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Annealing of metastable defects in hydrogenated amorphous silicon
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The annealing process of light-induced metastable dangling-bond states in hydrogenated amor-

phous silicon is studied using the analysis presented in the preceding paper for electron-spin-

resonance transients. The annealing kinetics are monomolecular, with a thermally activated decay
rate E. =voexp{ —E, /kr~). The decay curves of the metastable defects in pure, UHV-deposited a-
Si;H and in a-Si:N,H a-Si:C,H and a-Si:Q,H with impurity contents between I and 20 at. % are
analyzed in terms of a well-defined prefactor, vo, and a broad distribution of thermal activation en-

ergies, X{E,}. Both vo and N(E, ), depend in a characteristic way on the density and the chemical
nature of the impurities present in a sample. Moreover, a strong correlation between vo and N(E, )

similar to the Meyer-Neldel rule for the conductivity in a-Si:H is observed. Implications of the ex-

perimental results for the intrinsic or extrinsic nature of the metastable defects and possible anneal-

ing mechanisms are discussed.

INTRODUCTION

In the preceding paper we developed a method to
analyze electron-spin-resonance (ESR) decay transients in
terms of paramagnetic defect distributions. ' This method
makes use of the twofold spectroscopic information
gained by an analysis of electron-spin-resonance (ESR)
transients. In this method, conventional ESR is used to
tag a paramagnetic defect of interest. Then, variations in
the observed ESR spin density due to generation and/or
annealing of the tagged defect can be used to obtain fur-
ther information about important structural parameters
governing the time dependence of the defect density, such
as tunneling distances, attempt-to-escape frequencies, and
thermal activation energies. In this paper we will apply
this analysis to silicon dangling bonds, Sii, which play a
central role in the electronic properties of hydrogenated
amorphous silicon (a-Si:H), an amorphous semiconductor
currently used as the electronically active material for
large area photoreceptors and thin-film transistor arrays.
It is well known that metastable silicon dangling bonds
can be created by prolonged illumination of device quality
a-Si:H. The creation of this defect is thought to occur via
recombination-induced breaking of weak (strained)
Si—Si bonds, promoted by the large mechanical stresses
known to exist in thin-film a-Si:H samples and by the
presence of large densities of impurities.

An important property of these light-induced silicon
dangling bonds is their metastable character. By anneal-
ing an illuminated sample at temperatures above typically
100'C, the electronic properties of the sample prior to il-
lumination can be restored within a one-hour time scale.
This annealing process is the object of the present study.

We will begin with a consideration of the experimental
conditions necessary for and facilitating the application of
ESR transient spectroscopy. This will be followed by a
presentation of the experimental results obtained in the
case of high-purity a-Si:H as we11 as of a-Si:N,H,
a-Si:C,H, and a-Si:O,H alloys. Finally possible mecha-

nisms underlying the annealing of the metastable dangling
bonds in a-Si:H will be discussed.

EXPERIMENT

All ESR experiments were performed with a Varian
E201 ESR system in the absorption mode, using 100-kHz
field modulation. Normalized scans of the stable
dangling-bond signal in an annealed a-Si:H sample and of
the metastable dangling bonds in an illuminated sample
are shown in Fig. 1(a). It is evident that the line shape of
the stable and the metastable dangling bonds is, for any
practical purposes, identical. This means that in the fol-
lowing the line-shape information provided by a conven-
tional ESR spectrum is redundant, and the danghng-bond
density Ns can be obtained directly from the peak-to-peak
amplitude, A, of the derivative spectrum. More accurate-
ly, the relation between A and Ns is

A =CT S(H&~Ti )Ns .

Here C is a constant for a given sample determined by the
sample volume and geometry, the spectrometer sensitivity,
and the line-shape parameters. The factor T ' reflects
the Curie temperature dependence valid for the suscepti-
bility of both the stable and metastable silicon dangling
bonds at high temperatures, and the factor S(H„Ti ) de-
scribes the saturation behavior of the dangling-bond states
as a function of microwave field H, and spin-lattice re-
laxation time, T&. The H& dependence of the absorption
signal, A, at T =300 K is shown in Fig. 1(b). Again, a
nearly identical behavior for the stable and metastable
dangling bonds is observed. This insures that Eq. (1) is
valid independent of the stable or metastable nature of the
spin states. Moreover, in the present case, the microwave
field Hi can be selected such that for all temperatures
used (300~ T &500 K), the temperature dependence of
the saturation factor S(Hi, Ti ) to first order cancels the
T ' Curie temperature dependence of the ESR signal:
with rising temperature, the decrease of T, leads to a
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FIG. l. (a) Normalized derivative ESR absorption spectra of
the silicon dangling-bond resonance (g =2.0055} in undoped
hydrogenated amorphous silicon in the annealed state (dashed
curve) and the light-soaked state (solid curve). (b) Saturation of
the ESR microwave absorption for the annealed (dashed curve)
and the illuminated state (sohd curve).

tion of the ESR absorption which compensates for the de-

crease in susceptibility over a limited temperature range.
Thus, in the case of the metastable dangling bonds in a-
Si:H, an extremely simple situation can be obtained, where
the proportionality factor CT '5 (H i, T i ) between
dangling-bond spin density and ESR signal amplitude is
independent of temperature. It should be noted, however,
that in the general case the temperature dependence
T S(H~, Ti(T)) of the ESR signal is not negligible, and
thus has to be known for a correct analysis.

