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The photobleaching of light-induced metastable dangling bonds (DB’s) in Si-rich a-Si,_,N,:H alloys
is carried out using subgap illumination at both room temperature (RT) and liquid-nitrogen temperature
(77 K). The photobleaching is mainly aimed at the light-induced DB’s in the two different processes: the
fast process and the slow process. Combining the results of photobleaching with those for RT annealing
of the light-induced DB’s in both processes created at 77 K, we find that there are prominent differences
between the natures of light-induced DB’s in the two processes: (1) The light-induced DB’s in the fast
process can be bleached by subgap illumination, while those in the slow process cannot; (2) the light in-
tensity needed for generating the light-induced DB’s in the slow process is stronger than that for the
light-induced DB’s in the fast process. A comparison of the present results with those for a-Si:H shows
that the light-induced DB’s in the fast process are similar to the light-induced DB’s created by low-
intensity light at low temperature in a-Si:H, and the light-induced DB’s in the slow process are similar to
the light-induced DB’s created by high-intensity light at RT in a-Si:H. The results suggest that the
light-induced DB’s in the fast process are associated with charge trapping and the light-induced DB’s in
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the slow process with the creation of new defects.

I. INTRODUCTION

The investigation of the properties and the creation
mechanism of defects in hydrogenated amorphous
silicon-nitrogen (a-Si,_,N,:H) alloy films is very impor-
tant not only for its applications, but also for investigat-
ing the relation between the defect creation mechanisms
in hydrogenated amorphous silicon (a-Si:H) films and hy-
drogenated amorphous silicon nitride (a-Si;N,:H) films.
It has been suggested that for the alloy series a-
Si;_,N,:H, the defect behavior is distinctly different in
Si-rich and N-rich alloys.!™® Some workers®>? consider
that the Si dangling bond (DB) in Si-rich alloys is formed
by breaking weak Si-Si bonds, as in the case of a-Si:H,
and the Si DB in N-rich alloys is brought about by car-
rier trapping at preexisting charged defects. The results
of a combined measurement of capacitance versus voltage
(CV), light-induced electron spin resonance (LESR), and
photobleaching of LESR revealed that charge trapping of
photoexcited carriers is the main origin of LESR in N-
rich alloys.*”7 More recently, however, Kumeda et al.
reported that two increase processes (called the fast and
slow processes) of LESR were observed at both room
temperature (RT) and 77 K in Si-rich a-Si;_, N, H films
when they were exposed to strong band-gap light.® It ap-
pears difficult to account for the results of the two in-
crease processes of LESR with the model of weak Si-Si
bond breaking, which is often used for the interpretation
of light-induced defects in a-Si:H.® It was proposed that
charge trapping is responsible for the LESR defects in
the fast increase process, and breaking of weak Si-Si
bonds for the LESR defects in the slow increase pro-
cess.® 1011 However, there has been no further evidence
to verify the proposition.
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Photobleaching by sub-gap-light absorption is a signa-
ture of charge trapping at preexisting defects in chal-
cogenide glasses,'?> and in a-Si:H based alloys,®”! be-
cause it only influences the distribution of charges in
preexisting defects. Therefore, it provides us with a pos-
sible way to distinguish between the light-induced neutral
DB’s produced in the fast and slow processes in Si-rich
a-Si; _,N,:H films, if one of the processes is related to
charge trapping.

In this paper, we report the observations of LESR
created by high-intensity and low-intensity illuminations,
photobleaching of the light-induced spins, and RT an-
nealing behavior of the light-induced spins created at 77
K in Si-rich @-Si;_, N, H films. In order to make a com-
parison with a-Si:H, photobleaching of the light-induced
spins in a-Si:H was also done. Our results support the
proposition that the LESR signal created by strong
band-gap illumination originates from two different
sources: charge trapping in preexisting defects and
creation of new defects.

