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Excit ati on of t he int ra-4 f - shell l uminescen ce near 1: 5 ñ m in silic on-ri ch
silicon oxi de is studied . Silicon -rich silicon oxide w as pro duced by high dose
implantation of Si + ions into SiO 2 layers grow n on silico n. Erbium doping

w as also p erformed using implantation of Er + ions at an energy of 800 keV .
A n evidence is presented that transf er of energy from defects related to
excess silicon in silica is the dominant mechanism of excitation of Er 3+ for

optical pumping in the U V -blue w avelength range. Si- nano cry stal s created
by anneali ng at 11 00

£ C rather comp ete for excitation w ith erbium than
transf er energy to Er 3+ .

PACS numb ers: 61.72.Ww , 78.55.H x

1. I n t rod uct io n

Erbi um -doped semiconducto rs have been considered since m any years as
m ateri als pro specti ve f or opto electroni c devi ces operati ng at 1 5 4 m , a basic
wa vel ength for opti cal tel ecom muni catio ns. Er- doped silicon-based materi als are
parti cul arl y interesti ng for appl icati ons as potenti al ly i t shoul d be possible to use
the exi sting adv anced VLSI silicon technology to produce opti cal components in
al l -sil icon opto electro nic integ rated ci rcui ts. However, appl icati on of bul k Si :Er in
l ight emi tters is di £ cul t, because of a compl ex exci ta ti on m echanism of erbi um
inv olving charge carri ers and exci to ns bound to shal low im puri ty levels [1], whi ch
resul ts in e£ ci ent tem perature quenchi ng of Er lum inescence [2].

It is well kno wn tha t therm al quenchi ng of photo lum inescence(PL) of Er
is reduced in oxygen-doped wi de band gap semiconducto rs [3]. Theref ore, such
semiconducto rs l ike amorpho us-Si or sil icon-ri ch sil icon oxi de (SR SO), whi ch have
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energy gaps wi der tha n bul k silicon and conta in high concentra ti ons of oxyg en are
pro mising as hosts for erbi um .

Some autho rs [4, 5] showed tha t strong and e£ cient Er 3 + photo lum inescence
(PL) at room temperature can be obta ined in SRSO conta ini ng Si-nanoclusters
(nc- Si ) embedded in an SiO 2 m atri x. The PL intensi ty was by nearl y two orders
of magni tude hi gher tha n in sil ica, for whi ch exci tati on of Er 3 + ions can be done
onl y resonantl y. Thi s observati on was ta ken as pro of of energy tra nsfer from nc- Si,
whi ch absorb the pum p l ight, to nearby erbi um ions. However, other m echanisms
cannot be excluded on the basis of experim ental resul ts presented so far [6].

In thi s work a new experim ental evidence about energy tra nsfer from defects
and Si-nanocrysta ls to Er 3 + ions in SRSO: Er is presented. In parti cul ar, i t is shown
tha t defects in SRSO are e£ cient sensiti zers of Er 3 + emission for opti cal exci ta ti on
at wavel engths shorter tha n 700 nm .

2. Ex p er im ent

La yers of SiO 2 , 0 : 5 ñ m thi ck, therm al ly grown on (100) sil icon waf ers were
im planted wi th Si + ions at three energies: 100, 150, and 200 keV and to doses of
3.0, 2.0, and 4 : 5 È 1 0 1 6 cm , respecti vely, to produce a nearl y Ûat 7% excess
concentra ti on of Si. Som e sam ples were im planted wi th 800 keV Er ions to a dose
of 1 0 cm . The pro jected range of Er was 280 nm and stra ggl ing | 60 nm .
It produced the m axi mum Er concentra ti on of 1 0 cm . The sam ples were
therm ally annealed in ni tro gen Ûow at di ˜erent tem peratures up to 1 1 0 0 C. For
lum inescence measurements in the inf rared a l iqui d ni tro gen cooled Ge detecto r
wa s used.

3. R esul t s

W e checked using tra nsmission electro n m icroscopy (TE M) tha t silicon nano-
crysta ls were form ed in SiO layers as a result of anneal ing at 1 1 0 0 C. The aver-
age size of nanocrysta ls was 1.5 nm , and the average distance between them was

4 nm . It givesan areal density of nc- Si of one nanocrysta l per 17 square nanome-
ters. Corresp ondi ngly, the volum e density of nanocrysta ls is around
1 5 1 0 cm .