A primary requirement for the spectroscopically resolv-
ing ESR transients is the ability to measure the variations
of the ESR spin density continuously over a wide time
range. The most straightforward way to do this is by tak-
ing the usual ESR spectra at intervals determined by the
minimum duration for a sweep through the dangling-bond
resonance. This direct method leads to a time resolution
of about 100 s, limited by the requirement to keep the
speed of the static magnetic field sweep, dHO/dt, much
smaller than the ratio of the ESR linewidth and the time
constant used for the signal detection, ~~~/~. If, how-
ever, as in the present case, the ESR line shape does not
change during an annealing experiment, the line-shape in-
formation obtained by a complete sweep of the magnetic
field across the paramagnetic resonance is no longer need-
ed, and can be exchanged for a more accurate or faster in-
formation about the signal amplitude A. Experimentally,

the spin density can then be determined by using the stan-
dard 100-kHz field modulation for the detection of the
first derivative of the ESR absorption [Fig. 1(a)], with the
static magnetic field Ho fixed at the position of the max-
imum or the minimum in the derivative spectrum. The
magnitude of this 100-kHz signal is then, according to
Eq. (1), a measure of the spin density and can be recorded
in a continuous way. Better signal-to-noise ratios and an
improved stability against spectrometer drifts, however,
can be obtained with the following double-modulation
technique. As before, 100-kHz modulation is used to ob-

tain the derivative ESR spectrum, but now 00 is set to
the zero-crossing position of the derivative. In addition, a
second, much slower, field modulation with a peak-to-
peak amplitude equal to the peak-to-peak linewidth hH~~
of the derivative spectrum is applied. As a result, the out-

put signal of the ESR spectrometer varies between the
minimum and maximum values of the derivative spec-
trum synchronously with the second modulation field,
and the desired continuous spin-density information can
be extracted from the ac output of the ESR spectrometer
by lock-in amplification. All experimental data shown in
the following were measured with this double modulation
technique, using a frequency of 10 Hz for the additional
field modulation and a time constant of 10 s for the lock-
in amplifier.

The spin density and the annealing temperature were
monitored continuously with a stripchart recorder and an
on-line computer for subsequent analysis. The tempera-
ture was set between 300 and 500 K with a nitrogen flow
cryostat and was measured close to the sample with a
thermocouple. The typical temperature stability during
an annealing experiment is +1 K.

A11 samples used in this study were deposited on Corn-
ing 7059 substrates (5X10 mm) by rf glow discharge of
silane in an ultra high vacuum (UHV) reactor. Details of
the deposition system are described elsewhere. The depo-
sition conditions are 100 sccm (cubic centimeters per
minute at standard temperature and pressure) silane flow
rate, 2-W rf power, and 230'C substrate temperature.
Film thicknesses he between 1 and 3 p,m. The composi-
tion of the films was determined by secondary-ion-mass
spectroscopy (SIMS) analysis. The typical impurity con-
centrations of films deposited in the UHV reactor
are [O]=2X10' cm, [C]=4X10' cm, [N]=5
X 10' cm . Higher concentrations of these impurities
were achieved by controlled additions of, e.g. , NHq or ul-
trapure Oz. Metastable defects were created by 16-hour il-
lumination with white light (300 mW/cm ).

An example for the decay curves obtained in the an-
nealing experiments of metastable dangling bonds is
shown in Fig. 2. After the second field modulation is
turned on with the sample still at room temperature, the
ESR transient signal rises at a rate determined by the
lock-in time constant to the high initial level correspond-
ing to the high defect density created during prolonged il-
lumination. This signal is recorded for some time to es-
tablish the starting defect density, N(0), with sufficient
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accuracy. Then, the temperature is raised to the desired
annealing temperature, e.g., T„=120'C in the case of
Fig. 2. This requires typically 5 min, during which the
ESR transient signal already starts to decay because of the
annealing of the dangling bonds. However, this transient
region comprises only about 10% of the total decay and
moreover, can be included in the final result by using the
time-dependent rate analysis as developed in the preceding
paper. ' On the time scale shown in Fig. 2, temperature
equilibration occurs almost immediately, and the decay of
the ESR signal is governed only by the microscopic prop-
erties of the metastable dangling bonds. This decay de-
pends in a roughly logarithmic way on annealing time, so
that the decay rate at a constant temperature finally
reaches a regime in which the annealing process has near-
ly stopped on a linear time scale. For the 120'C anneal in
Fig. 2 this occurs after about 4 hours. For the annealing
of the remaining metastable dangling bonds with a much
slower decay rate, it is advantageous to increase the an-
nealing temperature. In the example shown in Fig. 2, the
temperature is raised from 120 to 170'C. The remaining
metastable dangling bonds then anneal with a rate similar
to the initial decay at 120'C. After a total annealing time
of 14 hours, the ESR signal has reached the level given by
the density of stable dangling bonds plus any signal due to
background absorption. This level defines the asymptotic
ESR signal, N(ao). For the following analysis it is im-
perative to determine N(ao) as accurately as possible,
since the experimental quantity of interest, i.e., the light-
induced metastable spin density

(2)

depends critically on the right choice of N( oo ), especially
in the long-time limit when N(t) =N( ao ).

The application of the ESR transient analysis as
described in Ref. 1 requires a monomolecular annealing
kinetics,

dN;„d(t)
R—N;„q(t), m )2 . (4)

For example, a bimolecular kinetics IEq. (4) with m =2]
has been proposed for the present case of metastable dan-
gling bonds in a-Si:H by Lee et al. Experimentally, the
kinetic behaviors described by Eqs. (3) and (4) can be dis-
tinguished by an examination of the annealing decay for
different initial spin densities, N;„d(0). In the case of Eq.
(3), the decay can be transformed into the normalized
form

Rn —with n =N;„d(t)/N;„z(0) . (3')

In this normalized form, the observed decay is indepen-
dent of the initial density of metastable spins, N;„d(0). In
contrast, if the decay is given by Eq. (4), such a normali-
zation is not possible. The decay for smaller initial densi-
ties N;„z(0) will always be slower, since the probability for
processes involving the simultaneous reaction of more
than one species depends on the density of these species.