II. EXPERIMENT

a-Si;_ N, :H films used in the investigation were fabri-
cated using the model of glow discharge decomposition.
A mixture of undiluted SiH, and NH, gases was decom-
posed and the films were deposited on fused-quartz sub-
strates at a temperature of 350°C. The rf power was 0.71
W/cm? and film thicknesses were 2~3 um. Composi-
tions of the films were determined using x-ray photoemis-
sion spectroscopy and electron microprobe analysis. The
optical gap, determined using the Tauc plot at 300 K,
was Eopt=2.0, 2.2, and 2.5 eV for x =0.32, 0.40, and
0.51, respectively. The hydrogen content was 29 at. %
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for x =0.40 and 28 at. % for both x =0.32 and 0.51, as
determined by IR absorption. High-quality undoped a-
Si:H films were deposited on fused-quartz substrates at
300°C by decomposing SiH, in a hot-wall glow-discharge
system, which was used to reduce the impurity content in
the films.'* The film thickness was about 3 um. Before
the band-gap illumination, a-Si;_,N,:H films were an-
nealed at 300 °C for 4 h and a-Si:H films were annealed at
200°C for 5 h both in flowing nitrogen gas. In the sample
with x =0.32, the dark spin density of ESR in the an-
nealed state was Nd=1.2><1017 cm ™3, the g value was
g =2.0044, the peak-to-peak linewidth of the ESR signal
was AH_,,=9.7 G; in the sample with x=0.40,
N;=2.7X10"7 cm™3, g =2.0045, and AH,,=10 G; and
in the sample with x =0.51, N,=6X10' cm™3,
g =2.0042, and AH,,=11G.

The ESR measurements were performed in the X band
with a JEOL ESR system with a modulation width in the
range of 2.5~3.2 G and a microwave power of 0.01 mW
at 77 K and 0.1 mW at RT. The microwave powers were
ascertained to be low enough to prevent saturation of the
signal. The light-induced ESR was observed in situ under
illumination, except for a-Si:H film. There was no notice-
able change in the g value, linewidth, and shape of the
ESR signal under or after illumination.

The band-gap illumination for the generation of light-
induced defects was done using a high-pressure mercury
lamp with a CuSO, filter (photon energies of 2.2~4.0 eV)
for a-Si;_, N, :H, providing a maximum intensity of 900
mW/cm?, and using a Xe lamp with an IR-cut filter for
a-Si:H. The subgap illumination for the photobleaching
was done using a Xe lamp with a bandpass filter, the pho-
ton energies being 1.10 and 1.46 eV for the samples with
x =0.40 and 0.51, respectively, and using a tungsten
lamp with a bandpass filter with a range of photon energy
from 0.60 to 0.99 eV for a-Si:H. To prevent the sample
temperature from rising during the band-gap illumination
or the subgap illumination at RT, nitrogen gas was flown
through the ESR sample tube directly. After cessation of
the band-gap illumination, the LESR spin-density decays,
and in about 1 h the decay almost stopped. Hence the
subgap illumination started 1 h after cessation of the
band-gap illumination.

III. RESULTS

A. LESR

The LESR results for strong band-gap illumination for
a series of a-Si;_ N, :H samples (x =0.32, 0.40, and
0.51) show that there are two increase processes, i.e.,
upon strong band-gap illumination, the ESR spin density
increases very rapidly and becomes essentially time in-
dependent within 1-2 s (the fast process), and then after
a long-time illumination the spin density is observed to
increase slowly again (the slow process).®!® A typical ex-
ample is shown in Fig. 1, where the increment of the ESR
spin density is plotted as a function of band-gap illumina-
tion time (#;;;) for the sample with x =0.51 at 77 K and
RT. For convenience of description, we define fast DB’s
(FDB’s) as the neutral DB’s in the fast process, and slow
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FIG. 1. Increment of the ESR density as a function of band-
gap illumination time in the sample with x =0.51 at RT (open
symbols) and at 77 K (closed symbols). A high-pressure mercury
lamp coupled with a CuSO, filter is used as the band-gap light
source (photon energies of 2.2~4.0 eV). The circles represent
I, =600 mW/cm?, and the triangles represent Iy =15 mW/cm?.

DB’s (SDB’s) as the neutral DB’s in the slow process.

To make a comparison between the dependences on
light intensity of the creation of FDB’s and SDB’s, two
light intensities, 600 and 15 mW/cm?, were used to il-
luminate the sample with x =0.51 at 77 K. It is found
from Fig. 1 that the strong band-gap illumination can
bring about both increase processes, whereas the low-
intensity band-gap illumination seems to produce only
the fast process, and upon the low-intensity band-gap il-
lumination the LESR spin density increases more slowly
than does the LESR spin density in the fast process creat-
ed by the high-intensity light. However, these measure-
ments cannot determine whether the increase of LESR
created by band-gap illumination is due to the conversion
of preexisting charged defects, or due to the creation of
new defects.

