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Photoluminescence from SiO , films containing Si nanocrystals and Er:

Effects of nanocrystalline size on the photoluminescence efficiency of Er
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SiO, films containing Si nanocrystal®c-S) and Er were prepared and their photoluminescence
(PL) properties were studied. The samples exhibited PL peaks at 0.8 angrh,54hich could be
assigned to the electron-hole recombination in nc-Si and the irtraednsition in EF™,
respectively. Correlation between the intensities of the two PL peaks was studied as functions of the
size of nc-Si, Er concentration, excitation power and excitation wavelength. It was found that the
1.54um PL of EP* is strongly enhanced by incorporating nc-Si in films. Furthermore, the intensity
of the 1.54um peak was found to depend strongly on the size of the incorporated nc-Si99®
American Institute of Physic§S0021-89708)06320-9

I. INTRODUCTION transfer from nc-Si, the 1.54m PL of EF* and the visible

Recently, Er-doped Si has been attracting much interescfr near-infrared PL of nc-Si are considered to correlate to

) ) NSAAN .each other depending on the size of nc-Si, number of active
because of its potential application in Si-based optoelectrom&r\g+ ions and excitation energy and power. Detailed studies
devices. The Bf" ions incorporated into Si produce light )

emission from the intra# transition (l,5,-%1,c,) at of these dependences will give deeper insight into the nc-Si

. ; .. mediated excitation mechanism of*Er
around 1.54um, which corresponds to the absorption mini-
I N To study these dependences of the two PL bands, stable
mum in silica-based glass fibers Interest has also been

focused on Er-doped porous Si, which emits strong 16 nc-Si with well-defined size and shape as well as chemical
photoluminescenf:)éPng even at,room temperaturegand ex- composition is indispensable. For this purpose, porous Si is

hibits very week thermal quenching of the P1°.Porous Si not appropriate beqause of |ts.|.nstab|l|ty, com_plexny n |t.s
! ) : . structure and chemical composition, and resulting ambiguity
consists of nanometer-size Si crystéi€-Sj. In porous Si,

excitation of EF* is considered to occur through the recom- in the origin of the PL. Instead of porous Si, in our previous

S o e work, we employed Si@films containing nc-SiRefs. 10,
bination of photogenerated caYrEgers in the nc-Si and the su 3, and 14as a host of Bi* and studied the PL properties as
sequent energy transfer to*Er

: . a function of Er concentratiotr. For the samples containing
The electronic band structure of nc-Si, as small as sev; . :
.both nc-Si and Er, two PL peaks corresponding to the recom-

eral nanometers, is much different from that of the bulk-Si_." . o : .
. bination of electron-hole pairs in nc-Si and the intrbtdan-
crystal due to the quantum confinement effects of electrons

: -~ “gition in EP" could be observed simultaneously. From the

holes and phononguantum size effectsThe most promi- .
: . . correlation of the two PL peaks, we clearly demonstrated
nent feature of the quantum confinement effects is the wid: o L
that the excitation of Bf is made by the energy transfer

ening of the band gap from that of the bulk-Si crystal. The ; . . . 4
widening of the band gap is considered to result in the smal}rorn nc-Si. This work is an extension of the previous work.
9 gap n order to further clarify the nc-Si mediated excitation

thermal quenching of the PL observed for Er-doped porous . . .
Si/° Sir?ce the e?ectronic band structure of nc—gi dgpend Inechanism of EY', we performed systematic PL studies for

strongly on the size, the efficiency of the 1.54n PL of %uoz films containing nc-Si and Er. In particular, we have

E* excited by the enerav transfer from ne-Si ma alsostudied in detail the effects of nanocrystalline size on the PL
depend strongl§ on the sizgg of NC-Si Y efficiency of EF". We will demonstrate that the intensity of

