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Photoluminescence and optically detected magnetic resonanceanSi:H/a-SisN,:H multilayers
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The measurements of photoluminesce(feke) and optically detected magnetic resonance were carried out
for a-Si:H/a-SizN,: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 thickngsddpendence 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 wigh of less than 30A.
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|. INTRODUCTION well layers, and a gas mixture of SjH10% in H,) and pure
NH; having y=[NH]/[ SiH,]=10 was used for the barrier

Since the first fabrication of amorphous silicon-basedayers ofa-Si;N,:H (optical gap=5 eV). The flows of the
multilayers by Abeles and Tiedjetheir electronic properties  two types of gas mixture were controlled by a microcom-
have been discussed in terms of the quantum-size effect. Rputer and were admitted to the reaction chamber alternately.
cently, however, different interpretations based on the alloyrused silica and/or crystal silicon were used as a substrate
effect have been proposed, for example, on the blueshift dfield on the grounded anode. The growth rate of the indi-
the optical absorption edge associated with a decrease in thgual layers ranged from 0.6 to 1.3 A/s and the residence
well-layer thickness of @-Si:H/a-SiN, :H multilayers**In  time of gas in the reactor was about 1 s. During the interval
double-barrier structures based a8i:H and its alloy with  between deposition of each layer, the system was evacuated
nitrogen or carbon, observed bumplike irregularities in theirand hence the rf plasma was interrupted. This interval time
current-voltage characteristics were first accounted for inwas 5 s. Further details for the correlation between the prepa-
terms of resonant tunnelirfigvery recently, a doubt has been ration conditions and the film quality have already been
cast on this interpretation and another mechanism has beesporte The characteristics of the samples used in this
proposed, in which hopping conduction of carriers throughstudy are listed in Table 1. The well-layer thickndsg and
the localized levels of the barrier layers is responsible for thigarrier-layer thickneskg range from 6 to 210 A and from 5
phenomenon.In any case, however, the authors have con+to 75 A, respectively. The barrier-layer thickness of 25 A is
firmed periodic multilayer structures in their samples. sufficient for the confinement effect of photoexcited carriers,

In this paper, we present a detailed investigation on phoas will be seen from PL experiments concerning samples
toluminescencdPL) and optically detected magnetic reso- 5116, 5104, and 5106 mentioned in Sec. Ill A.
nance (ODMR) in a-Si:H/a-SisN,:H multilayers. These Periodic structures in our samples were evaluated by us-
measurements are greatly devoted to an understanding of they x-ray diffraction and TEM. Sharp x-ray diffraction peaks
recombination processes and the nature of recombinatiofere observed and showed the existence of well-defined su-
centers in the multilayers. In Sec. Il, we describe the prepaperstructures. The layer spacing was determined from the
ration method for the multilayers and experimental proceBragg diffraction angles, which was in good agreement with
dures for PL and ODMR. We also show a photograph ofthe layer thickness estimated from the deposition rate of the
periodic multilayer structures for the multilayer samplesindividual layer. The picture of the film cross section taken
taken by a transmission electron microsc¢peM). In Sec. by JEOL-100U transmission electron microscope in Canon
I1l, we present detailed results on PL and ODMR for multi- Research Center clearly showed the multilayer structure, as
layers as well as for bulk films ofa-SiiH and seen in Fig. 1. The optical gap was estimated from Tauc's
a-Si;_4N,:H. In Sec. IV, we discuss the experimental re- plot of the absorption coefficient. The characteristics of the
sults in terms of the quantum-size effect. We also commengamples are also listed in Table I.
on different interpretations based on the alloy effect. In Sec. The steady-state PL experiments were carried out at
V, conclusions are drawn. 2-400 K, using unfocused Ar ion laser light of the photon
energyhv=2.41 eV (514.5 nm and/or 2.54 eV(488 nm)
and 0.2-500 mW (0.8—2000 mW/cn°'1) for excitation
chopped at about 80 Hz. The light intensity of 500 mW was

a-Si:H/a-Si;N,:H multilayers were prepared at 250 °C used for the light-induced effects. The PL was dispersed with
by using a capacitively coupled rf glow discharge systema single-prism monochromator to obtain the spectrum and
SiH, diluted to 10% in H was used to produce treSi:H  was detected with a cooled germanium detector with a re-

