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Photoluminescence and optically detected magnetic resonance ina-Si:H/a-Si3N4:H multilayers

Masaaki Yamaguchi
Institute for Solid State Physics, University of Tokyo, Roppongi, Minato-ku, Tokyo 106, Japan

Kazuo Morigaki
Department of Electrical Engineering, Hiroshima Institute of Technology, Miyake, Saeki-ku, Hiroshima 731-51, Japan

~Received 11 April 1996!

The measurements of photoluminescence~PL! and optically detected magnetic resonance were carried out
for a-Si:H/a-Si3N4 :H multilayers. The results are accounted for in terms of the quantum-size effect. The
alloy-effect model is also compared with the quantum-size-effect model for the interpretation of the results,
particularly the temperature dependence of the PL intensity and the well-layer thickness (LW) dependence of
the PL efficiency. These results are also consistent with the quantum-size-effect model. The two-dimensional
nature of recombination properties manifests itself for the multilayers withLW of less than 30 Å.
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I. INTRODUCTION

Since the first fabrication of amorphous silicon-bas
multilayers by Abeles and Tiedje,1 their electronic properties
have been discussed in terms of the quantum-size effect.
cently, however, different interpretations based on the a
effect have been proposed, for example, on the blueshif
the optical absorption edge associated with a decrease in
well-layer thickness of aa-Si:H/a-SiNx :H multilayers.2,3 In
double-barrier structures based ona-Si:H and its alloy with
nitrogen or carbon, observed bumplike irregularities in th
current-voltage characteristics were first accounted for
terms of resonant tunneling.4 Very recently, a doubt has bee
cast on this interpretation and another mechanism has
proposed, in which hopping conduction of carriers throu
the localized levels of the barrier layers is responsible for
phenomenon.5 In any case, however, the authors have c
firmed periodic multilayer structures in their samples.

In this paper, we present a detailed investigation on p
toluminescence~PL! and optically detected magnetic res
nance ~ODMR! in a-Si:H/a-Si3N4 :H multilayers. These
measurements are greatly devoted to an understanding o
recombination processes and the nature of recombina
centers in the multilayers. In Sec. II, we describe the pre
ration method for the multilayers and experimental pro
dures for PL and ODMR. We also show a photograph
periodic multilayer structures for the multilayer sampl
taken by a transmission electron microscope~TEM!. In Sec.
III, we present detailed results on PL and ODMR for mul
layers as well as for bulk films ofa-Si:H and
a-Si12xNx :H. In Sec. IV, we discuss the experimental r
sults in terms of the quantum-size effect. We also comm
on different interpretations based on the alloy effect. In S
V, conclusions are drawn.

II. EXPERIMENT

a-Si:H/a-Si3N4 :H multilayers were prepared at 250 °
by using a capacitively coupled rf glow discharge syste
SiH4 diluted to 10% in H2 was used to produce thea-Si:H
550163-1829/97/55~4!/2368~10!/$10.00
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well layers, and a gas mixture of SiH4 ~10% in H2) and pure
NH3 havingg[@NH3#/@SiH4#510 was used for the barrie
layers ofa-Si3N4 :H ~optical gap'5 eV). The flows of the
two types of gas mixture were controlled by a microco
puter and were admitted to the reaction chamber alterna
Fused silica and/or crystal silicon were used as a subs
held on the grounded anode. The growth rate of the in
vidual layers ranged from 0.6 to 1.3 Å/s and the reside
time of gas in the reactor was about 1 s. During the inter
between deposition of each layer, the system was evacu
and hence the rf plasma was interrupted. This interval ti
was 5 s. Further details for the correlation between the pre
ration conditions and the film quality have already be
reported.6 The characteristics of the samples used in t
study are listed in Table I. The well-layer thicknessLW and
barrier-layer thicknessLB range from 6 to 210 Å and from 5
to 75 Å, respectively. The barrier-layer thickness of 25 Å
sufficient for the confinement effect of photoexcited carrie
as will be seen from PL experiments concerning samp
5116, 5104, and 5106 mentioned in Sec. III A.

Periodic structures in our samples were evaluated by
ing x-ray diffraction and TEM. Sharp x-ray diffraction peak
were observed and showed the existence of well-defined
perstructures. The layer spacing was determined from
Bragg diffraction angles, which was in good agreement w
the layer thickness estimated from the deposition rate of
individual layer. The picture of the film cross section tak
by JEOL-100U transmission electron microscope in Can
Research Center clearly showed the multilayer structure
seen in Fig. 1. The optical gap was estimated from Tau
plot of the absorption coefficient. The characteristics of
samples are also listed in Table I.