: . the 1.54um PL of EF* is strongly enhanced by incorporat-
As is well known, nc-Si as small as several nanometer?n nc-Si in films, and that the PL intensity depends strong|
in diameter emits light at the near-infrared and visible re- 9 ' y dep gy

gions due to the band-to-band transition between the wid?" the size of nc-Si.

ened band gap’~'? If the EF" is excited by the energy II. EXPERIMENT

Samples were prepared by a rf cosputtering method. In
3Electronic mail: fuji@eedept.kobe-u.ac.jp our previous studie¥:***18ye demonstrated that nc-Si em-
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bedded in Si@ films can be obtained by cosputtering Si and
SiO, and postannealing at 1100 °C or higher. In this work, in
an attempt to dope Er in the films, £¥; pellets were added

as the sputtering targets.In actual sputtering procedures,
small pieces of Si chips:815 mn? in size and EsO; pel-

lets 10 mm in diameter were placed on a St@rget(10 cm

in diametey and they were cosputtered. Films of aboyirh

in thickness were deposited onto fused quartz plates. After
the deposition, the samples were annealed in an atmosphere
of N, gas for 30 min at 1100 °C.

In this method, the size of nc-Si can be controlled by
changing the number of Si chips during the cosputtering. Er
concentration Cg,) can also be controlled by changing the
number of EyO; pellets during the cosputtering. T,
and the volume fraction of nc-Si in the film$4) were de-
termined by electron-probe microanaly$esing JCXA-733
(JEOL)]. The size of nc-Si was determined by cross-
sectional high-resolution transmission electron microscopic
(HRTEM) observations. An electron microscopEM-2010
(JEOL)] operated at 200 kV was used. In this work, we have
studied the samples witB, ranging from 0 to 0.11 at. %
andfs; ranging from 7 to 21 vol. %. By varyings; from 7 to FIG. 1. Typical HRTEM image of Si@films containing nc-Si {5;=11

21 vol. %, the average diameter of nc-$is) was changed o, ). Lattice fringes corresponding to t§é11} planes of Si can clearly
from 2.7 to 3.8 nm. be seen. The average diameter of the nanocrystals estimated from the image

The PL spectra were measured using a HR-GRibin- S about 3.1 nm.
Yvon) monochromator and an EO-817North Coast Ge
detector. The excitation sources were six lines of an Ar-io
laser and a He-Ne laser with a power density of less than 1.
W/cn?. Spectral responses of the detection systems were Figure 2 shows the PL spectra of Si@ims containing
corrected by reference spectra of a standard tungsten lampc-Si and Er as a function dfs; (dg;). The inset is an ex-
The temperature dependence of the PL spectra was measurgghsion of the region between 1.46 and 1,68. The vol-
from 15 to 300 K in a CF1204 continuous-flow He cryostatume fraction of nc-Si{s;) was changed from 0 to 21 vol. %,
(Oxford). while Cg, was fixed at about 0.04 at. %. Ag; was changed
from 7 to 21 vol. %,dg; changed from 2.7 to 3.8 nm. The
film thickness was fixed at about 12n. For the sample not
containing nc-Si, we can see a very week peak at about 1.54
um, corresponding to the intraf4 transition of EP"

lll. RESULTS (*1 13/~ 15/ .2 By adding nc-Si to the films, the intensity of

A HRTEM observation the _l.54,um peak in_creases dra_stically. Al'ghough the inten-
sity increases drastically by adding nc-Si, its dependence on