Figure 3 shows that, for the metastable dangling bonds
in a-Si:H, the monomolecular mechanism is consistent
with the experimental results. The decay of
n =N~,d(t)/N~„d(0) has been measured for two initial de-
fect densities varying by a factor of 4, N;„d(0)
=3X10' cm and N~„d(0)=1.1X10' cm, and the
same decay curve is found in both cases. For a bimolecu-
lar annealing mechanism, the decay for the smaller initial
defect density, N~„d(0) =3X 10' cm, would have fol-
lowed the dashed line in Fig. 3. This is clearly not the
case.

in which the annealing of a metastable dangling bond
occurs statistically independent of all the other metastable
defects. Other possible annealing mechanisms involve
higher-order kinetics,

(3)
1.0

4—
0$

3
III
CI

2
R
LLI

Q
K 1--

I

a —Si:H (UHV)

UNOOPED

'0'
2 3 4

ANNEALING TIME (10"sec)

FIG. 2. Decay of the dangling-bond absorption as a function
of annealing time for a 120—170 C annealing sequence. The de-
cay curve was obtained with the double modulation technique
described in the text.
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FIG. 3. Normalized metastable defect density. X;„d(t)I
X;~(0), as a function of annealing time for two different initial
densities: ¹„d(0)=3&10' and 1.1X10"cm '. The dashed
curve shows the expected decay in the case of the lower ¹„d(0)
value and a bimolecular annealing mechanism. The stable spin
density after complete annealing is 7X 10 crn
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Consequently, we may conclude that the annealing of
the metastable spins follows a monornolecular mecha-

nism, and the ESR transient analysis given in Ref. 1 can
be applied to the present problem. %e will proceed by
writing the annealing rate R in Eq. (3) as

R =voexp( E, /—kT~ ),
i.e., as a thermally activated quantity with an activation
energy E, for the annealing transition, and an attempt-
to-anneal frequency, vo. It should be mentioned that no
direct experimental evidence exists for the validity of Eq.
(5), but on the other hand, all microscopic models pro-
posed so far for the metastable dangling-bond states as
well as the strong temperature dependence of the anneal-

ing process are certainly consistent with an annealing rate
according to Eq. (5). If one accepts Eqs. (3) and (5}as the
relations describing the annealing of the metastable
dangling-bond states, then the fact that no simple ex-
ponential dependence of N;„d on the annealing time t or
temperature Tz is observed, suggests the existence of a
distribution of the two parameters E„and/or vo govern-

ing the decay. The aim of the ESR transient analysis,
then, is to extract these distributions from the annealing
curves. This can be done by plotting the normalized
metastable defect density JV;„d(t)/JV;„d(0) as a function of
kT&ln(vot). Then the correct value of vo can be deter-
mined by requiring that annealing curves obtained at dif-
ferent annealing temperatures T„overlap to yield a
unique decay curve in kT&ln(vot) (see Fig. 4). The under-
lying distribution of activation energies Ez can be derived
from this unique curve by taking its derivative with
respect to kT&ln(vot). A more-detailed discussion of how
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the prefactor vo and the distribution X(E, } of activation
energies are determined from the decay curves is given in
Ref. 1.

The results of the transient analysis for the case of
a-Si:H deposited in an UHV reactor are shown in Fig. 5.
For newly deposited samples, a prefactor of vo ——10' s
was determined from previous decays versus annealing en-

ergies (Ref. 3} and a normalized spectrum according to
Fig. 5(a) is obtained from the data. The annealing activa-
tion energies range from 0.9 to 1.3 eV, with the center of
the distribution at 1.1 eV. Because the width of the spec-
tral features in Fig. 5 is greater than 2.7kT, no improve-
ment over Eq. (9) of Ref. 1 can be obtained using iterative
deconvolution [Eq. (10), Ref. 1] or inversion of the La-
place transform. The three-peak structure appearing in
the distribution is reproducible for different runs on the
same sample as well as from sample to sample, indicating
that the metastable dangling bonds could be a combina-
tion of three subpopulations with different activation en-
ergies. Some irreversible changes or aging effects occur
when the same sample is subjected to a large number of
illumination-annealing cycles. This is shown in Fig. 5(b).
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FIG. 4. Normalized decay curves for the metastable defects
in a-Si:C,H at various annealing temperatures, T&, plotted
against the kinetic parameter, kr~ln(voI;). (a) vo ——10' s ', (b)
vo ——10~ s '. Note the expanded scale in (b).

FIG. 5. Normalized distribution of annealing activation ener-
gies E& in the case of a-Si:H deposited in a UHV reactor. The
prefactor was obtained from data presented in Ref. 3. (a) Distri-
bution in a newly deposited sample. (b) Distribution after a
large number of illumination-annealing cycles plotted for two
different prefactors, vo ——10lo s—1 (dashed curve) and

10' s ' (solid curve).
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If one first assumes a similar prefactor, i.e., vo ——10'0 s
as for the new saillples, ail activation eliefgy d1sfriblltioli
as described by the dashed curve follows from the experi-
ment. Compared to the distribution in Fig. 5(a), the main
difference is that the multiple-peak structure becomes
better resolved, accompanied by a slight broadening of the
distribution and the appairance of an additional shoulder
at the low-energy end. However, a more-detailed investi-
gation of the annealing temperature dependence shows
that the attempt prefactor vo increLses to a value of about
10'2 s '. Hence, the energy distribution shifts to higher
energies by about 0.2 eV, as indicated by the solid curve in
Fig. 5(b). In the absence of a detailed microscopic model
for the Staebler-Wronski effect, the origin of this shift to
higher energy is not known. One possible explanation
may be that the lower-energy defects have a certain proba-
bility of becoming more stable higher-energy defects dur-
ing Staebler-Wronski cycles. The defect distribution
would then drift to higher energies as the number of cy-
cles increases.