Il. EXPERIMENT
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TABLE I. Characteristics of samplek,y, well-layer thickness; T T r T
Lg, barrier-layer thickness.
Number of Optical gap
Sample Lw(A) Lg (A) periods eV) = 040
a-Si:H/a-SizN,:H multilayers = %
5103 6 25 350 2.36 5 -
5107 6 75 150 <
5114 6 50 293 035
5120 8 25 300
5109 12 25 300 2.09 0 %6 200
5115 12 50 201 (a) TEMPERATURE (K)
5104 18 25 250 2.00 e —
5106 18 75 135 3 3
5110 18 50 100 i Lw=184
5111 20 50 100 [ttt eee, ]
5113 18 50 200 Z 4 035“‘“““ ' i
5116 18 5 250 g Lo
5117 18 25 250 s F N ]
5105 36 25 150 1.85 8 | O Lg=75A
5112 72 25 100 z .ol NS )
= |
5121 210 25 36 g 3 N SN
a-Si:H £ L ’
1502 8400 ~1.80 T i . 1
a-Si;_,N, :H fok A7 ]
2506 9000 x=0.4 2.40 E . . 3
2510 9200 x=0.2 2.18 - ]
golt 1 | YRS S T T N S T N R BT
sponse time of about 300 ns. The PL spectra were corrected 0 100 200 300 400
for the spectral response of the detection system. The detec-
tion systems for PL and ODMR measurements were de- (b) Temperature (K)

scribed in more detail in our previous papefor the elec-
tron spin resonancéESR) measurements, ax-band JEOL

FIG. 2. Temperature dependence(af PL peak energyopen

spectrometer was used at room temperature.

FIG. 1. Picture of the cross section of theSi:H/a-Si;N,:H

multilayer film with L,,=20 A andLg=50 A taken by a transmis-

symbolg E, and FWHM (solid symbol$ AE, and(b) PL intensity

at the peak energy in the steady-state PL spectra for
a-Si:H/a-Si;N, :H multilayers withLy=18 A andLg=5 A (tri-
angle, 25 A (circle), and 75 A(squarg. Excitation intensity for PL
measurements is 20 mW.

Ill. RESULTS

A. Lg dependence of PL properties

First, in order to examine the effect of barrier-layer thick-
nessLg on PL properties such as the PL peak energy of PL
spectrumE,, the full width at half maximum(FWHM)

AE, and the PL intensity &, |,, the temperature depen-
dences ofE,, AE, andl, in samples withL,= 18 A and
Lg=5, 25, and 75 A have been measured as shown in Figs.
2(a) and Zb), respectively. PL spectra of multilayers are
shown in Fig. 3. Their behaviors in samples witp= 25 and

75 A are similar to each other and their values are almost the
same. However, each value of the sample Wig+=5 A is
different from those of other samples.

Figure 4 shows the values &,, AE, andl, at 7K in
samples withL,,=18 A as a function oL.z. The values at
Lg=0 A are those ofa-Si:H bulk film. E, and |, rapidly
decrease and then increase through a minimum near

sion electron microscope. It shows the periodic structure withLg=5 A and reach a constant value with increasing On
Lw (a-Si:H)=20 A andLg (a-SiN:H)=50A.

the other handAE rapidly increases and reaches a constant
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FIG. 5. Temperature dependences of the PL peak ertesdg
the steady-state PL spectra faa-Si:H, a-SipgNg4:H, and
a-Si:H/a-Si;N, :H multilayers withLg=25 A and varioud., .

value. These results suggest that PL properties are largely
affected untilLg=20 A, in other words, they are influenced
by the interface region, which is estimated to be about 10 A
in thickness, and the nature of the interface region will be

FIG. 3. Steady-state PL spectra measured at various tempergiscussed in a separate paf)e'l'rherefore, we consider that

tures such as 7, 200, and 300 K fSi:H bulk film (solid curve$,
a-Si:H/a-Si;N, :H multilayer film with Ly,=72 A andLg=25 A
(broken curves and that withL,,=6 A and Lg=25 A (dotted
curves. Excitation intensity for PL measurements in 20 mW.
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FIG. 4. PL peak energl,,, FWHM AE, and PL intensity at the
peak energy,, at 7 K in samples witl.,,= 18 A as functions of the
barrier-layer thickneskg . Excitation intensityl ., for PL measure-
ments is 20 mW.

the value ofLg=25 A is sufficient for the confinement effect
of photoexcited carriers and we present the results of the
samples with_g=25 and/or 75 A in the following.