B. Photobleaching of the light-induced spins

In order to study the creation mechanism of the LESR,
we examined the effect of subgap illumination of the
light-induced spins at 77 K and RT. For this purpose, we
first produced the LESR signals by illuminating the sam-
ples with the strong band-gap light either for a short 7
(only FDB’s are created) or a long t;; (a mixture of FDB’s
and SDB’s appear), and allowed 1 h to elapse for the de-
caying, and then subjected the samples to subgap il-
lumination. The illumination time for the production of
FDB’s was chosen to be short enough to avoid the ap-
pearance of SDB’s. The g value and linewidth of the pho-
tobleached signal were the same as that of the original
LESR signal.

Here, we only chose the samples with x =0.40 and
0.51 for doing the photobleaching experiment. Figures
2(a) and 2(b) show the change in the ESR spin density
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FIG. 2. Change in the ESR spin density at 77 K in the case
of a short t;;; (100 s): (a) for the sample with x =0.51 and (b) for
the sample with x =0.40. The symbol “ann” indicates annealed
states. Symbol “1” represents the treatment of band-gap il-
lumination with Iz =600 mW/cm?; “2” the decay after cessa-
tion of band-gap illumination; “3” photobleaching by subgap il-
lumination; “4” the treatment of RT annealing for 20 min. The
subgap light intensity used for the sample with x =0.51 is 100
mW /cm? and for x =0.40 is 10 mW/cm?.

measured at 77 K in the samples with x =0.51 and 0.40,
respectively, in four different treatments: (1) band-gap il-
lumination, (2) decay behavior after cessation of the
band-gap light, (3) photobleaching by subgap illumina-
tion, and (4) RT annealing. Here the intensity of the
band-gap illumination is I, =600 mW/cm? and the il-
lumination time is ¢;; =100 s. The subgap light intensity
is I,=10 mW/cm? and 100 mW/cm? for the samples
with x =0.40 and 0.51, respectively. One sees that after
cessation of the band-gap illumination, the ESR spin-
density decays, and after about 1 h the decay almost
stops. It is also noted that after turning on subgap light,
the ESR spin density decreases significantly.

Figures 3(a) and 3(b) show the change in the ESR spin
density in the samples with x =0.51 and 0.40 in the four
treatments similar to those mentioned above, where
Iz =600 mW/cm?, t;;;=5 h, and the subgap light intensi-
ties are the same as in Figs. (a) and 3(b).

We have also done photobleaching of the light-induced
spans created by weak band-gap illumination. Figure 4
shows the change in the ESR spin density in the four
treatments with I =15 mW/cm?, t;;=4 h, and I, =100
mW/cm?. After cessation of the band-gap light, the
change in the ESR spin density during the later three
treatments resembles the results in Figs. 3(a) and 3(b).

The time dependence of photobleaching at 77 K are re-
plotted on a semilogarithmic scale by closed symbols in
Figs. 5(a) and 5(b) for the samples with x =0.51 and 0.40,

FIG. 3. Change in the ESR spin density at 77 K in the case
of a long t;; (5 h): (a) for the sample with x =0.51 and (b) for the
sample with x =0.40. Symbols “1,” “2,” “3,” and “4” have the
same meaning as in Fig. 2. For the same sample, the subgap
light intensity is the same as in Fig. 2. AN, indicates the net in-
crease of SDB density, obtained by subtracting the LESR spin
density at ;=100 s from the total LESR spin density created
for 5 h. AN, indicates the remaining fraction of the LESR spin
density after RT annealing.

respectively. Photobleaching experiments were also done
at RT for the same samples that had been illuminated by
strong band-gap light for both a short ¢;;; and a long #;; at
RT. For a comparison with the result at 77 K, the data
for photobleaching at RT are plotted by open symbols in
Fig. 5. The circles are for t;;=5 h and Iz=600
mW/cm?, the triangles for ¢;=100 s and Iz=600
mW/cm?, and diamonds for #;;=4 h and Iz=15
mW/cm?. From Figs. 5(a) and 5(b), one finds that the
photobleaching of the light-induced spins produced by
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FIG. 4. Change in the ESR spin density at 77 K in the case
of Iz=15 mW/cm? and t;;=4 h in the sample with x =0.51.