The data presented in Fig. 5 shows that ESR decays
can be used to obtain additional spectroscopic information
about defects that otherwise seem identical. Even though
the metastable dangling bonds in a-Si:H have identical
ESR properties, their annealing energies are distributed
over a range corresponding to about 20% of the entire
mobility gap. Determining this distribution will be espe-
cially valuable for any detailed microscopic understanding
of the metastable changes in a-Si:H, and we will come
back to this question in the Discussion section below. Be-
fore doing so, however, we would like to demonstrate the
spectroscopic capability of ESR transient analysis in the
cases of a-Si:H samples with sigmficant contents of com-
mon impurities like carbon, nitrogen, and oxygen. For all
of these impurities, differences in the magnitude or the ki-
netic behavior of the light-induced metastable changes
have been reported for impurity levels in excess of approx-
imately 1020 cm 3. '0 Despite of all these differences,
the ESR spectra of the metastable defects observed in the
impurity-rich sainples are usually indistinguishable from
those obtained for the metastable dangling bonds in pure
a-Si:H. In these cases„ therefore, the additional spectro-
scopic information provided by ESR transient analysis
can lead to further insight into the microscopic origin of
the metastable defects.

The first example to be discussed is that of amorphous
silicon containing small amounts of carbon, a-Si„Ci,.H.
Carbon is always introduced unintentionally into a-Si:H
with concentrations between 10' and 10 cm, e.g., be-
cause of hydrocarbons backstreaming from vacuum sys-
tems into the glow-discharge reactor. For carbon contents
below 10 cm, usually no changes in the light-induced
metastabilities of a-Si:H are observable. At higher con-
centrations, however, Crandall et al. have shown that,
e.g., the degradation behavior of solar cells using
a-Si„Ci .H layers is altered considerably. ' » the fol-
lowing, we will compare the ESR transient spectrum of an
amorphous sihcon sample containing about 1 at. % of
carbon with that of ultrapure a-Si:H with at least 2 orders
of magnitude less carbon in the solid phase. Compared to
the ultrapure case as shown in Fig. 5, two significant
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FIG. 6. Normalized distribution N;„d(E& )/N;„d «t, I for the
anneahng activation energies of metastable danghng bonds i.n
a-Si:C,H (1 at. % C).

differences occur with the introduction of carbon. First,
the temperature dependence of the anneahng decay curves
shows that the annealing prefactor, vo, drops from the
value 10'0 s ' found in pure a-Si:H, to the lower value of
106 s ' in the carbon-rich sample. This is demonstrated
in Fig. 4, where the normalized metastable defect density,
Ã~„d(t)/N, „d(0), is plotted as a function of the kinetic pa-
rameter, kT&ln(vs), for five different annealing tempera-
tures Tz between 110 and 160'C. In Fig. 5(a) the same
attempt-to-anneal frequency as in pure a-Si:H, i.e.,
vo ——10'0 s ', has been assumed. It is evident that the ex-
istence of a unique decay curve required by Eq. (5) is not
observed, indicating that a different vo value has to be
chosen. ' In Fig. 4(b), the same decay curves are shown
for the prefactor vo ——106 s '. Because of better overlap
of the various decay curves for 10 s ', this represents a
reasonably accurate value for vo for the case of slight car-
bon contamination. [Note the change in the horizontal
scale between Figs. 4(a) and 4(b).] The metastable defect
distribution derived from the decay curve in Fig. 5(b) is
depicted in Fig. 6. With respect to the transient spectrum
obtained in pure a-Si:H [Fig. 4(a)j, introduction of carbon
at a 1% level leads to a shift of the spectrum to lower en-

ergies by about 0.4 eV. Moreover, the symmetric peak ob-
served in pure a-Si:H is changed into a distribution of an-

nealing activation energies which is approximately con-
stant at energies E, ~ 0.7 eV. The sharp cutoff occurring
at E, =0.85 eV in the distribution in Fig. 6 is probably
due to the fact the microscopic changes introduced by the
enhanced carbon content prevent the formation of meta-
stable defects with E, larger than this cutoff energy. We
will discuss this interesting point in the next sation.

Before turning to this discussion, however, it is quite
useful to have a look at the influence of two other com-
mon impurities in a-Si:H, oxygen and nitrogen. Both im-
purities have been linked to changes in the metastable
properties of a-Si:H, when present in concentrations
larger than 10 0 cm i, '0 '2 whereas for concentrations
lower than 10' cm, no infiuence of 0 or N on the
light-induced degradation can be observed. Therefore,
we have determined the distributions for the metastable
dangling bonds in two a-Si:H samples containing a signi-
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ficant number of either nitrogen impurities ([N] = 4
at. %} or oxygen impurities ([0] = 20 at. %). These
spectra are shown in Figs. 7(b) and 7(c) with the transient
spectrum of pure a-Si:H in Fig. 7(a} for comparison.
Spectra for other impurity levels were not obtained.