Figure 1 shows a typical cross-sectional HRTEM imagefg; is not simple. It was found that the intensity becomes
of the SiQ film containing nc-Si {5=11 vol. %9. We can  maximum(about 200 times stronger than that of the sample
clearly see lattice fringes in the image. The lattice fringesnot containing nc-Siwhenfg~7 vol. % (ds~ 2.7 nm. By
correspond to th¢111} planes of Si crystals with the dia- further increasindg; from 7 to 21 vol. %, i.e., by increasing
mond structure. The crystallinity of the nanocrystals is ratherlg; from 2.7 to 3.8 nm, the PL intensity decreased rapidly.
good. The nanocrystals are not aggregated and are isolated in In addition to the 1.54.m peak, the samples containing
SiO, matrices. The average diameter of the nanocrystals esic-Si show a peak at about Os8n. From our previous PL
timated from the image was about 3.1 nm. It should be notedtudies'® the 0.8 um peak can be assigned to the recombi-
here that the size of nc-Si is almost independentgfand  nation of electron-hole pairs in nc-Si. In Fig. 2, we can see
depends only offig; for the samples witlCg,<0.11 at. %. In  that the peak energy and the intensity of the Q18 peak
the case of an Er-implanted Si@ilm annealed at 1200 °C, depend strongly on the size of nc-Si. As the size decreases,
precipitates of Er as large as several tens of nanometers hatlee peak becomes intense and shifts to higher energies. The
been observed in HRTEM observatichsn the present high-energy shift is caused by the widening of the band gap
samples, such large precipitates were not found in thelue to the quantum size effe¢fsThe increase in the PL
HRTEM images. However, we cannot neglect the possibilityintensity is considered to be due to the increase in the oscil-
that much smaller Er clusters exist in films, because Er cluslator strengttl’ and/or the decrease in the nonradiative Au-
ters smaller than about 2 nm are considered to be not deteajer recombination procesg.
able by HRTEM observations due to the strong background Figure 3 shows the intensities of the 1.54 and 18
images of SiQ matrices. peaks as a function afs;. The intensities are corrected by

. Dependence of PL spectra on the size of nc-Si
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FIG. 2. PL spectra of SiQfilms containing nc-Si and Er. The inset is an FIG. 4. PL spectra of Si©films containing nc-Si and Er. The inset is an
expansion of the region between 1.46 and 1486. The Er concentration expansion of the region between 1.46 and 164. The size of nc-Si is
and film thickness for all the samples are fixed at 0.04 at. % angkth? about 2.7 nm and the Er concentration is varied from 0 to 0.11 at. %.
respectively, and the concentration of the Si nanocrystals is varied from 0 to

21 vol. %.

two orders of magnitude more intense. At the same time, the
] . . . o 1.54 um peak of E¥* also becomes more intense depending
the amount of nc-Si contained in the films by dividing the g, the size of nc-Si. It should be stressed here that the inten-

observed intensities bys;. For comparison purposes, the sjty of the 1.54um peak of E?* exhibits nearly the same
intensities are normalized at their maximum intensities obsjze dependence as that of the Q& peak of nc-Si.
tained fordg=~2.7 nm. We can see that dg; decreases from

3.8 t0 2.7 nm, the 0.um peak of nc-Si becomes about ¢ pependence of PL spectra on the Er concentration

Figure 4 shows the dependence of PL spectr&Cgn
1 l:_' e T T T The size(volume fraction of nc-Si is fixed at about 2.7 nm
5 Aeye = 488.0nm (1.5W/em?) in diameter 5~7 vol. %). The inset is an expansion of the
Er conc. =~ 0.04at. % region between 1.46 and 1.6dm. For the sample not con-
® 300K taining Er, we can see a peak of nc-Si at about 8 As
Cg, increases, the intensity of the 0/8n peak decreases
rapidly. It is noted that, in spite of the drastic change in the
intensity, the peak energy is independentGgf. This sug-
gests that the size of nc-Si is not affected ®y,, because
the peak energy is very sensitive to the sizén contrast to
the 0.8um peak, the 1.54m peak of E** becomes intense
2- . asCg, increases. Figure 5 compares the intensities of the two
peaks as a function dfg,. We can see that the 1.54m
peak becomes intense almost linearly with., while the 0.8
um peak decreases rapidly.
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2 D. Temperature dependence of the PL spectra