B. Temperature dependence of PL spectra

The PL spectra observed at various temperatures in mul-
tilayers are shown in Fig. 3. With increasing the temperature
from 7 K, two emission bands, i.e., the low-energy band
(LEL) and the high-energy ban@HEL) can be clearly ob-
served, peaked at about 0.9 and 1.4 e\&4iBi:H and mul-
tilayers with rather thickL,,, e.g., in a multilayer with
Lw=72A. The LEL is characterized by its weaker thermal
quenching than the HE Therefore, the LEL is most readily
observed at high temperatures, as shown in Fig. 3. The peak
intensity of the defect-related LEL at 300 K in a multilayer
with Ly,=72 A is large by a factor of 20 compared with that
in a-Si:H. This indicates that the radiative centers associated
with the LEL are created at the interfaces betweeSi:H
and a-Si;N,:H layers. Moreover, the LEL cannot be ob-
served separately from the HEL as a well-defined band
peaked at 0.9 eV with decreasihg, down to 10 A even at
high temperatures.

The temperature dependencesEf and AE in the PL
spectra of multilayers ana-Siy gNg 4:H are shown in Figs. 5
and 6, respectively. The shift &, toward lower energy in
a-Si:H with increasing temperatures is partly due to a de-
crease in the energy band gap. Sirigg above 100 K in
a-Si:H has a temperature coefficient of 13680 % eV/K in
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FIG. 6. Temperature dependences of FWHME, in the steady-
state PL spectra foa-Si:H, a-Siy¢Ng 4:H, anda-Si:H/a-Si;N,:H
multilayers withLg =25 A, and varioud.,. The arrows denote the
temperature at which the value of FWHM shows the minimum.

comparison with a coefficient of 44104 eV/K for the
band gap, the temperature dependencelgf should be fur-
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thermore caused by another effect, i.e., the PL peak moves gig. 7. L, dependence of the PL peak enerGy, FWHM

rapidly toward the red ira-Si:H, much faster than the gap, AE, and the optical gaf, (open triangl@ Open and solid circles
pOSSlb'y due to thermalization of the photoeXC|ted carriershow the values measured at 7 and 200 K, respectively.

down to the deep tail staté$The temperature coefficient of

E, for a-Si; ,N,:H alloy films and multilayers decreases the generation rate of carriers caused by the confinement

with increasing the N content and decreaslng, respec-

effect in the well layer and/or the decrease of the number of

tively. A blueshift of E, has been observed in the multilayer “effective” nonradiative centers in multilayers. It is also ob-

with Ly=6 A and a-SiyNg4:H at temperatures above

served that the temperature dependenceé,af weakened

150 K. In Fig. 6,AE decreases and then increases through ¥/ith decreasing., in multilayers and increasing the N con-

minimum with increasing temperatures. The temperature exXteNt iNa-Si_x

hibiting the minimum of AE increases with decreasing
L. These results will be discussed later.

Figure 7 shows thé,, dependence d, andAE associ-
ated with the main band at 7 and 200 K, as examples at the
low and high temperatures, respectively. Optical ggpis
also plotted as a function df,,. E, at 7 K gradually de-
creases and shows a minimum in spite of the increase in the
optical gap and then rapidly increases whgp decreases
less than 20 AEp at 200 K always increases with decreasing
Lw. The redshift ofg, nearL,=40 A at 7 K is due to an
increase in the PL intensity in the low-energy region, being
associated with an increase in the density of the gap states
created at the interfaces. A rapid broadening\&f is clearly
observed with decreasirg,, which is also associated with
the increase of the tail states being due to the disorder caused
by lowering of the effective dimension dfy .

C. Temperature dependence of the PL intensity

The PL intensities aE,, |, of the main emission band
for various samples are shown as a function of temperature
in Fig. 8. With increasing temperature from 7 K, a maximum
of |, observed around 50 K increases with increasing exci-
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tation density and d.ecre.asir;g the spin density of silicon dan- |G, 8. Temperature dependences of the PL intensity at the peak
gling bonds, Si db, ira-Si:H.” We can also observe a maxi- energy associated with the main emission band for

mum of |
could not observe it im-Sip gNg 4:H. As will be discussed in

p at about 50 K in all multilayers. However, we a-Si:H/a-Si;N,:H multilayers withLg=25 A and varioud._,, and

for bulk films of a-Si:H (sample 150Rand a-Siy gNg.4:H (sample
Sec. IV, these results may be associated with the increase 2606.
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Figure 9 shows the PL efficiency, estimated from the PL BOmWé}fg/nm
spectra and normalized to that afSi:H for each tempera-
ture, as a function ofy. At low temperatures such as 7, 50, < I
and 120 K, the efficiency falls by about one order of magni- 340 342 344
tude compared with that foa-Si:H and tends to saturate MAGNETIC FIELD (KG)

with decreasind-y. This behavior agrees with the similar
results reported by other authdfs'?