Qualitatively, a similar influence of 0 or N on the
metastable defect annealing energy distribution as in the
case of carbon is observed. The symmetric E, distribu-
tion of pure a-Si:H is replaced by a monotonously increas-
ing spectrum with an abrupt high-energy cutoff near 1.3
eV for impurity-rich specimens. The low-energy end of
the E, distribution drops to 0.7 eV in both 0- and N-rich
a-Si:H. The attempt-to-anneal frequency, vo, for
a-SiN&, .H is similar to that found in pure a-Si:H,
vo ——10' s ', whereas vo drops to 10 s ' for oxygen-rich

samples.
As in the case of pure o-Si:H, the impurity-rich sam-

ples also show some irreversible changes (aging) caused by
repeated illumination-annealing cycles. For pure amor-
phous silicon samples, this led to a shift of the transient
spectrum to higher energies (see Fig. 4), while the magni-
tude of the metastable changes remained unaffected. For
a-Si:H samples with high nitmgen or oxygen contents, the
reverse situation is observed. Repeated annealing-
illumination cycles hardly change the annealing energy
distribution of the metastable dangling bonds. Rather, the
magnitude of the light-induced effect changes, observable
as a decrease of the difference between the dangling-bond
spin densities in the illuminated and the annealed state.
This is shown in Figs. 8(a) and 8(b) for samples with rela-
tively high nitrogen and oxygen contents, respectively.
For both examples, the spin density observed in the an-

I

8

a —Si:H

p 8 UHV
10~0

0

0.6—

0.2—

a —Si:H

ps 4lt%N
—10'IO

(a)

10
Qz0
lC

Uz
Uz

5a
0
X
gg
X
Dz

0 l

AS DEP.

l I

'a.96 No.04:H

Q,

ILLUMINATED

ANNEALED

l l

2 3
CYCLE, NUMBER

5

z 04—
LLl

O

3
l

(b)
l l

S 0.8 00.2'H

I —Si:H

08 —20 at% 0
V

l

{c)

Qz0 2—
CO

z
AS DEP.

c{',
Q

0
Cf.

Cl

Dz

I L LUMINAT ED

ANNEALED

0
0.5 0.7 0.9 1.1 1.3

ACTIVATION FNERG Y (IV)
1.5

FIG. 7. Comparison of prefactors, vo, and annealing energy
distributions in UHV-deposited (a) a-Si:H, (b) a-Si:N,H (4 at. %
N), and (c) a-Si:O,H (20 at. % 0).

l l

2 3
CYCLE NUMBER

FIG. 8. Number of dangling bonds in the illuminated state
(open circles) and the annealed state {solid circles) as a function
of the illumination-annealing cycle number {a) a-Si N, H; (b)
a-Si:O,H. The open triangles indicate the number of defects
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nealed state remains constant and is equal to the density
measured immediately after deposition (open triangles).
The defect density in the illuminated state, however, de-
creases by as much as 40% for subsequent cycles, but
eventually reaches a regime with complete reversibility
after three to four cycles.

DISCUSSION

The information provided by the ESR transient spectra
for various cases in which metastable changes in the spin
properties of hydrogenated amorphous silicon are ob-
served, can be specified in terms of two quantities: (1}the
spectral distribution N(E, ) of metastable dangling bonds
with an activation energy E, for the transition into the
thermodynamically stable ground state, and (2} the at-
tempt frequency vo for this transition. Phenomenological-
ly, the interpretation of N(E, ) and vo as used in the ESR
transient analysis is straightforward. Illumination creates
metastable danghng bonds with an energy E~, corre-
sponding to a microscopic configuration qi (see Fig. 9).
The metastable character of these states is due to the ex-
istence of an energy barrier I Vo =Em '~q =

I q i
—qo I ]

separating the metastable state from the thermodynami-
cally stable ground state, Eo&E&, with a microscopic
configuration qo. In this picture, the distribution N(E, }
of metastable dangling bonds with different annealing en-
ergies E, is given by the product:

N(E, )=B(E,)p(E, ) . (6)

Here 8(Vo E, ) i——s the distribution of microscopic sites
capable of undergoing the observed metastable changes
characterized by their energy barrier height Vo as defined

E

h, E
E iI

0

qo q&

CONF l 6URATI QN

FKJ. 9. Energy-configuration diagram for the light-induced
dangling bonds in a-Si:H. q& represents the metastable state
after light soaking, and qo the thermodynamicaHy stable ground
state.

in Fig. 9. The second factor, p(E, ), is the probability that
the metastable configuration, q„of a site with an energy
barrier E, becomes occupied during a given illumination
procedure. Thus, 8( Vo) is determined by the microscopic
properties of a given sample, for example, the concentra-
tion of various impurities, whereas p(E, ) takes into ac-
count that even for the same sample different illumination
conditions can lead to different distributions N (E, ).
Hence, previous results showing that metastable defects
created by illumination at elevated sample temperatures
are more difficult to anneal than defects created at room
temperature, indicate a shift of p(E, ) and therefore
N(E, ) to higher energies. ' Also, it is obvious that p(E, )

could depend on the photon energy used for the creation
of the metastable defects.

For the experimental results presented in the preceding
section, the main parameters controlling p(E, ), i.e., il-
lumination temperature, photon energy distribution, and
sample absorptance, are always similar, so that the differ-
ences observed in the annealing energy distributions
N(E, ) must result from variations of the material related
quantity 8( Vo). In this section we will propose possible
annealing mechanisms compatible with our experimental
data and with the mechanisms proposed earlier for the
creation of the metastable defects. In addition, some com-
ments on the role of impurities in the reversible changes
can be made.

