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SiO, films containing Si nanocrystal®ic-S) and Yb were prepared and their photoluminescence

(PL) properties were studied. For the sample containing nc-Si with an average diameter of 3.1 nm,

a weak peak {1.26 eV) attributable to the intraf4shell transition of YB" could be observed at

the low-energy side of a broad peak (.4 eV) of nc-Si. The intensity of the 1.26 eV peak was
found to depend strongly on the size of nc-Si and increase rapidly with decreasing size. The
temperature dependence of the PL spectra was studied. It was found that the degree of temperature
quenching of the 1.26 eV peak depends on the size of the nc-Si and becomes small as the size
decreases. These results suggest that the band-gap widening of nc-Si due to the quantum size effects
is essential to efficiently excite ¥b by nc-Si. © 1998 American Institute of Physics.
[S0003-695(198)01047-X]

It is well known that rare-earth ions incorporated into of the host Si from the bulk to a few nanometers, the band
semiconductor hosts in their43 states emit light from the gap changes continuously from 1.12 eV to above 1.5V,
intra-4f shell transition:® Er-doped Si has been most and for the nc-Si with a band gap of larger than 1.26 eV,
widely studied, because the emission band Sf El.54um  excitation of YB™ may become possible. Therefore, from
(0.81 eVj] corresponds to the absorption minimum in silica- the size-dependent PL studies, we can systematically study
based glass fibefs* However, the 0.81 eV luminescence of PL properties of rare-earth ions as a function of the band gap
Er-doped Si often exhibits very large temperature quenchingf a host.
and thus the room temperature luminescence efficiency is SiO, films containing nc-Si and Yb were prepared by the
rather low. One of the causes of the low luminescence effisame method used in our previous work for Sfitms con-
ciency is the large probability of the phonon-assisted backaining nc-Si and E*'® Small pieces of Si chips 5
transfer of energy from Bf to the host Si at high x15mnfin size and YBOs pellets 10 mm in diameter were
temperatures. placed on a Si@sputtering targe{10 cm in diameterand

The probability of back transfer is considered to dependhey were cosputtered in Ar gas atmosphere. Films of about
on the band gap of the host materials and decreases as the,m in thickness were deposited onto fused quartz plates.
band gap increasésSince the band gap of Si nanocrystals After the deposition, in order to grow nc-Si, samples were
(nc-S), as small as several nanometers, is much larger thafinnealed in an atmosphere of tas for 30 min at 1100 °C.
that of bulk-Si crysta?nc-Si may efficiently excite Ef. In this method, the size of nc-Si can be controlled by
In our previous work, we have studied in detail the nc-Sichanging the number of Si chips during the cosputtering and
mediated excitation mechanism OngfJA’lSWG have found the annea”ng temperature_ Yb Concentratimto can also
that the intensity of the 0.81 eV photoluminescertB&)  pe controlled by changing the number of )i pellets dur-
depends strongly on the size of the incorporated nc-Si anghg the cosputtering. Th€y,, and the volume fraction of
increases about two orders of magnitude as the size dewr-Si in films were determined by electron-probe mi-
creases from 3.8 to 2.7 nm. Our data demonstrated that W&oanalyse§JXA-8900 (JEOL)]. The size of nc-Si was de-
major features of the quantum size effects of nc-Si, i.e., th@ermined by cross-sectional high-resolution transmission
band-gap widening and the increase in the PL efficiency withsjectron  microscopic(HRTEM) observations[JEM-2010
decreasing size, contribute to the improvement of the rOOMEIEOL)]. In this work, Cy, Was fixed to about 0.16 at. %,
temperature PL efficiency of Ef.*° while the average diameter of nc-3i4) was changed from