FIG. 10. Quenching and enhancing signals for
a-Si:H/a-Si;N, :H multilayers with Lg=25 or 75 A and various
Ly, i.e., Ly=6 A (dashed-dotted curves, samples 5103 and/or

In a-Si:H anda-Si,_,N, :H, the ODMR spectra generally 5107, 12A (broken curves, sample 510918 A (solid curves,
consist of enhancing and quenching lines as have alreaaéﬁmme 5106 and 36 A (dotted curves, sample 5105, and -
been reportea'.13_15 In a-Si:H films prepared at Eobs denpte the excitation intensity an_d photon energy at which
T.=250 °C, we have observed asymmetric quenching an@PMR signals were observed, respectively.
enhancing lines in which the quenching line shows
FWHM=~19 G and is peaked at g value of 2.0045 at figure. The open and solid circles show each value before
hv=1.44 eV with a long tail toward lower magnetic field, and after prolonged illumination {,=500 mW for 30 min,
while the enhancing line shows FWH¥20 G and peaked respectively. Theg value of the quenching line is almost
at ag value of 2.0064 ahv=0.8 eV with a long tail toward constant as a function dfy,, i.e., g=2.0045 as shown in
lower magnetic field. Ira-Si; _4N, :H films, both quenching Fig. 11(a). After prolonged illumination, thg value remains
and enhancing lines become symmetric with increasing thenchanged within the experimental error, so its results are
N content. not shown in Fig. 1(@). FWHM decreases slightly from that

In the present experiment, we have observed a quenchingf a-Si:H film and then increases with decreasing. H,
(—Al)gsg and an enhancing signal()egsg, depending on  gradually decreases frokh,= 1.9 ina-Si:H and then rapidly
excitation intensityl ., and luminescence energy in multilay- approachesH,=1 with decreasing.,, from Ly=20 A.
ers; i.e., quenching lines are clearly observed at higher lumiThis indicates that the signal becomes symmetric in the mul-
nescence energy under welak, while an enhancing line is tilayers with decreasing,y. We consider the reason for the
dominantly observed under stronky,, as observed in symmetry of the signal in the following.
a-Si:H. The quenching and enhancing lines observed in mul- The quenching line ira-Si:H is composed of three lines
tilayers with variousL,y are shown in Fig. 10. We have with g-values of 2.004, 2.01, and 2.005, which are associated
observed the quenching line from the total PL underwith trapped electrons at positively charged threefold-
lx=0.5 MW and the enhancing line at the PL energies oftoordinated Si atomsT;* centers, trapped holes at nega-
0.88, 1.20, and 1.44 eV undé&g,=80-500 mW. However, tively charged threefold-coordinated Si atorfis, centers,
it should be noted that the sample with,=6 A (samples and Si-db, respectively, as was discussed béfbifethe cre-
5103 and 510y exhibits different behavior from other ation of the negativé&) centers such a;* andT;~ centers
samples, namely, the enhancing line is not observed even at a-Si:H of the well layer is suppressed by the influence of
| ex=100 mW, but is observed &t,=500 mW, as shown in the barrier layer ofa-SizN4:H, the unresolved quenching
Fig. 10. Both quenching and enhancing lines become symiines with g~2.004 and 2.01, designated by the light-
metric with decreasing.,,. The g value, FWHM, and the induced ESRLESR) lines, disappear and the quenching line
value of AH,/AH,,H, in these lines are summarized as due to Si db can be only observed in multilayers with small
functions ofLy in Figs. 11a) and 11b), whereH, is taken L. Concerning theg value of multilayers with smalL,y,
as a measure of symmetry of the line shape as shown in thee.,, g=2.0045, its deviation from that ofa-Si:H

D. ODMR signals in multilayers
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QUENCHING SIGNAL LUMINESCENCE SPECTRA
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ENHANCING SIGNAL FIG. 12. PL spectra and spectral dependence of enhancing and
® Ejps=0.9 eV - guenching signals ia-Si:H prepared at 270 °Gsolid curve$ and
2006 © Egpe=1.44 eV ] a-Si:H/a-SisN, :H multilayer with Lyy=6 A (broken curves PL
g intensities are plotted in arbitrary units.
'S 2005 .
& db’s increased’ i.e., the quenching signal is mainly due to
Si db. Ina-Si:H bulk film, the quenching lines correspond-
20048 . , , ] ing to the LESR centers were not enhanced after prolonged
3 L Eus=125 eV ' ] illumination at low temperatures such as 2KThis behav-
€ ok amm? ior is also seen in the multilayer films of the present concern,
= - v - as shown in Fig. 1(B). These are the reasons for a different
§ 18- . Ly dependence ofl, before and after prolonged illumina-
b o ' ; ; . ] tion, as shown in Fig. 1(&). The light-induced effects will be
2.0r o] reported in a separate pager.
£ 3 TN / Figure 11b) shows theg value, FWHM, andH, of the
2 sk 1_ Al h enhancing line as a function dfy,. The enhancing line,
3 T_Iip_,_o—/ particularly before illumination, im-Si:H is due to the self-
1.00 0 2'0 3'0 4'0,, Bdlk trapped hples in specific Wegk Si-Si bonds, i.e., a weak Si-Si
Ly (A) bond adjacent to an Si-H bondthe so-called A
(0) centej*®>1>161%nd its spectral dependences of ODMR sig-