We begin with a discussion of the ESR transient spec-
trum observed in pure a-Si:H, as shown in Fig. 5(a}. We
have argued that in this case the creation of metastable
dangling bonds by prolonged illumination is an effect in-
trinsic to a-Si:H, implying that only silicon and hydro-
gen atoms should be involved in any microscopic explana-
tion. The experimentally observed creation of additional
Si dangling bonds shows then that either Si—Si or Si—H
bonds have to be broken as a consequence of the illumina-
tion. The possibility of Si—H bond breaking can be ex-
cluded because of two reasons. First, the Si—H bonding
energy is too high (3.5 eV) for bond breaking to occur at
photon energies as low as 1.5 eV; and second, Si—H bond
breaking should result in the formation of interstitial
atomic hydrogen with its characteristic ESR spectrum,
which is not observed. From this, it has been concluded
that Si—Si bond breaking, especially the metastable
breaking of weak Si—Si bonds known to exist in a-Si:H
with densities up to 10' cm, is responsible for the
light-induced metastable changes. A possible microscopic
mechanism has been outlined in Ref. 3, and is shown in
Fig. 10. According to this figure, the stable configuration
qo in Fig. 9 is that of a weak Si—Si bond with a hydrogen
atom bonded to one of the back bonds [Fig. 10(a)]. Dur-
ing optical excitation, a hole will be trapped preferentially
in this weak bonding state. A nonradiative recombination
of an optically excited electron into this hole state will
then result in a sufficient vibrational excitation of the two
Si atoms forming the weak bond to actually break this
bond and to allow the back-bonded hydrogen atom to
switch into the weak bond position with sufficient proba-
bility. Thus, the metastable state shown in Fig. 10(b) is
created. %e will now use the same microscopic model to
discuss the annealing transition [Fig. 10(b)~10(a)]. The



M. STUTZhhkNN, %. B. JACK.SON„AND C. C. TSAI

first possible mechanism we would like to mention in-
volves the thermal activation of the electron occupying
the dangling-bond orbital in the back-bond position in
Fig. 10(b) into a conduction-band state. As a result of
such an excitation, the charge state of the corresponding
silicon atom will change from neutral to + e, promoting
the formation of sp hybrid states for the remaining six
electrons, rather than the usual sp hybrids present in ful-

ly bonded silicon. This allows the hydrogen atom in Fig.
IO to swing back into a position lntermecHate between the
positions shown in Figs. 10(a) and 10(b). When a thermal-
ly excited dangling-bond electron is recaptured by the pos-
itively charged complex, the transition probability out of
the intermediate sp -hybridized state into the stable state
[Fig. 10(a)] will be larger than the transition probabihty
into the metastable state [Fig. 10(b)]. Therefore, as a re-
sult of the thermal excitation of a metastable dangling-
bond electron, a net annealing transition [Fig.
10(b)~10(a)] occurs. The N(E, ) distribution observed
experimentally is in good agreement with this annealing
model. Since the rate limiting step for this annealing pro-
cess is the thermal excitation of an electron from an occu-
pied dangling-bond state below Ez into an empty
conduction-band state near the mobihty edge Ec, we can
expect the distribution of metastable states to be negligible
for E, &Ec—EF-0.8 eV. Indeed, this agrees exactly
with the experimental results shown in Fig. 5(a). For
higher energies, N(E, ) should be proportional to the
metastable dangling-bond density of states NDa at
E —E~ E

FIG. 10. One possible microscopic realization of the diagram
in Fig. 9. {a) Stable state; (1) metastable state. See text for de-
tails.

N (E, ) cc N Du(E =EC E—, ) .

In other words, for the annealing model proposed above,
the distribution of annealing activation energies ls expect-
ed to follow directly the metastable dangling-bond
density-of-states distribution. Unfortunately, the latter
distribution is still the subject of considerable controversy,
so that definite conclusions concerning the annealing
mechanism of the metastable dangling bonds cannot be
drawn. On the other hand, the N(E, ) distribution shown
in Fig. 5(a) is in excellent agreement with NDa distribu-
tions derived from completely unrelated experiments for
stable dangling bonds, ' so that this model for the anneal-
ing of metastable defects in a-Si:H as described here, cer-
tainly warrants further investigation. The second model,
capable of explaining the observed annealing energy distri-
bution and compatible with a microscopic model as
shown in Fig. 10, involves direct thermal excitation of the
back-bonded hydrogen atom. If, for example, the wag-
ging mode of this hydrogen atom is excited to a vibration-
al energy equal to the energy barrier height Vo in Fig. 9,
an annealing transition [Fig. 10(b)~10(a)] will become
energetically possible. In this model, the distribution
N(E, ) of activation energies for the annealing step results
from changes in the microscopic bonding environment of
the hydrogen atom involved in the transition.

At this point it is not yet possible to argue more con-
clusively for any microscopic details of the annealing
mechanism. Even such basic questions as to whether hy-
drogen is directly involved in the reversible process still
remain to be decided experimentally. More experimental
investigations are necessary, and we feel that ESR tran-
sient spectroscopy, because of its twofold spectroscopic
capability, will be especially suited for these experiments.
Useful extensions of the present study could involve an
application of transient spectroscopy to metastable dan-
gling bonds created at different illumination temperatures
or with different photon energy distributions as well as an
investigation of the metastable defects created by double
carrier injection in p-i-n diodes. ' Moreover, the anneal-
ing conditions could be altered to include bias illumina-
tion with visible or infrared light, in order to selectively
introduce additional electronic or vibrational excitations.

