Enhanced Yb 3*-related 0.98 um emission in porous silicon and its time
decay characteristics
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A strong enhancement in the intensity of th@.98 um emission tFg,—2F;,) of Yb3*-ions in

porous silicon is obtained by adding a pre-annealing process to host porous siliconritdgprior

to Yb**-ion incorporation and subsequent post-dope annealing. The luminescence intensity shows
a small temperature quenching, decreasing from 20 K to 300 K by a facted 6f The time decay
measurements show that there are two majof*¥ielated luminescence centers in Yb-doped
porous silicon. One is a fast decaying center with a decay time3#f us at 20 K which decreases
rapidly with increasing temperature. The other is a slowly decaying center with an almost
temperature independent decay time-of00 us. The latter is responsible for the small temperature
quenching of YB'-related 0.98 um emission. ©1998 American Institute of Physics.
[S0021-897€08)02702-9

I. INTRODUCTION Incorporation of YB" ions into PS hosts is carried out

. . by dipping the PS in an Yb@glkthanol saturated solution for
A strong temperature quenching of the decay time of th‘%wo hours. Electrochemical incorporation of ¥bions is

3+_ . . N . . a
Yb*"-related emission for Yb-doped crystalline semiconduc also used for PS samples which undergo no pre-annealing. A
tors has been reportéd, and has been successfully ex-

X : . " typical Yb concentration measured by secondary ion mass
plained in terms of the energy back flow mechanisms via a pectrometry(SIMS) is 3—4x 10%cn?. After the YB-ion

3+_ .
Yb rgft_ed trap Ieve?.Howe\(er, we have_ r_ecently reported incorporation processes, samples are annealed in a pure Ar
that Yb™"-ions incorporated in porous silicofPS shows g4 999905 nure H(99.9999%) or Ar/G(20%) ambient at
emission atv0.9£_3,um with a small temperature quenchifg. high temperature&1000—1100 °Gfor 30 sec to 50 min us-
In ,fje photoluminescence .Of %dopgd semmgnductors, ing a lamp furnace in order to optically activate hions.
Yb™ 4f-electrons qf the spin orbit Sp.l?u:5.’2 and“F7, en- PhotoluminescencéPL) measurements are carried out
ergy levels are excited by the recombination of electrons ang exciting samples with the 514.5 nm line of an Ar ion
holes generated when Fhe samples are excited with an abOYaé;er. The PL signal is monitored using a single-grating
bandgap energy laser line. Therefore, thé*¢telated emis- monochromatorJobin-Yvon HR320 and a cooled germa-
sion intensity is related to the density of the generated elecﬁium pin photodiodeNorth-Coast EO-817Lfor the lumi-
trons and holes, energy transfer rate, and the 1‘Iu0rescen%%Scence measurements or a photomultipliéamamatsu

. . )

decay time of the Yb" luminescence centers. Photonics R176)7for the time decay measurements.

'ncr;-::e Fha:epgrrni e:('; Vr\]’ gahnslTp;?\ggorTsa'tﬁ”ilropr;)(;'el'scsoer? 0 In the time decay measurements, the 514.5 nm line from
! Ission | iy In porous sili a 100 mW Ar ion laser is chopped with an acousto-optic

by more _thgn ten t|mes.-|t .also. dealg with the ;lme decaymodulator(AOM). The duty ratio is 1:1 and the period is
characteristics of the emission intensity of both*Yband

PS-related bands for th . d Yb-doped .|.10~ 100 msec. The time decay signal is monitored and re-
-retated bands Tor these improve ~0OpEd porous Stz aq with a digital oscilloscope. The time constant of the
con (Yb:PS samples in the temperature range from 20 K to . .
measuring system is 0.1&s.
room temperature. The causes of the small temperature

guenching have also been studied.

IIl. RESULTS AND DISCUSSION

Il. EXPERIMENTAL PROCEDURE . .
Fig. 1 shows the photoluminescence spectra of PS:Yb

Porous silicon is made by anodic etching of Czochralski-samplesno pre-annealing, electrochemical dopirag 20 K
grown p-type Si(100 (6~12Q-cm) substrates in a 46% for different post-dope annealing atmospheres just after the
HF/H,O solution for one hour at a current density of Yb®'-ion incorporation. The post-dope annealing is carried
6 mA/cn?. The PS layers formed under this condition have aout at 1000 °C for 20 min. As already mentioned in our
thickness of around 1@m and show a luminescence band previous papet, the Yb*'-related Iluminescence at
centered at 750770 nm with a full width at half maximum ~0.98 um is observed after post-dope annealing in a pure
(FWHM) of about 120 nm. Some of the PS samples are thedr ambient(middle curve but not in an Q containing am-
pre-annealed in an Ar/{p20%) or pure H ambient at bient (bottom curve. It is newly found in this study that
900 °C for 3 min prior to YB" incorporation. This treatment when post-dope annealing is carried out in purg khe
should stabilize the PS hosts against post-dope high temper#b®*-related emission is increased by a factor of about four
ture annealing in a puretambient(see belowby terminat- compared to annealing in pure Atop curve. The broad
ing dangling bonds with O or H atoms. luminescence band on the higher energy side of th&"Yb
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FIG. 1. Photoluminescence spectra of ytterbium doped porous silico?G' 3. Temperature dependence of the photoluminescence spectra of a