nals is shown in Fig. 12. Thg value of the enhancing line
has a spectral dependence, as reported b&fdiee g values

of the enhancing lines measured Bv¥=0.9 eV (solid
circles and 1.44 eMopen circlesare presented as functions
(g=2.0055) partially originates from the increase in theof L,y as an example, although those are measured at several
band-gap energy. Thg value of multilayers with largd,,  hv. With decreasingd.,y, the g value in the low lumines-
corresponds to the peak of the overlapped three lines megence energy regiorh¢=0.9 eV) rapidly decreases, while
tioned above. The results for the FWHM are also accountethe g values in the high luminescence energy region
for in terms of the above model. With decreasing, the (hv=1.44 eV) are almost constant, i.e., the spectral depen-
FWHM decreases, owing to the decrease of the number afence of theg value becomes small. The FWHM decreases
negativeU centers. This results in the approachrbf=1.  slightly and then increases and the shape of the line becomes
The line broadening of Si db resonance for snaj) is re- symmetric with decreasingj,. It has been considered that
lated to the variation of band-gap energy due to spatial flucthe enhancing line measured before illuminatiomiBi:H is
tuations ofL,, in the multilayer. A significant broadening caused by one radiative center, thecenter, in spite of its
with decreasing front,,=30 A may correspond to a rapid asymmetric line shape; i.e., th® center is anisotropic in
increase in the band-gap energy of the multilayer. After pronature. With decreasing,y,, the spectral dependences of the
longed illumination, the signal becomes more symmetriog value in the enhancing line become small and the anisot-
than before prolonged illumination, because the number of Siopy of the A center presumably disappears because of the

FIG. 11.g value, FWHM, andAH, /AH, for (a) quenching and
(b) enhancing signals as functions lof, .
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multilayer structure. Therefore, the enhancing line concerntively and negatively charged threefold-coordinated Si
ing the A center becomes symmetric and therefore this re{negativel), i.e., T3 andT;~, act as nonradiative centers.
sults in narrowing of the line; i.e., the FWHM becomes A possible model for theE centers is the separate
small. With further decreasinig,, such as td.,,=6 A, only =~ T;"-N,~ pair defects in order to account for the behaviors
the N-related radiative center, i.e., tRecenter** has been of LEL and ODMR! where N~ is the negatively charged
observed, namely, the observed enhancing line withwofold-coordinated nitrogen. l@-Si; 4N, :H, that is the
g~2.0045 at 0.9 and 1.44 eV is due to Becenter and the material of the barrier layer in multilayers, the situations for
enhancing line due to thé& center is observed only for the recombination properties are almost the same as those in
samples withL,,=12 A in Fig. 11b), as will be mentioned a-Si:H except for the addition of thE* centers, which are
below. The spectral dependence of the ODMR signal due taewly introduced to explain the results of light-induced ef-
the E center(broken curveksis also shown in Fig. 12. This fects ina-Si;_,N,:H.}* E* centers are the trapped electron
line is symmetric and its FWHM is about 20 G. These con-centers being composed of clo¥g™-N,~ pairs and act as
siderations are also suggested by the spectral dependencesohradiative centers. Thereforg* centers are readily cre-
ODMR signals and the excitation intensity dependences ofited by the existence of many Si db’'s and N atoms in
ODMR signals, as will be described in a separate pped  a-SiN:H with a high content of hydrogen and the strong
are also confirmed by those of photoinduced absorption iattice distortion may occur around te* center. In multi-
multilayers, i.e., the holes in the valence-band tail are notayers, i.e., when bota-Si:H anda-SiN:H layers contact
self-trapped but are distributed with a Gaussian function ireach other, electrons flow from tteeSiN:H layer into the
the valence-band tail for multilayers with, <10 A 2021 a-Si:H layer, because of the difference in the work function
of each layer materidf: As a result, some of Si db’'g;3°, in
IV. DISCUSSIONS thea-Si:H layer becomd@ ;™ (positiveU), while some of Si
db’s in thea-SiN:H layer become3 ;" (positiveU). Thus,
A. General aspects of recombination in the multilayer films as twofold-coordinated nitrogenZRI seems to be present in