In this investigation, we have chosen a different ap-
proach, namely to selectively change the sample properties
by the incorporation of small amounts of impurities. This
addresses the question whether the light-induced changes
observed in a-Si:H are an intrinsic property of this ma-
terial or whether they are caused by the presence of the
impurities C, N, and/or O. As mentioned before, it is
well documented that, for impurity concentrations above
10 nn, a direct correlation between the presence of
these impurities and the magnitude of the metastable ef-
fects can be observed. Below this concentration, however,
the density of light-induced defects is independent of the
impurity content, and this fact has been usni by the
present authors to argue that in pure a-Si:H reversible
changes constitute a phenomenon intrinsic to this materi-
al. However, an often repeated counterargument has
been that even the purest a-Si:H samples still contain sig-
nificant amounts of impurities when compared to the den-
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sity of metastable dangling bonds, which is typically 10'
cm . Especially oxygen is known to exist in a-Si:H with
concentrations at least 10 times higher than this defect
density. The experimental results presented in the preced-
ing section [cf. the transient spectra shown in Figs. 5(a), 6,
and 7] demonstrate that in the impurity-enhanced regime
([C],[O],[N] & 10 cm ') each impurity leads to a specific
spectral distribution of the metastable dangling bonds.
Moreover, each of these distributions is characteristically
different from what is observed in pure a-Si:H. This
lends further support to our earlier conjecture about the
intrinsic nature of the metastable changes in a-Si:H. If,
for example, the metastable defects always were linked to
the presence of an oxygen atom, one would instead expect
similar ESR transient spectra for a wide range of oxygen
content, as long as the oxygen-related centers still can be
regarded as a dilute system.

On the other hand, it is easy to see how above a critical
concentration of =10 cm the presence of impurities
like oxygen, nitrogen, or carbon can change not only the
magnitude of the observed light-induced changes, but also
the spectral distribution of the metastable defects in-
volved. It is known that these impurities lead to an in-
crease of weak bonds in the band tails due to the increased
bonding disorder, ' 's which could explain the enhanced
probability of metastable defect formation in the models
outlined above. In addition, theoretical calculations
predict a strong influence of these impurities on the ener-
getic position of the dangling-bond states in the mobility
gap. ' When one of the Si atoms bonded to the central
atom with the dangling-bond orbital is replaced by a C, N,
or 0 atom, the energy of this dangling bond is raised rela-
tively to the dangling-bond energy in pure a-Si:H. This
happens because C, N, and 0 have a higher electronega-
tivity than Si, leading to an admixture of antibonding
character to the nonbonding dangling-bond wave func-
tion. Since the band-gap energy, Es, is to first order unaf-
fected by the incorporation of C, N, or 0 in the atomic
percent level, the net effect of these impurities as far as
dangling-bond states are concerned, is a broadening of the
dangling-bond energy distribution in the mobility gap and
a net shift towards the conduction-band mobihty edge.
This would provide one possible explanation for the ob-
served changes in the ESR transient spectra upon impuri-
ty incorporation. If, as discussed above, the rate-limiting
step for the annealing transition is the thermal activation
of a metastable danghng-bond electron into the conduc-
tion band, the spectra should refiect the changes caused in
the dangling-bond distribution by the presence of the im-
purity atoms.

However, some words of caution seem appropriate here.
Too little is known about the microscopic origins of the
light-induced changes in general, and the same is true for
the detailed understanding of how impurities affect the
structure or structural changes in a-Si:H. In this sense,
the microscopic mechanisms for the annealing of metasta-
ble dangling bonds as discussed here should be regarded as
working models, and not as definitive. Obviously, more
experimental work is needed to sort out which parameters
effect the annealing of metastable defects in what way, be-
fore any definitive explanations can be given. In addition,

o( T) =ooexp( E, /kT), — (10)

and common values for ooo and Eo are ooo
=0.1—1 (Qcm) ' and Eo-25—50 meV, respective-
ly.2'2 The dark conductivity and the annealing kinetics
in a-Si:H, therefore, show nearly identical dependences of
the logarithm of the exponential prefactor on the activa-
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FIG. 11. Correlation between the attempt prefactor vo and
the annealing activation energy E& in undoped a-Si:H. Crosses
represent the distributions deduced from the present study, data
points represent published results [(1)Ref. 23, (2) Ref. 8, (3) Ref.
24].

some theoretical calculations would be highly desirable, in
order to test proposed models for their compatibility with
the experimental data.

%'e would like to end this discussion by noting a rather
peculiar property of the annealing kinetics. In Fig. 11, the
logarithm of the prefactor vo obtained by the ESR tran-
sient analysis has been plotted as a function of the activa-
tion energy E, obtained through the same analysis. The
crosses in Fig. 11 represent the values derived in this in-
vestigation, the length of the horizontal bars indicating
the width of the distribution N(E, ), and the vertical bars
indicating probable errors in the determination of vo. The
other data points in this figure were taken from earlier
investigations of the annealing kinetics in a-Si:H and
a-Si:C,H, which however, did neglect the existence of an
energy distribution, N(E, ) in their analysis. A strong
correlation between vo and E, according to

vo —vooexp(E, /Eo )

with voo-1 s ' and Eo-48 meV (=kTo with To ——600
K) is evident. A similar relation between the prefactors
and the activation energies of thermally activated quanti-
ties is known as the Meyer-Neldel rule and is valid for a
large number of amorphous semiconductors. In the case
of the amorphous silicon, the Meyer-Neldel rule takes the
specific form

oo——aooexp(E, /Eo) .

Here, oo and E, are the parameters characterizing the
dark conductivity,
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tion energy E,'. Again„ this might indicate that the same
rate-limiting step, namely the thtrrnal excitation of
dangling-bond electrons into the conduction band, deter-
mines the conductivity and the annealing rate. Another
possibility is, of course, that there are more general prop-
erties of amorphous sihcon, like long-range potential fluc-
tuations, which lead to Eq. (8) for the annealing of meta-
stable d;mgling bonds and Eq. (9}for the conductivity in a
similar way. An answer to this interesting question will
require more experimental work, and ESR transient
analysis should have further useful apphcations here.

