealing with and without re-
verse bias is that the frozen-in defects are annealed out
without being replaced by defects created by recombina-
tion of thermally generated electron-hole pairs. The re-
verse bias sweeps out carriers before they can recombine,
lowering the np product below its equilibrium value
n?(T). We can turn the argument around and surmise
that the same mechanism produces the “field-enhanced
doping” effect” in uniformly doped films.
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Note added.— After submission of this manuscript,
Miiller et al. published calculations using chemical
bonding considerations to predict equilibrium defect den-
sities®* independent of the kinetics of the mechanism
driving the system towards equilibrium.
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