Electrons and holes created by band-to-band excitatiofh€a-SiN:H layer, coupled pair$;"-N,~ are considered to
are confined in the well layers, so that their recombinatiorPe formed in the interface region. Wha* and N,~ are
with each other is enhanced compared to in bulk films. Wherseparated with each other, this pair defdéetcentey contrib-
the well layer becomes thin, recombination is becoming twodltes to LEL and to the enhancing signal, while close
dimensional in nature. The confinement effect and two-Ts"-N,~ pairs E* center seem to us to contribute to non-
dimensional recombination mentioned above have alreadfadiative recombination in a similar way to the case of
been suggested from the time-resolved PL and ODMR meaa-Si;—xNy :H.
surements ina-Si:H/a-Si;_ N, :H multilayer films??> The There are several interesting features concerning PL and
initial decay of the PL intensity just after a pulsed laser light ODMR results in multilayers. First, we take the blueshift of
excitation is turned off becomes rapid with decreading.  Ep and the narrowing oAE with increasing temperatures, as
The confinement effect of electrons and holes results in ghown in Figs. 5 and 6. Those are phenomenologically due
rapid thermalization of electrons into the conduction band© the fact that the thermal quenching of the PL band is not
tail and also in an increase of the density of trapped electrongniform over all photon energy. First we consider the PL
and holes. The multilayer film with,,=6 A exhibits a slow spectra ofa-Si:H presented in Fig. 13. The upper figure
decay of the PL intensity after the initial rapid decay in con-shows the PL spectra for various temperatures-8i:H. For
trast with those with_,,=12 and 18 A which show similar comparison among PL spectra at various temperatures, the
decay toa-Si:H bulk films. This is accounted for in terms of Spectra are normalized at the PL peak intensity and plotted
the two-dimensional feature of nonradiative recombinatioron a logarithmic scale, as shown in the lower figure. The
via Si db’s, namely the recombination probability of elec- high-energy part of the spectrum quenches more rapidly than
trons and holes at Si db’s is significantly reduced whgp  the low-energy part with increasing temperatures. This re-
becomes small compared to the average separation of SHlts in a decrease ik, as shown in Fig. 5. Another re-
db’s. The above features of recombination in the multilayefmarkable feature in the PL spectra is that the normalized PL

films are also observed in the present PL and ODMR experiin the low-energy region at 50 K also quenches, compared
ments. with that at 7 K. This results in the minimum &fE; i.e., the

narrowing of the PL spectra occurs at a certain temperature.
B. PL and ODMR properties This is also the case for the multilayer, in Whi_ch the tempera-
: ture exhibiting a minimum oAAE increases with decreasing
In order to interpret the results mentioned in Sec. Ill, weL,y, as shown by an arrow in Fig. 6. On the other hand, the
consider a model for the recombination properties of photoPL spectra of thea-Siy Ny 4:H alloy film are almost inde-
excited carriers in multilayers. According to previous experi-pendent of temperature. These results are associated with the
ments ina-Si:H (Refs. 7 and 2Bthat is the material of the redistribution of the carriers trapped in the conduction- and
well layer in multilayers, HEL arises from radiative recom- valence-band tail after photoexcitation and therefore greatly
bination between tail electrons and self-trapped holes, i.edepends on the temperature and the width of tail states, i.e.,
A centers, at low temperatures and between tail electrons arnd general, as the temperature increases, shallow tail elec-
tail holes at higher temperatures, where self-trapping of holegons are thermally reexcited into the conduction band, so
becomes unstable. LEL has been identified as due to radighat the demarcation level distinguishing between trapping
tive recombination of trapped electrons in defe&igenters, and recombination goes down and consequehtlyshifts
with trapped holes mentioned above. Si d¥g’, and posi- towards lower energy. In the case of the sample with the
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. wherek, wq, and 7z are the Boltzmann constant, the at-

I  EEVRRY I v tempts to escape frequency, and radiative decay time, respec-
08 10 12 14 16 18 2. tively. We obtain the value of; from the slope of the linear
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relationship betweenl ¢/1,)~* and exp{/T,). The value of

FIG. 13. PL spectra measured at various temperatures undérr0 obtained is shown as a function biy in Fig. 14. The