Figure 6 shows the temperature dependence of the PL
FIG. 3. PL intensitie§(®) 1.54 um peak, O) 0.8 um peal as a function spectra for the samples witig,~0.04 at. % anddg~2.7
of the diameter of nc-Si. The intensities are corrected by the amount of nc-Sj
contained in the films by dividing the observed intensities by the Si concen- m. At room temperature, we can see peaks at, abouF 1.54
tration (f5). The intensities are normalized at their maximum intensities atand 0.8um. As the temperatwe decre_ase& the intensity of
dsi=2.7 nm for the comparison purposes. the 1.54um peak increases slightly, while that of the @
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FIG. 5. PL intensities of 1.54 and 0,8m peaks as a function of Er con-

) . . FIG. 7. The intensity of the 1.5¢m peak as a function of temperature. The
centration. The lines are drawn to guide the eye. y AM p P

line is drawn to guide the eye.

peak first increases and then decreases. In addition to theﬁﬁ:reases, the degree of thermal quenching is very small. The
peaks, another peak appears at abouturebelow 150 K. PL is quenched only about 30% from 15 to 290 K. This

This peak becomes intense with decreasing temperature. TIQ/SI : :
o . ! : ue is much smallefabout two orders of magnitugiéhan
origin of the 1.2um peak is considered to be the recombi- gnitut

i f ors t d & ¢ t the interf b that reported for the Er-doped bulk-Si crystaimilar very
nation of carrers trapped &b, c;ezr(} ers at fhe Intertaces be- gmall thermal qguenching has been observed for all the
tween nc-Si and SiQmatrices'®?° Figure 7 shows the in-

. ) samples.
tensity of the 1.54um peak as a function of a temperature. P

. : . In Fig. 6, the energy of the 1.54m peak is almost
Although the intensity slightly decreases as the temperaturlt?]dependent of the temperature, while that of the Qi@

peak depends on the temperature. As the temperature de-
creases, the 0.8m peak shifts to higher energy. The degree
Wavelength (um) of the high-energy shift was nearly the same as that of the

1i6 1i4 1.2 1i0 O.I8 band-gap of the bulk-Si crysthbout 45 meM300 to 5 K)].
Aoxe = 488.0nm (1.5W/em?) We have studied in detail the size and temperature depen-
dgi=2.7nm dence of the 0.8 and 1,2m peaks for the samples not con-

| Er conc. = 0.04at. % ] taining Er. The results will be published elsewhere.

! Wavelength (m)

e 1o, IV. DISCUSSION
% | s :;l: a Temperature | As shovl/n'in Figs. 2 and 3, the intensity of thg 15 .
5 | o | peak of EF* is strongly enhanced by incorporating nc-Si
g i;% 1505 100K into the films. Furthermore, the intensity of the 1 & peak
N — .,‘: - depends strongly on the size of nc-Si, and the size depen-
& B /“ \l ] dence is almost the same as that of thegh8peak of nc-Si,
S *l F 3 i.e., the intensity ratio of the 1.54 and OB8n peaks is a
c i N constant independent of the size of nc-Si provided Gatis
U t N the same. The results of Figs. 2 and 3 suggest that much
o t ,078 080 082 084 more mtepse 1.54¢m. PIT may be aghleveq by codqplng

i ; 4 P?}?t?n Energy (eV) much “brighter” nc-Si. Since the PL intensity of nc-Si be-
5 4 &* o comes intense as the size decreases, PL study of the sample
WS ey containing much smaller nc-Si(2.7 nm is promising in

learning more.
|||||'|.'f'7b'rn~f' Tits |||'||1|||l|||||||||I|||||||||I|||| In thlS Work, we ContrO”eCdSi by Changinngi- AS fSi
0.8 1.0 1.2 1.4 1.6 increases, an interaction between nc-Si may increase, and the
Photon Energy (eV) interaction may affect the PL efficiency of £r. Therefore,
in order to study purely the size dependentg,should be