Symbols “1,” “2,”” “3,” and “4” have the same meaning as in
Fig. 3.
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FIG. 5. Photobleaching of LESR as a function of subgap il-
lumination time at RT (open symbols) and 77 K (closed sym-
bols): (a) for the sample with x =0.51 and (b) for the sample
with x =0.40. The samples had been illuminated by band-gap
light of Iz=600 mW/cm? for t;;=5 h (circles), Iy=600
mW/cm? for t;; =100 s (triangles), and Iy =15 mW/cm? for 4 h
(diamonds). Solid curves are the fitting lines from Eq. (1).

Q

strong band-gap illumination for a short ¢;; (100 s), which
are considered to be FDB’s on the whole, is more prom-
inent than that of the light-induced spins produced by
strong band-gap illumination for a long #; (5 h) at both
77 K and RT. In particular, photobleaching of FDB’s at
77 K is more effective. Figures 5 also show that the pho-
tobleaching behavior of the light-induced spins produced
by weak band-gap illumination (15 mW/cm?) for 4 h is
quite consistent with that for FDB’s.

All the photobleaching results in Fig. 5 can be fit with
a stretched exponential function

ANs(t)/ANs(0)=A +[1— Alexp[—(t/7)*], (1)
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as shown by the solid curves, where 4=ANs(x)/
ANs(0), ANs(0) is the value of the LESR before bleach-
ing, ANs( ) is the saturated value of the LESR for a
long-time subgap illumination, B is a stretched-
exponential factor, and 7 is a time constant. The parame-
ters for the best fit to the data are listed in Table I. From
Table I, one notices that for a given sample at a given
temperature, S and 7 are essentially independent of t;.
The result suggests that the same kind of DB’s are
bleached out by subgap light regardless of the band-gap
illumination time and intensity, and that the content that
have been bleached out are FDB’s rather than SDB’s.

In order to check the correlation between the nature of
the photocreated defects (the Staebler-Wronski effect) in
undoped a-Si:H and FDB’s or SDB’s in a-Si;_,N,:H a
photobleaching experiment has been carried out in a-
Si:H. Before subgap illumination, the undoped sample
was illuminated by 3.8 W/cm? for 50 h at RT, and the to-
tal ESR spin density reached 1.5X10'7 cm™3. Then it
was illuminated by 0.2~0.3 W/cm? subgap light for 487
h at RT. The result showed that after the treatment of
subgap illumination there was no appreciable change in
the total ESR spin density. Compared with the result in
a-Si:H, the nature of SDB is thought to be similar to that
of the photocreated DB’s in a-Si:H.

C. RT annealing behavior for LESR created at 77 K

After the photobleaching treatments of LESR at 77 K,
the samples were kept at RT for about 20 min, and then
recooled down to 77 K for detecting ESR signals. From
Figs. 2(a) and 2(b), one can see that after RT annealing
for 20 min all the FDB’s created by a short ¢;;; illumina-
tion at 77 K completely recover. On the other hand, for
samples illuminated with band-gap light for a long #,
one can find from Figs. 3(a) and 3(b) that after RT an-
nealing some fraction of the ESR spin density indicated
as AN, in Fig. 3 remains. AN, is close to, but a little
larger than the net increase of the SDB density indicated
as AN,. The results suggests that this fraction of AN, is
mainly created by prolonged high-intensity illumination,
which is associated with SDB.