N o . _ relationship betweek, andL,y is also shown in the inset of
1,20 mW fora-Si:H (the upper figureand PL spectra normal Fig. 14, whereE, is the characteristic width of the Urbach
ized at the PL peak intensitfhe lower figure. : . . :

tail, which is measured from the photothermal deflection

wide width of the conduction-band tail, photogenerated elec® pectroscopyPDS at room temperaturé However, in our

trons are thermalized into deep levels in the conduction-banE‘Odel’ the measpred values_ 0 are related to the width
tail, so that the photogenerated electrons thermally reexcited® of the conduction-band tail, while that.EfU cqrresppnds
to the conduction band decrease in number. They nonradiglg the width of the valence-band_ taflo var|es_vx{|thLW ina
tively recombine with trapped holes via nonradiative centerss'.mllar way t_o E,. The conduction-band tail |s.br.oadened
such as Si db’s. In this case, the nonradiative recombinatio ith decreasind.y, so that the temperature va_rlatlon.b‘n
mainly occurs by their tunneling to a defect even at high®?€c0Mes gentle in a similar way to that fa¢Si dNo4:H
temperatures. As a result, the weak temperature dependen‘ﬁ’é1ose band tail is also broad..Thls ShOWS. that the tempera-
of PL intensity is observed in the sample with wide tail statedUré dependence df, can be interpreted in terms of the
as shown in Fig. 8. The decrease and increas&Enwith thermal quenchlng model mentioned above. . .
temperature are caused by lowering of the demarcation level We have considered the reason why PL intensity shows
redistribution of trapped electrons in the band tail, and a1'e Peak around 50 K on the basis of the PL decay cuives.
crossover from self-trapped holes to tail holes distribute t low temperatures such as 7 K photogen_erated electron-
over the valence-band tail states. The blueshiftegf ob- o_Ie pairs with th_e ang rec_omb|nat|on lifetime;50 ms,
served only in the sample with wide tail states is due to th¢XISt: However, with increasing temperature the number of
redistribution of carriers by their hopping at higher tempera-these.pa'rs decreases and red|str_|but|c_>n of carriers easily oc-
tures. curs; i.e., some elect_rons thermalized _mto deep talll states are

Next we discuss the thermal quenching Igf observed reexc!ted therm?”y _mto shalloyver ta'l. states haV'F‘g large
above 50 K in terms of reexcitation of trapped electrons inrad""]‘t'v_e reco_mblnz_itlon rates via hopping. Then, this causes
the conduction-band tail,, in the temperature region where the PL intensity toincrease. : .
the thermal quenching is observed is given by . Next, we consider the PL efficiency as a functiorLgf in

Fig. 9. At low temperatures the electrons trapped in the

conduction-band tail cannot be excited thermally to the ex-
tended states and recombine with trapped holes radiatively or
nonradiatively via the defects. Therefore, the decreasgif
closely related to the density of nonradiative centégsand

is given by the expressiéh

lo=lo/[1+A exp(T/To)], (1)

wherel is thel, in the low-temperature limit, andl, and
A are constant3.This relationship can be postulated on the
assumption that thermally excited carriers in extended state®
diffuse away to nonradiative sites and that the density of _ _ 3
localized states below the mobility edge varies as 7=exp— 4mRNJ3) ®
exp(—E/Ey). Here, E is the depth taken from the by assuming that the band tail electrons and holes in
conduction-band edge arf is a constant, corresponding to a-Si:H are sufficiently immobile at low temperatures so that
the width of the band tail states. The relationship betweemonradiative recombination occurs by their tunneling to a
To andE, can be expressed by the relationship defect, where the critical distand®, is defined as that for
which nonradiative tunneling becomes more probable than
To=Eg/K In(wg7Rr), (2 radiative tunneling within the electron-hole pair. According
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106 1+ 17— from the slope of the I, versus 1T curve corresponds to
either an average thermal excitation energy of tail electrons
particularly in PL or the thermal depth of the self-trapped
hole level. The values for each sample are given in the cap-
tion of Fig. 15. The value of 0.26 eV for a bul&-Si:H
sample almost corresponds to the latter value, while those for
multilayer films may correspond to the former value.

The ODMR signal consists of quenching and enhancing
signals. The quenching signal is mainly due to Si db’s, as
described above. It is suggested from the spectral depen-
L@ dence of ODMR signals that two radiative centers exist near
g~2.0 in multilayers. One is the self-trapped hole center, the
A center, and the other is the center. This identification is
consistent with the result of thke,, dependence of thg
value of the enhancing lines shown in Fig.(Bl As men-
tioned in Sec. lll,g value of the enhancing lineA line,
observed at 0.9 eV decreases with decreakipg while that
o of the enhancing linek: line, observed at 1.44 eV exhibits a

L T B different behavior from that observed at 0.9 eV, namely, a
0 0.005 0.01 0.015 0.02 small change with_,,. A decrease of thg value at 0.9 eV
1T (K1) with L,y is associated with an increase in the band gap. On
the other hand, another enhancing line, Ehéne, has been