FIG. 6. Temperature dependence of the PL spectra of #i@s containing ; ; ) :
nc-Si and Er. The size of nc-Si is about 2.7 nm and the Er concentration igontm”ed without changinds;. Unfortunately, until now,

about 0.04 at. %. The inset is an expansion of the region between 1.46 at€ have not gucceeded in controllidg; qnder ﬁ)'(edf Si and _
1.61 um. thus cannot discuss the effects of the interactions in detail.
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Although the intensity ratio of the 1.54 and 08n 100x107®
peaks does not depend on the size, it depends strondlgon
as can be seen in Figs. 4 and 5. The intensity of the &r§4
peak increases &g, increases, while the 0.8m peak de-
creases. By assuming an energy transfer from nc-Si6,Er
these results can be explained as follows. First, the excitation

TTT1 I LI I TTrT I LELEA I LEILILI I LI I TTT ' TT
(a) Er**peak (1.54um)
" 88.onm

80 300K

dg; = 2.7nm I

L . . . 60 | Ce=007at% g, _
light is absorbed mainly by nc-Si and the electron-hole pairs n

are generated in the nanocrystals. A part of the recombina- R

tion energy of the electron-hole pairs is then transferred to w0l .- without nc-Si

Er¥*. The amount of energy transferred to’Eiincreases as -~ B CL=0.07at% |
Cg, increases. This results in growth of the 1.ath peak
and quenching of the 0.8m peak with increasin€g, .

Since the intensity of the 1.54m peak in Fig. 5 de-
pends nearly linearly o€, the energy transfer from nc-Si
to EF* is considered to be limited by the number of opti-
cally active Ef* in the films(i.e., almost all optically active 00 02 04 06 08 10 12 14
Er** ions are excited by the energy transfén this case, we Excitation Power (W/cmz)
can expect much different excitation poweP() depen-
dence for the B and nc-Si peaks. Since the amount of the ~ 100x10° rrrr e e
energy transferred to EF is limited by the number of Bf,
the intensity of the 1.54um peak will not depend linearly on
P but will be saturated at rather loR,,, while that of the
0.8 um peak will not be saturated. The saturated intensity of
the 1.54um peak will depend o1€C,.

Figure 8 shows th®,, dependence of the intensities of
1.54 um [Fig. 8@] and 0.8um [Fig. 8b)] peaks for the
samples withCg, of 0.02 and 0.07 at. %. The average diam-
eter of nc-Si is about 2.7 nm. For comparison purposes, the
PL intensity of the sample not containing nc-Si and witg
of 0.07 at.% is also shown in Fig(8. Since the PL intensity
of the sample not containing nc-Si is very weak, the raw
intensity is multiplied by a factor of 30. We can see that the L
1.54 um peak of the samples containing nc-Si exhibits very TR SN W W WS I
small P, dependence and is almost saturaf€dy. 8a)], 00 02 04 06 08 10 1'5 1.4
while that of the 0.8um peak increases monotonou$hig. Excitation Power (W/cm”)

8(_b)]' As Is eXpeCtEd’_ the saturated intensity of the Sampl?—lG. 8. PL intensities ofa) 1.54 and(b) 0.8 um peaks as a function of
with Cg; of 0.07 at. % is much larger than that of the sampleexcitation power for the samples with Er concentration of 0.02 and 0.07
with Cg, of 0.02 at. %. It should be noted here that the PLat. %. The diameter of nc-Si for both the samples is about 2.7 nm. For
intensity of the sample not containing nc-Si is much smallefcomparison purposes, the PL intensity of the sample without nc-Si is also
than those containing nc-Si and saturation was not observescqown' The fines are drawn to guide the eye.

[Fig. 8@].