Figure 4 demonstrates that after cessation of the band-

TABLE 1. The best-fitting parameters for Eq. (1) obtained for photobleaching of the LESR in the

samples with x =0.51 and 0.40.

tin IB ANS(O) T

x (s) (mW/cm?) (cm™3) B (s)
0.51 100 600 4.1x10"7 0.60 1.3x10*
18000 600 1.7X 10" 0.60 1.4Xx10*
100 600 77 K 1.1x10'® 0.40 1.3%x10°
18000 600 77 K 2.0X10'® 0.40 1.2X10°
14400 15 77 K 1.0X 108 0.40 1.4X 103
0.40 100 600 1.0Xx 10" 0.62 6.6X10°
18000 600 4.1x10" 0.64 5.2X10°
100 600 77 K 6.8 10" 0.31 1.0X 10?
18000 600 77 K 1.0X 108 0.33 2.5X10?
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gap illumination, the change in the ESR spin density
resembles the results in Fig. 2(a). This result suggests
that the LESR created by weak band-gap light for a long
t;; is due to FDB’s, and that weak band-gap light cannot
produce SDB’s even though t;; is very long, showing that
the band-gap light intensity needed for the production of
FDB’s is lower than that for the production of SDB’s.
This set of experimental results implies that FDB’s and
SDB’s are of different origins.

IV. DISCUSSION

In general, the critical composition of x =0.52, corre-
sponding to the percolation threshold of Si-Si bonds in
the a-Si; _ N, :H network, is used for dividing Si-rich and
N-rich a-Si;_,N,:H alloys.> For x <0.52, both band
edges are formed by Si-Si bonding states, and the alloys
are regarded as Si rich. Both samples used in the study,
with x =0.40 and 0.51, belong to the group of Si-rich al-
loys.

Our results show that there are prominent differences
between the natures of the FDB and SDB: (i) the FDB
can be photobleached, whereas the SDB cannot. (ii) The
FDB can be generated even by weak bandgap light, but
the SDB can be generated only by stronger band-gap
light. (iii) For the same band-gap illumination, the gen-
eration rate for FDB’s is larger than that for SDB’s. It is
also interesting to compare these results with the natures
of LESR in a¢-Si:H and N-rich @-Si; _,N,:H. LESR in a-
Si:H is usually observed at low temperature using low-
intensity light, and the fraction of the residual LESR sig-
nal, after cessation of the light, becomes larger at lower
temperature.!> The fraction can be photobleached by
subgap light with photon energy <0.7 eV.!® The light-
induced creation of ESR spins at RT, so called the
Staebler-Wronski effect (SWE), is another type of light-
induced phenomena in a-Si:H. The light-induced spins in
this process neither exhibit appreciable decay after cessa-
tion of the light, nor suffer from being photobleached as
mentioned in the previous section. The comparison
shows that the natures of FDB’s and SDB’s in the present
work are very similar to those of LESR at low tempera-
ture and the photocreated ESR spins at RT in a-Si:H, re-
spectively.

On the other hand, in N-rich a-Si;_,N,:H, the LESR
spin density does not depend much on temperature,? and
a large fraction of the LESR spin density remains after
cessation of the light, and the residual LESR can be pho-
tobleached. The photobleaching behavior of FDB’s is
essentially the same as that of the light-induced spins in
N-rich alloys.® But there are some differences in the as-
pect of temperature dependence of the stretched ex-
ponential parameters, such as 8 and 7. In our results, the
value 8 at RT is larger than that at 77 K, whereas in N-
rich alloys B decrease with increasing temperature from
100 to 298 K. In any case, the result suggests that the
nature of FDB’s is also similar to the LESR in N-rich al-
loys.

Now, we consider the creation mechanism of FDB’s.
Photobleaching of FDB’s suggests that the metastability
is the result of charge trapping at preexisting charged

DB’s, Si; and Si;” during band-gap illumination in analo-
gy with the result for chalcogenide glasses.'? The reaction
can be written as

Siy* +8i; " <>28iy° . 2)

One has seen that FDB is partially bleached by sub-gap
illumination, and the photobleaching effect at 77 K is
stronger than at RT as shown in Fig. 5. The fraction of
the FDB’s that has remained after photobleaching at 77
K completely recover to the annealed states after thermal
annealing at RT. Based on these results, we propose the
following mechanism for the generation and photobleach-
ing of FDB’s: (1) Upon band-gap illumination, charged
DB’s, Si;™ in sp? configuration and/or Si;~ in s%p?
configuration convert to neutral DB’s Si,’ by trapping
photoexcited electrons and holes, respectively. (2) The
probability for rehybridization from sp2 or s%p3 to sp? de-
pends on the illumination intensity and temperature.
The higher the illumination intensity or the temperature,
the larger the probability.!! Hence, only some fraction of
the FDB’s are rehybridized to sp® configuration. (3)
After cessation of the band-gap illumination, the fraction
of FDB’s that have not been rehybridized recover to the
original charged states more easily, leading to the decay-
ing of LESR. (4) The incomplete photobleaching of the
FDB’s might be directly associated with the structural
stability of rehybridized Si3O in sp? configuration. During
subgap illumination, S8i® in rehybridized sp°®
configuration, which is not too stable, is more easily con-
verted to the original configurations, while Si in rehybri-
dized sp3 configuration, which is stable, is more difficult
to be converted to the original configurations.