This work is an extension of our previous studi®$’In 2 4 15 3.1 nm.
order to further clarify the nc-Si mediated excitation process  ppotoluminescence spectra were measured using a HR-
of rare-earth ions, we have studied PL properties of,SiO 35 (Jobin Yvorn monochromator and an EO-817North
films containing nc-Si and Yb. An energy level scheme ofcoasy Ge detector. The excitation source was a 457.9 nm
Y2b3+ 4f shell is very simple with only one excited sécate line of an Ar-ion laser with a power density of less than
(°Fsp) at about2 1.26 eV from the ground statéF¢,).° 1 5wcn?. The spectral response of the detection system
Since _the2F5,2— Fz2 split is ﬁrger than the band gap of a \y45 corrected by reference spectra of a standard tungsten
bulk-Si crystal (1.12 eV, Yb”" cannot be excited by the |3mp The temperature dependence of PL spectra was mea-
energy transfer from a bulk-Si crystal. By reducing the sizeg;eq from 20 to 300 K in a continuous-flow He cryostat
[Optistat(Oxford Instrumenty.
¥Electronic mail: fujii@eedept.kobe-u.ac.jp Figure 1 shows the room-temperature PL spectra of SiO
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FIG. 1. Room-temperature PL spectra of $ifdms containing nc-Si and
Yb. Inset is an expansion of the region between 1.235 and 1.285 eV. The
size of nc-Si is varied from 2.4 to 3.1 nm, while Yb concentration and film 1.26 eV peak of YB'" increases monotonously with decreas-

thic_kness are fixed at about 0.16 at. % and A, respective_ly. F0|f com- ing the temperature. The small peak appearing at low tem-
parison purposes, the spectra are normalized at their maximum intensity. peratures at around 1.2 eV is due to the crystal field splitting
of the?F ), and?F-,, bands® Figure 3 shows the intensity of
films containing nc-Si and Yb as a functionaf;. The inset the 1.26 eV peak as a function of a temperature for the
is an expansion of the region between 1.235 and 1.285 e\samples withdg~2.4, 2.7 and 3.1 nm. The intensities are
For comparison purposes, the spectra are normalized at thglprmalized at 20 K. We can find that the degree of tempera-
maximum intensity. In Fig. 1, we can see two peaks. Thdure quenching of the PL depends strongly on the size of
broad one around 1.5 eV corresponds to the radiative reconfic-Si. The sample withls~3.1 nm exhibits the largest tem-
bination of electron—hole pairs in nc-8t° This peak exhib-  perature quenching, and as the size decreases, the quenching
its a clear blueshift with decreasing the size due to quanturbecomes small.
size effects. The relative intensity of this peak is shown in  Until now, PL properties of Y&" have intensively been
Fig. 1 (a larger value corresponds to a larger PL intensity studied for Yb-doped InP=8 Yb forms an acceptor-like elec-
The intensities are corrected by the amount of nc-Si contron trap level at 30 meV below the bottom of the conduction
tained in the sample ) by dividing the observed intensities band® Electron—hole pairs generated by visible light excita-
by f. We can see that the band-edge PL becomes intense tisn are captured by this trap and form a bound exciton. The
the size decreas@s® At the low-energy tail of the peak, a recombination energy of the bound exciton is subsequently
weak peak is observed around 1.26 eV. This peak can beansferred to YB" and excites the intraf4shell. At rela-
assigned to the intraf4 shell transition of YB" tively high temperatures, the reverse process of the energy
(?Fs;—2F4;). The intensity of the 1.26 eV peak becomestransfer is also possible. The exciteél ghell relaxes nonra-
large as the size of nc-Si is decreaged the band-edge- diatively, transferring its energy to the host by producing
related peak of nc-Si shifts to higher energjedthough Yb  electron—hole pairéback transfer Since the back transfer is
concentration is nearly the same for all the samples. We have
also studied samples containing nc-Si witl>3.1 nm.