The steady-state PL experiments were carried out
2–400 K, using unfocused Ar ion laser light of the phot
energyhn52.41 eV ~514.5 nm! and/or 2.54 eV~488 nm!
and 0.2–500 mW ~0.8–2000 mW/cm2) for excitation
chopped at about 80 Hz. The light intensity of 500 mW w
used for the light-induced effects. The PL was dispersed w
a single-prism monochromator to obtain the spectrum
was detected with a cooled germanium detector with a
2368 © 1997 The American Physical Society
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55 2369PHOTOLUMINESCENCE AND OPTICALLY DETECTED . . .
sponse time of about 300 ns. The PL spectra were corre
for the spectral response of the detection system. The de
tion systems for PL and ODMR measurements were
scribed in more detail in our previous paper.7 For the elec-
tron spin resonance~ESR! measurements, anX-band JEOL
spectrometer was used at room temperature.

TABLE I. Characteristics of samples.LW , well-layer thickness;
LB , barrier-layer thickness.

Number of Optical gap
Sample LW ~Å! LB ~Å! periods ~eV!

a-Si:H/a-Si3N4:H multilayers
5103 6 25 350 2.36
5107 6 75 150
5114 6 50 293
5120 8 25 300
5109 12 25 300 2.09
5115 12 50 201
5104 18 25 250 2.00
5106 18 75 135
5110 18 50 100
5111 20 50 100
5113 18 50 200
5116 18 5 250
5117 18 25 250
5105 36 25 150 1.85
5112 72 25 100
5121 210 25 36

a-Si:H
1502 8400 '1.80

a-Si12xNx :H
2506 9000 x50.4 2.40
2510 9200 x50.2 2.18

FIG. 1. Picture of the cross section of thea-Si:H/a-Si3N4 :H
multilayer film with LW520 Å andLB550 Å taken by a transmis
sion electron microscope. It shows the periodic structure w
LW (a-Si:H)520 Å andLB (a-SiN:H)550 Å.
ed
c-
-

III. RESULTS

A. LB dependence of PL properties

First, in order to examine the effect of barrier-layer thic
nessLB on PL properties such as the PL peak energy of
spectrumEp , the full width at half maximum~FWHM!
DE, and the PL intensity atEp , I p , the temperature depen
dences ofEp , DE, and I p in samples withLW518 Å and
LB55, 25, and 75 Å have been measured as shown in F
2~a! and 2~b!, respectively. PL spectra of multilayers a
shown in Fig. 3. Their behaviors in samples withLB525 and
75 Å are similar to each other and their values are almost
same. However, each value of the sample withLB55 Å is
different from those of other samples.

Figure 4 shows the values ofEp , DE, and I p at 7 K in
samples withLW518 Å as a function ofLB . The values at
LB50 Å are those ofa-Si:H bulk film. Ep and I p rapidly
decrease and then increase through a minimum n
LB55 Å and reach a constant value with increasingLB . On
the other hand,DE rapidly increases and reaches a const
h

FIG. 2. Temperature dependence of~a! PL peak energy~open
symbols! Ep and FWHM~solid symbols! DE, and~b! PL intensity
at the peak energy in the steady-state PL spectra
a-Si:H/a-Si3N4 :H multilayers with LW518 Å andLB55 Å ~tri-
angle!, 25 Å ~circle!, and 75 Å~square!. Excitation intensity for PL
measurements is 20 mW.
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2370 55MASAAKI YAMAGUCHI AND KAZUO MORIGAKI
FIG. 3. Steady-state PL spectra measured at various temp
tures such as 7, 200, and 300 K fora-Si:H bulk film ~solid curves!,
a-Si:H/a-Si3N4 :H multilayer film with LW572 Å andLB525 Å
~broken curves!, and that withLW56 Å and LB525 Å ~dotted
curves!. Excitation intensity for PL measurements in 20 mW.

FIG. 4. PL peak energyEp , FWHM DE, and PL intensity at the
peak energyI p at 7 K in samples withLW518 Å as functions of the
barrier-layer thicknessLB . Excitation intensityI ex for PL measure-
ments is 20 mW.
value. These results suggest that PL properties are lar
affected untilLB520 Å, in other words, they are influence
by the interface region, which is estimated to be about 10
in thickness, and the nature of the interface region will
discussed in a separate paper.8 Therefore, we consider tha
the value ofLB525 Å is sufficient for the confinement effec
of photoexcited carriers and we present the results of
samples withLB525 and/or 75 Å in the following.

