Photoluminescence of ytterbium-doped porous silicon
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Yb3*-related photoluminescence is observed at room temperature from Yb-doped porous silicon
layers prepared by the electro-chemical method developed by our group for Er doping of porous
silicon layers. After rapid thermal annealing in a pure argon atmosphere at high tempe(atones

~ 900 °Q, samples show a sharp photoluminescence band at arounchiwhich is assigned to

the intrashellf-4f transitions’F5;, — 2F4,, of Yb®*. The enlarged energy bandgap of silicon as a
result of anodization makes possible the excitation of 'Y#f-electrons with the recombination
energy of photocarriers generated in the host porous silicon layers9% American Institute of
Physics.

Luminescence of rare eartRE) doped semiconductors PSLs are made by anodically etching Czochralski-grown
has been intensively studied due to their potentialities fop-type Si (100) (several }-cm) substrates in a room-
optical devices:? The successful observations of both photo-temperature 46% HFA® solution for one hour at a current
and electro-luminescence of Er-doped silicon at 15¢>*  density of 6 mA/cr. The thickness of the PSLs formed is
have aroused special interests in the developments of silicoround 10um. The PSLs formed under this condition show
based optoelectronic devices, since the emission wavelengéhluminescence band centered-&800 nm with a full width
corresponds to the lowest loss of the optical fibers. Howeve@t half maximum(FWHM) of about 100 nm. After rinse in
because the luminescence energy of RE ions is limited belofeionized water, PSLs are immersed in an Yg&hanol
the bandgap of crystalline silicofi.1 eV at room tempera- solution and are negatively biased relative to a counter plati-
ture), very few studies have been reported on the luminesbum electrode to draw Y& ions into pores of PSLs by the

cence of RE-doped Si other than Er-doped Si, for instanceg!ectric field. The total charge of 0.21 Cl&mwhich corre-
the luminescence of Tm-implanted Si @K in the 0.95 to  SPonds to 4.4 107 Yb**/cn? is introduced into the PSLs

1.01 eV regior®. Very recently, luminescence of Yb- at a constant current den_sity of 0.14 mA?chhereaftgr,
implanted Si at around 1.om at 77 K has been reportéd. Samples are annealed at high temperat(868—-1300 °in
However, the spectra are very broad 200 nmj and no ex- & Pure Ar(99.9998% atmosphere using a Iamp furnace. Php-
planation for the excitation mechanism in relation with the!oluminescencePL) measurements are carried out by excit-
emission energycentered at-1.24 eV} and the bandgap of N9 samples with an Ar-ion laser 514.5 nm line. The PL
silicon (~1.18 eV at 77 K has been made. S|gnql is monitored using a smgle—gratmg mor_10chroma_tor
In the case of Er-doped silicon, the small difference be{J0Pin-Yvon HR320 and a cooled germanium pin photodi-
tween the bandgap of host silicon and the luminescence eff“¢: . .
ergy of EP* results in a large thermal quenching and an Figure 1 shows the isochronal annealing temperature de-
extremely low luminescence efficiency at room temperature_r.)e"nd,ence of the PL spectra of \_(b-doped PSLs for the anneal-
Co-implantation of oxygef,use of O-rich liquid encapsu- N9 t.'me of 30 s. A sharp Itimlnescgnce pand at about 1'.0
lated Czochralski silicon substrafesr semi-insulating poly- pm is observed abol/e 900 °C . Its intensity becpmes maxi-
crystalline silicon(SIPOS® with high content oxygen as host mum at about 1100 °C and then decreases at higher anneal-

. . ir%g temperatures. This luminescence band is not observed
materials has been found to reduce the thermal quenching %nher after annealing in Ar/20%0or from undoped PSLs
the EF*-related 1.54um luminescence and to increase the g b .