(PS:Yb samples at 20 K for different post-dope annealing ambient just after S:Yb sample. A photomultiplier tube is used fo'r the detectipn. Th_e PS host
the YbB**-ion incorporation. The samples have no pre-annealing, arid Yb is pre-annealed in Ar/g20%) at 900 °C for 3 min, doped with ¥b ions

ions are electrochemically incorporated into PS. The annealing is carried OLQy dipping in YbCl/ethanol, and then post-dope annealed jraH1100 °C
at 1000 °C for 20 min. or 30 sec.

band in Fig. 1 is the band-to-band emission of the host PS  Fig. 2 shows the effects of pre-annealing of PS hosts in
which is modified by the annealing process. The band on thei, or Ar/O, before YB™ incorporation on the photolumines-
lower energy side may be related with defects in f&ite  cence spectra at 20 K. Here, the®lons are incorporated
that the intensity on the low energy side is enhanced due tpy the dipping method, since the PS hosts become highly
the spectral response of the germanium detector. resistive after pre-annealing in Arj(20%) and, hence, the
electrochemical technique cannot be used. The post-dope an-
nealing is carried out in fat 1100 °C for 30 sec. It is found
that pre-annealing in both Hand Ar/Q, increases the inten-
20K sity of Yb**-related luminescendgop and middie The en-
hancement is especially large after pre-annealing in
Ar/O,(20%) (more than ten timgs We observe that the
~0.8um luminescence band of the PS hosts retains its
original strong luminescence intensity as well as its spectral
shape after the 1100 °C, 30 sec post-dope annealing,in H
(compare with the spectrum shown at the top of Fig.This

pre O, anneal indicates that the pre-annealing produces the PS hosts stable
against the post-dope high temperature annealing,jraAd

that the stable and strong luminescence of the PS hosts re-
sults in a strong Y -related emission. Note, however, that
the Yb**-related luminescence is not obtained even for the
pre-annealed PS:Yb samples, when the post-dope annealing
pre H, anneal is carried out in Ar/Q(20%).

Fig. 3 shows the temperature dependence of the photo-
&Wy/wg\;ﬂ\ luminescence spectra of a PS:Yb sample. Here a photomul-
tiplier tube is used for the detection. The PS host is pre-

0.6 0.8 1.0 1.2 1.4 1.6 annealed in Ar/@(20%) at 900 °C for 3 min, doped with
Wavelength (um) Yb3* ions by dipping in YbCJethanol, and then post-dope
annealed in K at 1100 °C for 30 sec. The temperature de-
FIG. 2. Effef:ts of pre-gnnealing of PS hos.ts indd Ar/O, (900 °C, 3 min pendence of the intensity of the Ybrelated ~0.98um
before YB™ incorporation on the photoluminescence spectra at 20 K. Here L . lv th m r rted in referen 4. Th
the YI* ions are incorporated by the dipping method, since the PS host?mlss!on IS nearly the Ssame as repo e_ elerence 2. €
intensity decrease from 20 K to 300 K is a factorofL0.

become high resistive after pre-annealing in A(ZD%). The post-dope ) i
annealing is carried out in Hat 1100 °C for 30 sec. Contrary to the YB*-related peak, the peak intensity of the

PL Intensity (arb.units)
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FIG. 4. Dependence of the 0.98m intensity at 20 K and 300 K on the FIG. 5. Time decay of Yh:PS samples for the enhanced"¥blated 0.98
post-dope annealing time at 1100 °C for PS:Yb samples which are prexm emission in the temperature range from 20 K to room temperature. The
annealed in Ar/@20%) or in H, at 900 °C for 3 min. sample processes are the same as in Fig. 4.