B. Temperature dependence of PL spectra

The PL spectra observed at various temperatures in m
tilayers are shown in Fig. 3. With increasing the temperat
from 7 K, two emission bands, i.e., the low-energy ba
~LEL! and the high-energy band~HEL! can be clearly ob-
served, peaked at about 0.9 and 1.4 eV ina-Si:H and mul-
tilayers with rather thickLW , e.g., in a multilayer with
LW572 Å. The LEL is characterized by its weaker therm
quenching than the HEL.6 Therefore, the LEL is most readily
observed at high temperatures, as shown in Fig. 3. The p
intensity of the defect-related LEL at 300 K in a multilay
with LW572 Å is large by a factor of 20 compared with th
in a-Si:H. This indicates that the radiative centers associa
with the LEL are created at the interfaces betweena-Si:H
and a-Si3N4 :H layers. Moreover, the LEL cannot be ob
served separately from the HEL as a well-defined ba
peaked at 0.9 eV with decreasingLW down to 10 Å even at
high temperatures.

The temperature dependences ofEp and DE in the PL
spectra of multilayers anda-Si0.6N0.4:H are shown in Figs. 5
and 6, respectively. The shift ofEp toward lower energy in
a-Si:H with increasing temperatures is partly due to a d
crease in the energy band gap. SinceEp above 100 K in
a-Si:H has a temperature coefficient of 1.5331023 eV/K in

ra-

FIG. 5. Temperature dependences of the PL peak energyEp in
the steady-state PL spectra fora-Si:H, a-Si0.6N0.4:H, and
a-Si:H/a-Si3N4 :H multilayers withLB525 Å and variousLW .
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55 2371PHOTOLUMINESCENCE AND OPTICALLY DETECTED . . .
comparison with a coefficient of 4.431024 eV/K for the
band gap,9 the temperature dependence ofEp should be fur-
thermore caused by another effect, i.e., the PL peak mo
rapidly toward the red ina-Si:H, much faster than the gap
possibly due to thermalization of the photoexcited carri
down to the deep tail states.10 The temperature coefficient o
Ep for a-Si12xNx :H alloy films and multilayers decrease
with increasing the N content and decreasingLW , respec-
tively. A blueshift ofEp has been observed in the multilay
with LW56 Å and a-Si0.6N0.4:H at temperatures abov
150 K. In Fig. 6,DE decreases and then increases throug
minimum with increasing temperatures. The temperature
hibiting the minimum of DE increases with decreasin
LW . These results will be discussed later.

Figure 7 shows theLW dependence ofEp andDE associ-
ated with the main band at 7 and 200 K, as examples at
low and high temperatures, respectively. Optical gapEg is
also plotted as a function ofLW . Ep at 7 K gradually de-
creases and shows a minimum in spite of the increase in
optical gap and then rapidly increases whenLW decreases
less than 20 Å.Ep at 200 K always increases with decreasi
LW . The redshift ofEp nearLW540 Å at 7 K is due to an
increase in the PL intensity in the low-energy region, be
associated with an increase in the density of the gap st
created at the interfaces. A rapid broadening ofDE is clearly
observed with decreasingLW , which is also associated wit
the increase of the tail states being due to the disorder ca
by lowering of the effective dimension ofLW .

C. Temperature dependence of the PL intensity

The PL intensities atEp , I p , of the main emission band
for various samples are shown as a function of tempera
in Fig. 8. With increasing temperature from 7 K, a maximu
of I p observed around 50 K increases with increasing e
tation density and decreasing the spin density of silicon d
gling bonds, Si db, ina-Si:H.9 We can also observe a max
mum of I p at about 50 K in all multilayers. However, w
could not observe it ina-Si0.6N0.4:H. As will be discussed in
Sec. IV, these results may be associated with the increas

FIG. 6. Temperature dependences of FWHM,DE, in the steady-
state PL spectra fora-Si:H, a-Si0.6N0.4:H, anda-Si:H/a-Si3N4 :H
multilayers withLB525 Å, and variousLW . The arrows denote the
temperature at which the value of FWHM shows the minimum.
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the generation rate of carriers caused by the confinem
effect in the well layer and/or the decrease of the numbe
‘‘effective’’ nonradiative centers in multilayers. It is also ob
served that the temperature dependence ofI p is weakened
with decreasingLW in multilayers and increasing the N con
tent ina-Si12xNx :H.

FIG. 7. LW dependence of the PL peak energyEp , FWHM
DE, and the optical gapEg ~open triangle!. Open and solid circles
show the values measured at 7 and 200 K, respectively.