Next, we discuss the creation mechanism of SDB’s. In
spite of a large number of investigations on the creation
mechanism of the metastable defects in a-Si:H and its al-
loys, there has been no experimental or theoretical evi-
dence that has perfectly identified the specific bonding
structure related to the SWE. Stutzmann, Jackson, and
Tsai proposed that the photocreated defects in a-Si:H
originate from the breaking of weak Si-Si bonds, and the
complete  microscopic mechanism involves the
reconfiguration of Si-H bonds as a stabilizing element.’
The model has been widely used for interpretation of the
photocreated defects in a-Si:H and a-Si:H based alloys.
Recent results of pulsed ESR, however, show that the
photocreated neutral DB does not have a nearby hydro-
gen within 4 A.'7 Hence the stabilizing mechanisms for
breaking of weak Si-Si bonds should be improved. The
other proposed model for the SWE is charge trapping of
photoexcited electrons and holes at charged DB’s.!® If
SDB’s are also due to charge trapping, the difficulties will
appear, i.e., how to imagine a generation mechanism, say
charge trapping, which has two different generation rates
for light-induced DB’s, and how to understand the two
different photobleaching behaviors? In accordance with
our results, we prefer the creation of new defects, say
breaking of weak Si-Si bonds, as the origin of SDB’s.

Our results for the Si-rich a-Si; _, N, :H show that after
illumination with 600 mW/cm? for 5 h at RT, the net in-
crease of a SDB, AN,, is 4.3X10', 6.2X10", and
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1.2X10'® cm™3 for the samples of x =0.32, 0.40, and
0.51, respectively, indicating that the density of SDB’s in-
crease with N concentration. SDB’s are thought to be
more easily created with increasing N concentration. The
possibility that N atoms play a direct role in creating
light-induced DB’s should be excluded because recent re-
sults demonstrate that in ¢-Si:H with N impurity the in-
crement in the density of the photocreated spin is one or-
der of magnitude larger than the N concentration.!”!?
For the interpretation of the effect of incorporation of C,
N, and O on the density of photocreated DB’s, it was
proposed that the impurities lead to an increase of weak
bonds in the band tails due to the increased bonding dis-
order, which could explain the enhanced probability of
the metastable DB’s.”%2! Yokomichi et al. suggested
that an increase in the structural flexibility due to the in-
corporation of N, C, and H leads to an increase of the
photocreated DB’s.?> However, one is still not clear
about the microscopic origins of the light-induced SDB’s
and about the detailed understanding of how these ele-
ments, such as, C, N, and O, affect the structure or
structural changes in a-Si:H and a-Si-based alloys. Fur-
ther investigations are highly desirable.

V. CONCLUSIONS

Photobleaching of LESR has been observed in Si-rich
a-Si;_ N, :H alloys. The experimental results show that
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the behavior of FDB’s and SDB’s are different: (1) FDB’s
can be bleached by subgap illumination, while SDB’s can-
not, (2) the generation of SDB’s needs higher light inten-
sity than that of FDB’s does, (3) for the same band-gap
light intensity, the generation rates for FDB’s and SDB’s
are different, i.e., the rate of creating FDB’s is larger than
the rate of creating SDB’s. The photobleaching behavior
of FDB’s is similar to that of the light-induced defects in
N-rich alloys, and the nature of SDB’s is quite similar to
that of the photocreated defects in a-Si:H. The metasta-
ble LESR created by strong band-gap illumination in Si-
rich a-Si;_, N, :H alloys can be associated with two kinds
of origins: the FDB is related to charge trapping among
the preexisting charged DB’s, Si;* and Si;"; and the
SDB is related to the new creation of neutral DB’s.
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