CONCLUSIONS

We have applied a detailed analysis of ESR transients
to the annealing process of metastable dangling bonds
created by prolonged illumination in a-Si:H. The anneal-
ing of these metastable defects has been shown to obey a
monomolecular reaction, characterized by an attempt fre-
quency vo and a distribution N(E, ) of thermal activation
energies. vc and lii(E, ) have ben measured for pure
a-Si:H and for samples containing 1—10 at. % nitrogen,
oxygen, and carbon. The incorporation of these impuri-

ties leads to N(E, ) distribution that are significantly dif-
ferent from the spectrum observed in pure a-Si:H. This
provides further evidence for the intrinsic nature of the
metastable centers in pure material. Saxnples with N and
0 concentrations of the order of 10 at. % show significant
irreversible changes (aging} between consecutive anneal-
ing-illuminations cycles. Definitive microscopic explana-
tions for the annealing mechanisms cannot be given at
this point, but a process based on the thermal excitation
of metastable dangling-bond electrons seems to be con-
sistent with the limited experimental data available. Final-
ly, an interesting correlation between the attempt frequen-
cy vc and the average activation energy E, is presented.
This correlation is found to be analogous to a similar
phenomenon for the conductivity in a-Si:H known as the
Meyer-Neldel rule.
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Energy and Z2 dependences of energy straggling
for fast proton beams passing through solids
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The energy and Z2 (target atomic number) dependences of energy straggling for fast proton
beams are investigated using nuclear resonance reactions of ' F(p, a,y)' 0 and Al(p, y) Si. The re-
sults are compared vrith theoretical predictions based on the free-electron models (of Bohr and of
Vavilov} and the local-electron-density models (of Lindhard and Scharff and of Chu}. Concerning
both energy and Zq dependences, the experimental data agree meO with Chu's prediction using the
Hartree-Pock-Slater charge distributions of the target atoms.

I. INTRODUCTION

A fast ion that penetrates a medium loses its energy via
a number of successive collisions. This leads to statistical
fluctuations in the energy loss of the ion beam around its
average value, i.e., energy straggling. The values of the
energy straggling for light ions are important parameters
for simulation of a Rutherford backscattering spectrum
and an excitation spectrum for a nuclear resonance reac-
tion in ion-beam analysis. '

In the high-energy region above several tens of
keV/amu, electromc interactions dominate the slowing-
down proofs of a fast ion beam. So far, two different
theoretical approaches have been developed concerning
electronic stragghng. One derives an accurate energy dis-
tribution function by solving a transport equation. This
approach originated from Landau's formalism3 and was
then extended by Vavilov under the assumption that all
the target electrons are free. Another calculates directly
the full width at half maximum (FWHM) of the energy-
loss distribution assuming it to be a Gaussian. In the
high-energy limit where all the target electrons are con-
sidered free, Bohr derived the simple expression given by

where e is the electron charge, Z& and Zi, the atomic
numbers of the projectile and the target atoms, respective-
ly, and NlLR the target thickness (atoms/cm2). Lindhard
and Scharff extended Bohr's treatment by considering the
local electron density of the target atom. The reduced
straggling is expressed by

1 I"~ i
( )

I'(p(r), U)
d

Z 0 p2

where p(r) denotes the electron density of the target atom,
I' (p(r), v) the contribution from various parts of the elec-
tron cloud to the straggling. They propoaxi the simple
asymptotic formula

r

I-(X)/2 for X&3,
1 forX&3,

where I.(+)=1.36X'~2 —0.016+ ~ . Here, X is a reduced

energy variable defined by X=U /(Z2vo) (U is the ion
velocity, and uo the Bohr velocity). Bonderup and Hvel-
plund7 refined this model by using the electron charge
density p(r) calculated from the Lenz-Jensen model.
Similar calculations based on the Hartree-Fock-Slater
model were carried out by Chu.

Up to now, several experimental results on electronic
straggling have been reported. ' However, there are
large discrepancies not only between experimental data
and theoretical predictions but also between different
measurements. This is probably due to the target condi-
tions such as texture and film nonuniformity, which yield
additional contributions to the energy straggling. As ex-
perimental methods, the backscattering or transmission
technique combined with solid-state detectors has been
usually employed. In the transmission experiment, we
must prepare self-supporting target foils smoothed out,
and we frequently need backing foils to prevent their
breakage. On the other hand, the backscattering spectrum
includes the contributions from the incoming and outgo-
ing paths in the target film. These situations cause inac-
curacies in determining the straggling values. In addition,
the energy resolution of solid-state detectors is only 10
keV at best. Thus, in order to get accurate straggling
data, the transmission technique with a magnetic or elec-
trostatic spectrometer is most desirable. So far, only a
few reports on straggling measurements using this tech-
nique have been made for heavy ions (lithium, nitrogen,
and neon) passing through solids' ' and for proton and
he}ium in gases. '

In the present experiment, we employed a new tech-
nique using nuclear resonance reactions with narrow
natural widths. The nuclear reactions of ' F(p,ay)' 0
and Al(p, y) Si were used for this purpose. This tech-
nique makes it easy to prepare a variety of thin and
smooth target films and gives good energy resolution.
The principle of this method is to derive the straggling
width from the slope of the excitation spectrum of y-ray
yields for the Al or LiF substrate onto which a thin target
film is deposited. In order to obtain accurate straggling
values, the excitation spectrum is generated theoretically
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