FIG. 8. Temperature dependences of the PL intensity at the p
energy associated with the main emission band
a-Si:H/a-Si3N4 :H multilayers withLB525 Å and variousLW and
for bulk films of a-Si:H ~sample 1502! anda-Si0.6N0.4:H ~sample
2506!.
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2372 55MASAAKI YAMAGUCHI AND KAZUO MORIGAKI
Figure 9 shows the PL efficiency, estimated from the
spectra and normalized to that ofa-Si:H for each tempera
ture, as a function ofLW . At low temperatures such as 7, 5
and 120 K, the efficiency falls by about one order of mag
tude compared with that fora-Si:H and tends to saturat
with decreasingLW . This behavior agrees with the simila
results reported by other authors.11,12

D. ODMR signals in multilayers

In a-Si:H anda-Si12xNx :H, the ODMR spectra generall
consist of enhancing and quenching lines as have alre
been reported.7,13–15 In a-Si:H films prepared at
Ts5250 °C, we have observed asymmetric quenching
enhancing lines in which the quenching line sho
FWHM'19 G and is peaked at ag value of 2.0045 at
hn51.44 eV with a long tail toward lower magnetic field
while the enhancing line shows FWHM'20 G and peaked
at ag value of 2.0064 athn50.8 eV with a long tail toward
lower magnetic field. Ina-Si12xNx :H films, both quenching
and enhancing lines become symmetric with increasing
N content.

In the present experiment, we have observed a quenc
(2DI )ESR and an enhancing signal (DI )ESR, depending on
excitation intensityI ex and luminescence energy in multilay
ers; i.e., quenching lines are clearly observed at higher lu
nescence energy under weakI ex, while an enhancing line is
dominantly observed under strongI ex, as observed in
a-Si:H. The quenching and enhancing lines observed in m
tilayers with variousLW are shown in Fig. 10. We hav
observed the quenching line from the total PL und
I ex50.5 mW and the enhancing line at the PL energies
0.88, 1.20, and 1.44 eV underI ex580–500 mW. However,
it should be noted that the sample withLW56 Å ~samples
5103 and 5107! exhibits different behavior from othe
samples, namely, the enhancing line is not observed eve
I ex5100 mW, but is observed atI ex5500 mW, as shown in
Fig. 10. Both quenching and enhancing lines become s
metric with decreasingLW . The g value, FWHM, and the
value of DH1 /DH2 ,Hv in these lines are summarized
functions ofLW in Figs. 11~a! and 11~b!, whereHv is taken
as a measure of symmetry of the line shape as shown in

FIG. 9. PL efficiency as a function ofLW measured at various
temperatures, normalized to the PL efficiency fora-Si:H at each
temperature.
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figure. The open and solid circles show each value bef
and after prolonged illumination (I ex5500 mW for 30 min!,
respectively. Theg value of the quenching line is almos
constant as a function ofLW , i.e., g'2.0045 as shown in
Fig. 11~a!. After prolonged illumination, theg value remains
unchanged within the experimental error, so its results
not shown in Fig. 11~a!. FWHM decreases slightly from tha
of a-Si:H film and then increases with decreasingLW . Hv
gradually decreases fromHv51.9 ina-Si:H and then rapidly
approachesHv51 with decreasingLW from LW520 Å.
This indicates that the signal becomes symmetric in the m
tilayers with decreasingLW . We consider the reason for th
symmetry of the signal in the following.

The quenching line ina-Si:H is composed of three line
with g-values of 2.004, 2.01, and 2.005, which are associa
with trapped electrons at positively charged threefo
coordinated Si atoms,T3

1 centers, trapped holes at neg
tively charged threefold-coordinated Si atoms,T3

2 centers,
and Si-db, respectively, as was discussed before.16 If the cre-
ation of the negativeU centers such asT3

1 andT3
2 centers

in a-Si:H of the well layer is suppressed by the influence
the barrier layer ofa-Si3N4 :H, the unresolved quenchin
lines with g'2.004 and 2.01, designated by the ligh
induced ESR~LESR! lines, disappear and the quenching lin
due to Si db can be only observed in multilayers with sm
LW . Concerning theg value of multilayers with smallLW ,
i.e., g52.0045, its deviation from that ofa-Si:H

FIG. 10. Quenching and enhancing signals f
a-Si:H/a-Si3N4 :H multilayers with LB525 or 75 Å and various
LW, i.e., LW56 Å ~dashed-dotted curves, samples 5103 and
5107!, 12 Å ~broken curves, sample 5109!, 18 Å ~solid curves,
sample 5106!, and 36 Å ~dotted curves, sample 5105!. I ex and
Eobs denote the excitation intensity and photon energy at wh
ODMR signals were observed, respectively.
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55 2373PHOTOLUMINESCENCE AND OPTICALLY DETECTED . . .
(g52.0055) partially originates from the increase in t
band-gap energy. Theg value of multilayers with largeLW
corresponds to the peak of the overlapped three lines m
tioned above. The results for the FWHM are also accoun
for in terms of the above model. With decreasingLW , the
FWHM decreases, owing to the decrease of the numbe
negativeU centers. This results in the approach ofHv51.
The line broadening of Si db resonance for smallLW is re-
lated to the variation of band-gap energy due to spatial fl
tuations ofLW in the multilayer. A significant broadenin
with decreasing fromLW530 Å may correspond to a rapi
increase in the band-gap energy of the multilayer. After p
longed illumination, the signal becomes more symme
than before prolonged illumination, because the number o