luminescence band of the PS host increases at first, reachestant of ~30 us, which is then followed by a slow decay
maximum and then decreases again with increasingvith a decay time of~470us. With increasing temperature,
temperature. the fast decay component decreases and, the decay curve is
Fig. 4 shows the dependence of the 0488 intensity at  approximately described by one slow decay time at 300 K
20 K and 300 K on the post-dope annealing time at 1100 °Gthe fitted value is~390 us).
for PS:Yb samples which are pre-annealed at 900 °C in  The time decay of the luminescence intensity at Qu88
Ar/O,(20%) or in H, for 3 min. The intensity decreases of undoped PS samples which undergo the same processes as
slowly with increasing post-dope annealing time, and thethose of the PS:Yb is also measured in order to eliminate the
temperature quenching of the intensity becomes a little bibase luminescence of the PS hosts. The results are shown in
larger. Fig. 6, where the scale of the ordinate is adjusted to that of
The role of the post-dope annealing ambient is very im-Fig. 5. At 20 K, the intensity decreases quickby~49 us)
portant. In the case of Ef ions in porous silicon, oxygen is at the initial stage down to about a half, and thereafter de-
found to be more effective for the optical activation thancreases slowly with a time constant of 4 ms. The decay be-
hydrogen, nitrogen or vacuum as a post-dope annealingomes faster with increasing temperature, and it shows a
ambient® This means that the ligand atoms or the environ-time constant of40 us, followed with a slowly decaying
ment of the rare earth ions is strongly related to the opticatail with a time constant of~240us at 300 K. The decay
activation. It is not yet clear why a hydrogen atmosphere icharacteristics of the band-to-band emission of the PS hosts
effective and an oxygen atmosphere is ineffective for theat 0.75um are similar to those at 0.98m. The slow tail of
optical activation of YB" ions in the post-dope annealing, the PS luminescence at 20 K is caused by the pre-annealing
although the pre-annealing in Arj(20%) enhances the in an Ar/O,(20%) ambient. The band-to-band luminescence
Yb3*-related emission greatly. SIMS data does not show angf the PS:Yb samples which are not annealed in the
marked decrease in the oxygen content in the porous silicoAr/O,(20%) ambient decays much faster with the initial de-
layer (5 10%%cm®~1x 107 /cm®) nor marked increase in the cay time of ~40 us and the tail decay time of0.8 ms.
H, content (5% 10°%cnr) after post-dope annealing i,H ~ Comparing Fig. 5 with Fig. 6, the slowly decaying tail ob-
It is speculated that the formation of Yb-H complexes mayserved for PS:Yb at 20 K in Fig. 5 is due to the slowly
be responsible for the intense luminescence of'Yilelated  decaying background luminescence of the PS hosts, and the
0.98 um emission. real tail of the YB*-related emission at 20 K is speculated to
The time decay measurements are carried out for thbave a faster decay time. Above 200 K, on the other hand,
enhanced Y# -related 0.98um emission in the temperature the background luminescence due to the PS host in Fig. 6
range from 20 K to room temperature and the results arelecays much faster than the ¥brelated luminescence in
shown in Fig. 5. At 20 K, the decay curve is expressed ap¥ig. 5, and therefore, the slow decay observed above 200 K
proximately by two(fast and slowtime constants. The ini- in Fig. 5 is characteristic of the ¥b-related 0.98um
tial intensity decays down to less than 1/10 with a time con{uminescence.
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10° . . . . to little energy backflow even at room temperature. The cen-
ters which have a loose coupling with the host have been
observed in rare-earth doped wide gap semiconductors or
even in Er-doped InP and Er-doped Si when they are
pumped by impact excitatioh® These centers become domi-
10 1 nant at high temperatures, since the centers with a faster
decay time shows a large temperature quenching. We ob-
AR 20K serve a slight difference in the wavelendémergy of the
Yb3*-related emission peak between 20 K and room tem-
perature. The peak is located at 0.98% (1.258 eV} at 20
N 100K K, whereas it is at 0.982m (1.263 eV} at room temperature.
NN This may support the idea of the presence of twd'Ybp-
N tically active centers in Yh:PS.
RSN A more detailed study in relation with the crystalline and
N 1 optical parameters of the host porous siliderng., lumines-
S N 200K cent energy, annealing conditions gis.necessary to give a
SOOK\\\ N deeper insight into the decay mechanisms of the

NN Yb3*-related centers in porous silicon.

10° - : —
0 200 400 600 800 1000 IV. CONCLUSION
Time (us) Very strong luminescence at 0.98n due to the intra #

, , o transition of YB* ions is obtained from Y# -ion doped
FIG. 6. Time decay of the luminescence intensity at u&8of undoped PS ili h the host li . led
samples which undergo the same processes as those of the PS:Yb in Fig.gprous OS' icon, w ?n . € host porous silicon IS pre-anneale
The scale of the ordinate is the same as that of Fig. 4. at 900 °C for 3 min in an Ar/g20%) or H, atmosphere
prior to YB** ion incorporation and post-dope anneal in H
at 1100 °C for 30 sec. The intensity of the luminescence
decreases slowly from 20 K to 300 K by a factor of about 10.

The temperature depend f the ti d h
3+ LT ) p pendence of the time decay shows two
Yb>"-related 0.98wm emission is completely different from major Y luminescence centers. One has a decay time of

that of the YB* emission reported for Yb-doped crystalline : . s .
semiconductors, for example, Yb-doped InP, where the det- 30us at 20 K which decreases rapidly with increasing

cay becomes faster with increasing temperatdreThe emperature and the other has a decay time of aroundig00

. ) . which is almost independent of temperature and responsible
strong temperature quenching of Yb-doped InP is explameqﬁiOr the room temperature emission
in terms of the energy backflow to the host via®Ykelated '
traps® We speculate that the temperature dependence of th&«CKNOWLEDGMENTS
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