However, the 1.26 eV peak could not be observed for these ' 0.81 eV P'L '
samples. < Er doped, ds; = 2.7 nm
Figure 2 shows the temperature dependence of the PL 8 Erconc. ~0.04at. % -
. © 8- E
spectra for the sample wittig~2.4 nm. At room tempera- - 7 -
ture, we can see peaks at around 1.26 and 1.6 eV. As the ﬁ g: Jgi= ]
temperature decreases, the 1.6 eV peak shifts monotonously g af & Anm
to higher energies. The degree of the high-energy shift was 2 Il Ly o= ]
nearly the same as that of the band gap of the bulk-Si crystal E 128 gg’ed"'- ‘%\"'»2..;7"’"
[about 45 meV(300—20 K].2° The intensity of the 1.6 eV 2 2 O16at% "
peak first increases and then decreases. The intensity at 20 K %’ 3dnm
is comparable to that at 293 K. Although the reason for the T o1l ‘\‘ i
characteristic temperature dependence of the PL intensity is N
not clear, a similar temperature dependence has commonly 100 200 300
been observed for nc-Si in Sj@natricest® At 20 K, the 1.6 Temperature (K)

eV peak is very broad with a long tail at the low-energy side.

. o - L IG. 3. Intensity of the intra-# shell PL of Yb as a function of temperature
The origin of the tail is considered to be the recombination O'for the samples witlilg;=2.4, 2.7 and 3.1 nm. For comparison purposes, the

carriers trapped &, centers at the interfaces between nc-Siinensity of the intra-4 shell PL of Er is also shown as a function of a

and SiQ matricest®'7In contrast to the 1.6 eV peak, the temperatureds;=2.7 nm). The curves are drawn to guide the eye.
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a phonon-assisted process, the probability becomes large asasure, because the 1.26 eV PL is on the tail of the band-
the temperature is increased. edge PL of nc-Si. In the case of Yb-doped InP, evidence for
In the present experiments, no PL signal was detectethe back transfer is demonstrated from the PL decay dynam-
for the sample not containing nc-8fb-doped SiQ). Since ics of an InP host.It was demonstrated that at temperatures
Yb*" has only one excited statés,) in the near-infrared above 100 K, a slow component appears in the decay curve
region, to excite YB' by visible light, energy transfer from a of the band-edge PL. The appearance of the slow component
host material is indispensable. The 1.26 eV PL of*Yb gyggests that free electrons and holes are generated by the
shown in Fig. 1 is thus considered to be excited by the engnergy back transfer from the excited 3bto the InP host,
ergy transfer from nc-Si by a process similar to that of Yb-anq then the electrons and holes recombine and contribute to
doped InP, although we have at present no definite idegye pand-edge PL. Similar studies seem to be useful in dis-
about a Yb-related trap center. _ cussing the PL quenching process of the present samples.
Two possible quenching processes are often considered In summary, we have studied PL properties of Sitns
to explain the PL properties of rare-earth ions doped imocontaining nc-Si and Yb. By reducing the size of nc-Si to

semiconductor hosts. One is the dissociation of excitonabout 3.1 nm, we could successfully excite®kand ob-
bound to a rare-earth-related trap center before the energy e a.PL péak at around 1.26 e8F¢,,—2F-, transition

transferred to the rare-earth ions, and the other is the energy. . 1 o6 eV PL intensity increased rapidly by further de-

back transfer from rare-earth ions to a host. Since both : .
uenching processes require the annihilation of phononsCreaSIng the size. The temperature dependence of the PL
g ﬂ)ectra was studied. It was found that the degree of the tem-

they become more probable at high temperatures. A decisio brature quenching depends on the size of nc-Si and be-

between these two possibilities is made through a study omes small as the size decreases. These results clearly dem
PL decay dynamics. The dissociation process will not affect SS s the siz S€s. S€ results y i
nstrate that excitation of ¥b is made by the energy

the PL lifetime, while the back transfer process will decrease for f Si. Furth he band deni ¢

both the PL intensity and lifetime. In the case of Yb-dopedtrans_ er from nc-Si. Furt ermore, the and-gap widening o

InP (Ref. 5 and Er-doped Sh,the temperature dependence nc-Si due to the quantum size effects is essential to effi-
. 1 . . + .

of the PL lifetime has been studied in detail. It has beerfi€nty excite Y8 by nc-Si.
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