FIG. 11.g value, FWHM, andDH1 /DH2 for ~a! quenching and
~b! enhancing signals as functions ofLW .
n-
d

of

-

-
c
Si

db’s increases;17 i.e., the quenching signal is mainly due
Si db. Ina-Si:H bulk film, the quenching lines correspond
ing to the LESR centers were not enhanced after prolon
illumination at low temperatures such as 2 K.18 This behav-
ior is also seen in the multilayer films of the present conce
as shown in Fig. 11~a!. These are the reasons for a differe
LW dependence ofHv before and after prolonged illumina
tion, as shown in Fig. 11~a!. The light-induced effects will be
reported in a separate paper.8

Figure 11~b! shows theg value, FWHM, andHv of the
enhancing line as a function ofLW . The enhancing line,
particularly before illumination, ina-Si:H is due to the self-
trapped holes in specific weak Si-Si bonds, i.e., a weak S
bond adjacent to an Si-H bond~the so-called A
center!13,15,16,19and its spectral dependences of ODMR s
nals is shown in Fig. 12. Theg value of the enhancing line
has a spectral dependence, as reported before.14 Theg values
of the enhancing lines measured athn50.9 eV ~solid
circles! and 1.44 eV~open circles! are presented as function
of LW as an example, although those are measured at se
hn. With decreasingLW , the g value in the low lumines-
cence energy region (hn50.9 eV) rapidly decreases, whil
the g values in the high luminescence energy regi
(hn51.44 eV) are almost constant, i.e., the spectral dep
dence of theg value becomes small. The FWHM decreas
slightly and then increases and the shape of the line beco
symmetric with decreasingLW . It has been considered tha
the enhancing line measured before illumination ina-Si:H is
caused by one radiative center, theA center, in spite of its
asymmetric line shape; i.e., theA center is anisotropic in
nature. With decreasingLW , the spectral dependences of th
g value in the enhancing line become small and the ani
ropy of theA center presumably disappears because of

FIG. 12. PL spectra and spectral dependence of enhancing
quenching signals ina-Si:H prepared at 270 °C~solid curves! and
a-Si:H/a-Si3N4 :H multilayer with LW56 Å ~broken curves!. PL
intensities are plotted in arbitrary units.
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2374 55MASAAKI YAMAGUCHI AND KAZUO MORIGAKI
multilayer structure. Therefore, the enhancing line conce
ing theA center becomes symmetric and therefore this
sults in narrowing of the line; i.e., the FWHM becom
small. With further decreasingLW such as toLW56 Å, only
the N-related radiative center, i.e., theE center,14 has been
observed, namely, the observed enhancing line w
g'2.0045 at 0.9 and 1.44 eV is due to theE center and the
enhancing line due to theA center is observed only fo
samples withLW>12 Å in Fig. 11~b!, as will be mentioned
below. The spectral dependence of the ODMR signal du
theE center~broken curves! is also shown in Fig. 12. This
line is symmetric and its FWHM is about 20 G. These co
siderations are also suggested by the spectral dependenc
ODMR signals and the excitation intensity dependences
ODMR signals, as will be described in a separate paper,8 and
are also confirmed by those of photoinduced absorption
multilayers, i.e., the holes in the valence-band tail are
self-trapped but are distributed with a Gaussian function
the valence-band tail for multilayers withLW,10 Å.20,21

IV. DISCUSSIONS

A. General aspects of recombination in the multilayer films

Electrons and holes created by band-to-band excita
are confined in the well layers, so that their recombinat
with each other is enhanced compared to in bulk films. Wh
the well layer becomes thin, recombination is becoming tw
dimensional in nature. The confinement effect and tw
dimensional recombination mentioned above have alre
been suggested from the time-resolved PL and ODMR m
surements ina-Si:H/a-Si12xNx :H multilayer films.22 The
initial decay of the PL intensity just after a pulsed laser lig
excitation is turned off becomes rapid with decreasingLW .
The confinement effect of electrons and holes results i
rapid thermalization of electrons into the conduction ba
tail and also in an increase of the density of trapped electr
and holes. The multilayer film withLW56 Å exhibits a slow
decay of the PL intensity after the initial rapid decay in co
trast with those withLW512 and 18 Å which show simila
decay toa-Si:H bulk films. This is accounted for in terms o
the two-dimensional feature of nonradiative recombinat
via Si db’s, namely the recombination probability of ele
trons and holes at Si db’s is significantly reduced whenLW
becomes small compared to the average separation o
db’s. The above features of recombination in the multila
films are also observed in the present PL and ODMR exp
ments.