. . . The broad band centered-a0.8 um is the luminescence of
luminescence intensity at room temperature. We have "%he host PSLs and the other broad band with a small fine
cently reported on the electro-chemical Er incorporation into

orous silicon layer¢PSL9 and a strong room temperature structure ranging from 1.0 to 1.4m is considered to be
ErgJ, related 1 53'/ m luminescenca Th?—:- very smaﬁ ther related with defects in PSLs. The latter two bands are also

| hi has b bed observed in undoped PSLs and unannealed Yb-doped PSLs.
mal quenching up to room temperature has been ascribed {9,q 41 the peak at 1.0 um is still clearly observed after

the enlarged bandgap of PSLs. In this study, we report on thg, o 5ing at 1200 °C , when the photoluminescence from the
luminescence of Y ions which are incorporated into PSLs host PSLs almost disappears.

with the above electro-chemical method. Figure 2 shows the photoluminescence spectra of Yb-

doped PSLs annealed at 1300 °C for 3 min measured at
3 Electronic mail: t-kimura@electra.ee.uec.ac.jp various temperatures. A narrow emission band is observed at
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FIG. 3. Temperature dependence of the Yb-related luminescence intensity of

FIG. 1. Isochronal annealing dependence of the photoluminescence spectY&"dOped PSLs.

of Yb-doped PSLs. Annealing time is 30 s in pure Ar.

Figure 3 shows the temperature dependence of the inten-

0.985.m with a FWHM of 10 nm. The peak energy is found sity of the YI** -related peak of an Yb-doped PSL annealed
almost constant with changing measuring temperature frorat 1300 °C for 3 min from 18 K to room temperature. With
18 K to room temperature, and we assign this peak to théncreasing temperature, the intensity begins to increase
Yb3* intrashell 4f-4f transition 2Fs;,—2F;,. In contrast, slightly at first, then decreases above 50 K. The decrease is
many small peaks observed on the lower energy side areot, however, rapid. The PL intensity activation energy ob-
found to shift to lower energies with increasing temperaturestained from Fig. 3 is about 15 meV.

indicating that they are presumably related with crystal de-  For Yb-doped InP, the PL intensity of the ¥b peak
fects of PSLs. begins to decrease rapidly above30 K. The activation en-

In most intensively studied Yb-doped InP, the majorergy relevant to this rapid thermal quenching ranges from
Yb®*-related luminescence peaks are located-4002 nm 115 meV!® to 150 meV>* In the low temperature range be-
(strongest and ~1007 nm (second strongestwith weak  fore the rapid thermal quenching takes place, however, the
phonon side bands in the lower energy range and hot lines iRL intensity shows sometimes a slight decrease with increas-
the higher energy rand&. Strong YbB ' -related emission ing temperature with a small activation eneidyr instance,
bands in the energy range higher than 1.24 eV, as in th&0.8 me\}®). The EF"-related 1.54um peak in InP also
present study, have been observed for Yb incorporated ishows a small and a large activation ene@y meV and 150
wide bandgap semiconductors; for instance, in ZhS, meV, respectively*®
GaP'2and GaAs?® The activation energy for the rapid thermal quenching
corresponds to the binding energy of an electron to the RE
trapping centet®!’ Accordingly, the larger the bandgap of
host semiconductors, the larger the activation energy, and the
Anneal: 1300°C 3min in Ar ] higher the temperature for the rapid thermal quenching to
take place. Our PSLs with a PL spectrum centered at around
1.55 eV may show a rapid thermal quenching much above
the room temperature. Similar small thermal quenching with
a small activation energy for below room temperature mea-
surements were also reported for Yb/ZHEr/GaP' etc.
This small activation energy was explained in terms of a
mechanism similar to the charge-transfer mechanism via RE-
bound excitort! The 15 meV activation energy of our Yb/
PSL may also be related to a de-excitation process between
the 4f-shell of YB** and an Yb-related center, but we have
at present no definite idea about the center.

Because of the simple two level scheme of the’Yb
4f-electron energy states with a separation-df.24 eV, the
4f-electrons are undoubtedly excited through a photocarrier-
mediated process. Electron-hole pairs are first generated in
FIG. 2. Temperature dependence of the photoluminescence spectra of YSIliCON nanocrystallites by the 514.5 nm laser light excitation
doped PSLs annealed at 1300 °C for 3 min. and then their recombination energy is transferred t6*Yb
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