To further investigate the nc-Si mediated excitation
mechanism of BY", we also studied the excitation wave-
length (\¢,) dependence of the 1.54 and Quéh peaks. Fig- Si, the 1.54um PL was detectable only when the film was
ure 9 shows tha ., dependence of the intensities of the 1.54excited by 488.0 and 514.5 nm light, and no signal was de-
and 0.8um peaks for the sample witlhs; of 2.7 nm andCg,  tected with otheh ., for the power density1.5 W/cnt) used
of 0.11 at. %. For comparison purposes, the data for thén the experiment. The 488.0 and 514.5 nm correspond to the
sample not containing nc-Si is also shownultiplied by a  *115,*F7, and “l;5,—2Hyp transitions of Et,
factor of 10. First, we compare tha,, dependence of the respectively’ On the other hand, the sample containing nc-Si
1.54 um peak with that of the 0.&um peak for the samples shows a dip at 488.0 nm. Although the origin of the dip is
containing nc-Si and Bf . We can see that, as, increases, not clear at present, one possible explanation is as follows.
the intensities of the two peaks decrease almost monotdAt 488.0 nm excitation, Bf is excited both by the energy
nously, and the overall ., dependence of the two peaks is transfer from nc-Si and by the direct absorption of the exci-
very similar except for a dip at 488.0 nm for the 1.m#  tation light. The direct absorption causes filling of the ex-
peak. cited states, and thus the efficiency of the energy transfer

We now compare the ., dependence of the 1.54m  may be reduced. This may result in a dip at the 488.0 nm
peak between the samples containing and not those contaiaxcitation. The results of Fig. 9 clearly demonstrate that the
ing nc-Si. We can see a completely differant dependence excitation of EF* is not due to a direct absorption byt
between the two samples. For the sample not containing ndut made by the energy transfer from nc-Si.

dgi=2.7nm
- Cg, = 0.02at.%
111 l A . 1 I L1l I | I S| I 111 I 11t I 11

P.L. Intensity (A=1.54um) (arb.units)

(b) nc-Si peak (0.8um)

[0 2]

o

I
O|."‘

D
=}
|
]
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B
(=)
I
o |
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o
o
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L L IR L BN Er in Si (~10%cm®) ! suggest that the EFf responsible
ErconC-=0-11atz-% for the strong PL is around the interface region between
00K 1.5Wijem nc-Si and SiQ, although a few EY" ions may exist in the

-3
15x10 nanocrystals.

dgj=2.7nm

0.15
V. CONCLUSION

We have studied PL properties of Siflms containing
nc-Si and Er. Peaks attributable to nc¢8i8 um) and EF*
(1.54 um) were observed simultaneously. The correlation
between the intensities of the two PL peaks was studied as a
function of the size of nc-Si, Er concentration, excitation
power and excitation wavelength. The most interesting result
observed was that the 1.54m PL of ER" is strongly en-
hanced by incorporating nc-Si into the films, and the PL
intensity depends on the size of nc-Si. Furthermore, we
0.00 found that the intensity ratio of the 1.54 and @& peaks is
a constant independent of the size of nc-Si, provided that the
Er concentration in the films is fixed. This implies that in-
FIG. 9. PL intensities of 1.54 and 048n peaks as a function of excitation corporation of “brighter” nanocrystals results in the stronger
Wavelength for samples with an Er concentration of 0.11 at. % anq a nc-Si.54Mm PL. Since the nc-Si becomes “brighter” as the size
diameter pf about 2._7_nm. For comparison purposes, the PL intensity of th(aecreases the 1.54n PL will be more intense as the size of
sample without nc-Si is also shown. )
the nc-Si incorporated decreases. The Jub4 PL exhibited
very small thermal quenching. The small thermal quenching
o ] is considered to be due to the widening of the band gap by
As shown in Figs. 6 and 7, the thermal quenching of thee quantum size effects. Therefore, we can conclude that
1.54 um peak of the present samples is much smaller thagyo major features of the quantum size effects of nc-Si, i.e.,
that of the Er-doped bulk-Si crystalln the case of the Er-  the pang gap widening and the increases in the PL efficiency
doped bulk-Si crystal, the large thermal quenching is considyith decreasing the size, contribute to the improvement of
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