B. PL and ODMR properties

In order to interpret the results mentioned in Sec. III,
consider a model for the recombination properties of pho
excited carriers in multilayers. According to previous expe
ments ina-Si:H ~Refs. 7 and 23! that is the material of the
well layer in multilayers, HEL arises from radiative recom
bination between tail electrons and self-trapped holes,
A centers, at low temperatures and between tail electrons
tail holes at higher temperatures, where self-trapping of ho
becomes unstable. LEL has been identified as due to ra
tive recombination of trapped electrons in defects,E centers,
with trapped holes mentioned above. Si db’s,T3
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tively and negatively charged threefold-coordinated
~negativeU), i.e.,T3

1 andT3
2 , act as nonradiative center

A possible model for theE centers is the separat
T3

1-N2
2 pair defects in order to account for the behavio

of LEL and ODMR,7 where N2
2 is the negatively charged

twofold-coordinated nitrogen. Ina-Si12xNx :H, that is the
material of the barrier layer in multilayers, the situations f
the recombination properties are almost the same as tho
a-Si:H except for the addition of theE* centers, which are
newly introduced to explain the results of light-induced e
fects ina-Si12xNx :H.

14 E* centers are the trapped electro
centers being composed of closeT3

1-N2
2 pairs and act as

nonradiative centers. Therefore,E* centers are readily cre
ated by the existence of many Si db’s and N atoms
a-SiN:H with a high content of hydrogen and the stro
lattice distortion may occur around theE* center. In multi-
layers, i.e., when botha-Si:H anda-SiN:H layers contact
each other, electrons flow from thea-SiN:H layer into the
a-Si:H layer, because of the difference in the work functi
of each layer material.24 As a result, some of Si db’s,T3

0, in
thea-Si:H layer becomeT3

2 ~positiveU), while some of Si
db’s in thea-SiN:H layer becomesT3

1 ~positiveU). Thus,
as twofold-coordinated nitrogen N2

0 seems to be present i
thea-SiN:H layer, coupled pairsT3

1-N2
2 are considered to

be formed in the interface region. WhenT3
1 and N2

2 are
separated with each other, this pair defect (E center! contrib-
utes to LEL and to the enhancing signal, while clo
T3

1-N2
2 pairs (E* centers! seem to us to contribute to non

radiative recombination in a similar way to the case
a-Si12xNx :H.

There are several interesting features concerning PL
ODMR results in multilayers. First, we take the blueshift
Ep and the narrowing ofDE with increasing temperatures, a
shown in Figs. 5 and 6. Those are phenomenologically
to the fact that the thermal quenching of the PL band is
uniform over all photon energy. First we consider the P
spectra ofa-Si:H presented in Fig. 13. The upper figu
shows the PL spectra for various temperatures ina-Si:H. For
comparison among PL spectra at various temperatures
spectra are normalized at the PL peak intensity and plo
on a logarithmic scale, as shown in the lower figure. T
high-energy part of the spectrum quenches more rapidly t
the low-energy part with increasing temperatures. This
sults in a decrease inEp , as shown in Fig. 5. Another re
markable feature in the PL spectra is that the normalized
in the low-energy region at 50 K also quenches, compa
with that at 7 K. This results in the minimum ofDE; i.e., the
narrowing of the PL spectra occurs at a certain temperat
This is also the case for the multilayer, in which the tempe
ture exhibiting a minimum ofDE increases with decreasin
LW , as shown by an arrow in Fig. 6. On the other hand,
PL spectra of thea-Si0.6N0.4:H alloy film are almost inde-
pendent of temperature. These results are associated wit
redistribution of the carriers trapped in the conduction- a
valence-band tail after photoexcitation and therefore gre
depends on the temperature and the width of tail states,
in general, as the temperature increases, shallow tail e
trons are thermally reexcited into the conduction band,
that the demarcation level distinguishing between trapp
and recombination goes down and consequentlyEp shifts
towards lower energy. In the case of the sample with
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wide width of the conduction-band tail, photogenerated el
trons are thermalized into deep levels in the conduction-b
tail, so that the photogenerated electrons thermally reexc
to the conduction band decrease in number. They nonra
tively recombine with trapped holes via nonradiative cent
such as Si db’s. In this case, the nonradiative recombina
mainly occurs by their tunneling to a defect even at h
temperatures. As a result, the weak temperature depend
of PL intensity is observed in the sample with wide tail sta
as shown in Fig. 8. The decrease and increase inDE with
temperature are caused by lowering of the demarcation le
redistribution of trapped electrons in the band tail, and
crossover from self-trapped holes to tail holes distribu
over the valence-band tail states. The blueshift ofEp ob-
served only in the sample with wide tail states is due to
redistribution of carriers by their hopping at higher tempe
tures.