FIG. 15. PL intensity plotted againstT~! for attributed to an electron trapped affg’-N, ™ pair defect,
a-Si:H/a-Si;N,:H multilayers with Ly,=6 A (open triangle, ~Which exist preferentially in the interface region, particularly
Ey,=0.15 eV), 12 A(solid triangle, E;=0.19 eV), 18 A (solid on the barrier-layer side. Thus, they are hardly affected by
square E,=0.20 eV), 36 A(solid squarg anda-Si:H bulk film  the well layer, namely, the quantum-size effect. As a result,
(open circle E,=0.26 eV). their g value does not exhibit a significant change with

Lw. ForLy=6 A, the observed enhancing line is only due
to PDS(Ref. 25 and ESRRef. 2§ measurements, the num- to theE center. We think that th& center is not observed in
ber of defects per unit volume within the well layer becomesthe multilayer with L,=6 A as has already been
large with decreasind.,y. WhenL,, becomes small com- suggested’ These results coincide with those of the photo-
pared with the average separation of defects, the recombinirduced absorptiof? i.e., the A center is observed for the
tion probability of electrons and holes at the defect is signifi-multilayer withL,,=10 A, while forL,<10 A, theA center
cantly reduced? This is due to the two-dimensional feature becomes unstable and thus holes are trapped in the valence-
of nonradiative recombination via defects. In this cagés  band tail, because the lattice relaxation probably may not
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given by occur for holes to be self-trapped in specific Si-Si bonds of
the a-Si:H well layer being sandwiched -Si;N,:H bar-
n=exp — mRZLwNy). (4)  rier layers with the stronger bond strength.

From this relationship, the saturation pfin multilayers with
less tharl,y=30 A such as shown in Fig. 9 suggests that the
product ofL,y andNs in Eq. (4) may be nearly constant. The
observed variation ofNg with L, by our recent ESR In the following, we compare the PL properties of the
measuremef? shows this behavior instead of the three-a-Si:H/a-SizN,:H multilayers with those o&-SiN:H alloys.
dimensional feature given by E@3) for multilayers with ~ An increase ol , is observed around 50 K in all multilayers
L of less than 30 A. (see Fig. 8 As mentioned before, this is observed by in-
Since the thermal quenching effect is weakened for mulcreasing the excitation intensity and/or decreasing the spin
tilayers with smallL,, and the nonradiative recombination density of Si db’s ina-Si:H; i.e., the increase of the photo-
via tunneling is almost independent of temperature, theexcited carrier density. However, we could not observe it in
electron-hole confinement effect manifests itself in multilay-a-Si; —\N,:H samples 2506 E,=2.40 eV) and 2510
ers with thin well layers at higher temperatures such a§Eg=2.18 eV). These are caused by the difference in the
200 K. nonradiative recombination properties between multilayers
We have considered the temperature variation pin anda-SiN:H, i.e., the recombination properties in multilay-
terms of the thermal quenching of PL. Here, however, weers are mainly associated with theSi:H well layer and the
point out that the temperature variation Igf has also been interface region. In other words, this is due to the increase of
discussed in terms of a model of self-trapping of holesthe photoexcited carrier density caused by the confinement
namely, there is a crossover from self-trapped holes to taiffect of photogenerated carriersanSi:H well layer.
holes distributed over the valence-band tail states around As has already been pointed out,at low temperatures
140 K with increasing temperatufé This manifests itself in  shows a constant value beldw,~30 A and this indicates
part in the activated behavior of the temperature variation ofhat nonradiative recombination of two-dimensional nature
|, as shown in Fig. 15. The activation enerfgy measured operates in the well layer with,y of less than 30 A, as

C. Comparison of the quantum-size effect model
with the alloy model
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shown in Eq.(4). If the alloying effect operates at the inter- with a model of the quantum-size effect. A model of the
face, the N content in tha-Si:H well layer increases with alloy effect was examined for comparison, particularly for
decreasingLy,. If so, and the two-dimensional nature of the temperature dependence of the PL intensity and the de-
nonradiative recombination is neglectegl,should decrease pendence of the PL efficiency dry. These results suggest
with decreasingd.,y because of the increase of the Si db’sthat the two-dimensional nature of the recombination prop-
density associated with the increase in the N content irerties plays an important role in the PL intensity and the PL
a-Si:H, but this is not the case, as seen in Fig. 9. Thereforezfficiency for the multilayers with.,y of less than 30 A. This
this result is considered to be due to the recombination proallows us to conclude that the quantum-size effect has been
cess in the multilayer structure, as was discussed in detailbserved for such multilayers having thin well layers.
concerning the result of Fig. 9.

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