Next we discuss the thermal quenching ofI p observed
above 50 K in terms of reexcitation of trapped electrons
the conduction-band tail.I p in the temperature region wher
the thermal quenching is observed is given by

I p5I 0 /@11A exp~T/T0!#, ~1!

whereI 0 is the I p in the low-temperature limit, andT0 and
A are constants.9 This relationship can be postulated on t
assumption that thermally excited carriers in extended st
diffuse away to nonradiative sites and that the density
localized states below the mobility edge varies
exp(2E/E0). Here, E is the depth taken from the
conduction-band edge andE0 is a constant, corresponding t
the width of the band tail states. The relationship betwe
T0 andE0 can be expressed by the relationship9

T05E0 /k ln~v0tR!, ~2!

FIG. 13. PL spectra measured at various temperatures u
I ex520 mW for a-Si:H ~the upper figure! and PL spectra normal
ized at the PL peak intensity~the lower figure!.
-
d
ed
ia-
s
n

nce
s

el,
a
d

e
-

n

es
f
s

n

where k, v0, and tR are the Boltzmann constant, the a
tempts to escape frequency, and radiative decay time, res
tively. We obtain the value ofT0 from the slope of the linear
relationship between (I 0 /I p)

21 and exp(T/T0). The value of
T0 obtained is shown as a function ofLW in Fig. 14. The
relationship betweenEu andLW is also shown in the inset o
Fig. 14, whereEu is the characteristic width of the Urbac
tail, which is measured from the photothermal deflecti
spectroscopy~PDS! at room temperature.25 However, in our
model, the measured values ofT0 are related to the width
E0 of the conduction-band tail, while that ofEu corresponds
to the width of the valence-band tail.T0 varies withLW in a
similar way toEu . The conduction-band tail is broadene
with decreasingLW , so that the temperature variation onI p
becomes gentle in a similar way to that fora-Si0.6N0.4:H
whose band tail is also broad. This shows that the temp
ture dependence ofI p can be interpreted in terms of th
thermal quenching model mentioned above.

We have considered the reason why PL intensity sho
the peak around 50 K on the basis of the PL decay curve26

At low temperatures such as 7 K, photogenerated elect
hole pairs with the long recombination lifetime,'50 ms,
exist. However, with increasing temperature the number
these pairs decreases and redistribution of carriers easily
curs; i.e., some electrons thermalized into deep tail states
reexcited thermally into shallower tail states having lar
radiative recombination rates via hopping. Then, this cau
the PL intensity to increase.

Next, we consider the PL efficiency as a function ofLW in
Fig. 9. At low temperatures the electrons trapped in
conduction-band tail cannot be excited thermally to the
tended states and recombine with trapped holes radiative
nonradiatively via the defects. Therefore, the decrease inh is
closely related to the density of nonradiative centersNs and
h is given by the expression27

h5exp~24pRc
3Ns/3! ~3!

by assuming that the band tail electrons and holes
a-Si:H are sufficiently immobile at low temperatures so th
nonradiative recombination occurs by their tunneling to
defect, where the critical distanceRc is defined as that for
which nonradiative tunneling becomes more probable t
radiative tunneling within the electron-hole pair. Accordin

er

FIG. 14. Plot ofT0 as a function ofLW . The inset shows the
Urbach tail widthEu as a function ofLW .
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to PDS~Ref. 25! and ESR~Ref. 28! measurements, the num
ber of defects per unit volume within the well layer becom
large with decreasingLW . When LW becomes small com
pared with the average separation of defects, the recomb
tion probability of electrons and holes at the defect is sign
cantly reduced.22 This is due to the two-dimensional featu
of nonradiative recombination via defects. In this case,h is
given by

h5exp~2pRc
2LWNs!. ~4!

From this relationship, the saturation ofh in multilayers with
less thanLW530 Å such as shown in Fig. 9 suggests that
product ofLW andNs in Eq. ~4! may be nearly constant. Th
observed variation ofNs with LW by our recent ESR
measurement28 shows this behavior instead of the thre
dimensional feature given by Eq.~3! for multilayers with
LW of less than 30 Å.

Since the thermal quenching effect is weakened for m
tilayers with smallLW and the nonradiative recombinatio
via tunneling is almost independent of temperature,
electron-hole confinement effect manifests itself in multila
ers with thin well layers at higher temperatures such
200 K.

We have considered the temperature variation ofI p in
terms of the thermal quenching of PL. Here, however,
point out that the temperature variation ofI p has also been
discussed in terms of a model of self-trapping of hol
namely, there is a crossover from self-trapped holes to
holes distributed over the valence-band tail states aro
140 K with increasing temperature.23 This manifests itself in
part in the activated behavior of the temperature variation
I p , as shown in Fig. 15. The activation energyEth measured

FIG. 15. PL intensity plotted against T21 for
a-Si:H/a-Si3N4 :H multilayers with LW56 Å ~open triangle,
Eth50.15 eV), 12 Å ~solid triangle,Eth50.19 eV), 18 Å ~solid
square,Eth50.20 eV), 36 Å~solid square!, anda-Si:H bulk film
~open circle,Eth50.26 eV).
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from the slope of the lnI p versus 1/T curve corresponds to
either an average thermal excitation energy of tail electr
particularly in PL or the thermal depth of the self-trapp
hole level. The values for each sample are given in the c
tion of Fig. 15. The value of 0.26 eV for a bulka-Si:H
sample almost corresponds to the latter value, while those
multilayer films may correspond to the former value.

The ODMR signal consists of quenching and enhanc
signals. The quenching signal is mainly due to Si db’s,
described above. It is suggested from the spectral dep
dence of ODMR signals that two radiative centers exist n
g'2.0 in multilayers. One is the self-trapped hole center,
A center, and the other is theE center. This identification is
consistent with the result of theLW dependence of theg
value of the enhancing lines shown in Fig. 11~b!. As men-
tioned in Sec. III,g value of the enhancing line,A line,
observed at 0.9 eV decreases with decreasingLW , while that
of the enhancing line,E line, observed at 1.44 eV exhibits
different behavior from that observed at 0.9 eV, namely
small change withLW . A decrease of theg value at 0.9 eV
with LW is associated with an increase in the band gap.
the other hand, another enhancing line, theE line, has been
attributed to an electron trapped at aT3

1-N2
2 pair defect,

which exist preferentially in the interface region, particular
on the barrier-layer side. Thus, they are hardly affected
the well layer, namely, the quantum-size effect. As a res
their g value does not exhibit a significant change w
LW . For LW56 Å, the observed enhancing line is only du
to theE center. We think that theA center is not observed in
the multilayer with LW56 Å as has already bee
suggested.17 These results coincide with those of the pho
induced absorption;20 i.e., theA center is observed for the
multilayer withLW>10 Å, while forLW,10 Å, theA center
becomes unstable and thus holes are trapped in the vale
band tail, because the lattice relaxation probably may
occur for holes to be self-trapped in specific Si-Si bonds
the a-Si:H well layer being sandwiched bya-Si3N4 :H bar-
rier layers with the stronger bond strength.

C. Comparison of the quantum-size effect model
with the alloy model

In the following, we compare the PL properties of th
a-Si:H/a-Si3N4 :H multilayers with those ofa-SiN:H alloys.
An increase ofI p is observed around 50 K in all multilayer
~see Fig. 8!. As mentioned before, this is observed by i
creasing the excitation intensity and/or decreasing the s
density of Si db’s ina-Si:H; i.e., the increase of the photo
excited carrier density. However, we could not observe it
a-Si12xNx :H samples 2506 (Eg52.40 eV) and 2510
(Eg52.18 eV). These are caused by the difference in
nonradiative recombination properties between multilay
anda-SiN:H, i.e., the recombination properties in multila
ers are mainly associated with thea-Si:H well layer and the
interface region. In other words, this is due to the increase
the photoexcited carrier density caused by the confinem
effect of photogenerated carriers ina-Si:H well layer.

As has already been pointed out,h at low temperatures
shows a constant value belowLW'30 Å and this indicates
that nonradiative recombination of two-dimensional natu
operates in the well layer withLW of less than 30 Å, as
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shown in Eq.~4!. If the alloying effect operates at the inte
face, the N content in thea-Si:H well layer increases with
decreasingLW . If so, and the two-dimensional nature
nonradiative recombination is neglected,h should decrease
with decreasingLW because of the increase of the Si db
density associated with the increase in the N conten
a-Si:H, but this is not the case, as seen in Fig. 9. Theref
this result is considered to be due to the recombination p
cess in the multilayer structure, as was discussed in d
concerning the result of Fig. 9.

The PL decay behavior in bulk films and multilayers
also consistent with a model of the quantum-size effect
detailed account of the PL decays will be reported elsewh

V. CONCLUSION

We conclude that the results of the PL and ODMR m
surements fora-Si:H/a-Si3N4 :H multilayers are consisten
st
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with a model of the quantum-size effect. A model of th
alloy effect was examined for comparison, particularly f
the temperature dependence of the PL intensity and the
pendence of the PL efficiency onLW . These results sugges
that the two-dimensional nature of the recombination pr
erties plays an important role in the PL intensity and the
efficiency for the multilayers withLW of less than 30 Å. This
allows us to conclude that the quantum-size effect has b
observed for such multilayers having thin well layers.
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