Pho tolum inescence in the vi sible for SRSO sampl es annealed at di ˜erent
tem peratures is presented in Fi g. 1. Annea l ing at 1 1 0 0 C resul ts in a broad PL
havi ng i ts m axi mum at 7 6 0 nm . Thi s emission is by m any autho rs assigned
to radiati ve recom binati on of exci to ns conÙned in Si-nanocrysta ls [4, 5, 7]. Som e
other autho rs believe tha t i t comes from recombi nati on of exci to ns at the interf ace
between Si-nanocrysta ls and sil icon oxi de [6]. Bro ad PL bands observed for lower
anneal ing tem peratures are due to radiati on defects.

The PL spectra of Er near 1 5 m are shown in Fi g. 2. An increase in the
Er PL intensi ty in comparison wi th sil ica im planted only wi th Er was observed
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Fig. 1. PL spectra in SRSO samples annealed at di˜erent temp eratures.

Fig. 2. PL of Er 3+ in SRSO after thermal anneali ng.

al ready in as-im planted sam pl es. Then the intensi ty was consecuti vely enhanced
after each annealing. It seems, however, tha t enhancement of the PL intensi ty is
not correl ated wi th the form ati on of nc-Si. In f act, the PL is strongest in nanocrys-
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ta l l ine sampl es,but i t is onl y 25{ 30% m ore intense tha n in sam ples wi tho ut nc-Si
annealed at 1 0 0 0 £ C. Thi s observati on suggests tha t al l defects absorbi ng the pum p
l ight in the vi sible and UV may act as sensiti zers of Er emission.

W e were parti cul arl y interested in the possibi li ty of exci ta ti on wi th pum p
wa vel engths near 750 nm correspondi ng to the emission assigned to nc-Si . For thi s
purp ose pho tolum inescence exci ta ti on (PLE) spectra of Er 3 + excited wi thi n the
range of 720{ 850 nm were m easured and the resul ts are shown in Fi g. 3. R esonant
exci ta ti on of Er ions to the 4I 9 = 2 state is the dom inant pro cess now. Mo reover, in
nanocrysta l l ine sampl es the emission is weakest. On the basis of thi s observati on
we concl ude tha t nanocrysta ls and defects responsi ble for the red emission centred
near 760 nm do not parti cipate in energy tra nsfer to erbi um . Just the opp osite |
i t seems they com pete wi th Er ions for exci ta ti on energy.

Fig. 3. PLE spectra of Er 3+ emission at 1 : 54 ñ m excited using a T i- sapphire laser.

Cl ose sim ilari ties in the behavi our of PL in SRSO sampl es annealed at di f-
ferent tem peratures suggest tha t structure of the emi tti ng erbium centres in SRSO
is m ost probably l ike in sil ica or quartz. If i t is so, we m ay exp ect tha t the l i feti m e
of Er emission is the same in al l sam ples.

T o supp ort thi s assumpti on, ti m edecay measurements were perform ed using
resonant exci ta ti on of the 4

= level of Er wi th a 980 nm l ine of a Ti -sapphi re
laser. The results are presented in Fi g. 4. As can be seen, the decay is a sing le
exp onenti al functi on of ti m e. The ti me decay is 6.5 m i liseconds and is almost in-
dependent of annealing temperature. Temperature dependent m easurements show
onl y slight shorteni ng of the decay ti me, whi ch suggests tha t there is no back
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tra nsfer of energy from Er 3 + to defects and the observed l i feti m e is m ost pro babl y
the radi ati ve l i feti me.

Fig. 4. Decay time of Er 3+ emission at 1 : 54 ñ m excited resonantly at 980 nm.

4. D iscu ssio n

Two experim enta l facts: (a) close sim i lari ti esin the exci tati on of Er 3 + ions in
SRSO sampl esannealed at di ˜erent temperatures, and (b) the l i feti me indep endent
of anneal ing tem perature suggest tha t the emi tti ng Er ions are located in an
SiO2 -l ike envi ronm ent. In thi s locati on they can be excited ei ther resonantl y by
pum ping to any of the exci ted multi pl ets or vi a energy tra nsfer f rom defects. The
latter m echani sm is parti cularl y e£ cient for exci ta ti on in the UV- bl ue range of
wa vel engths. Thi s is because for these wa vel engths the integ rated absorpti on on
defects and nanocrysta ls is order of m agnitudes higher tha n for exci ted state of
erbi um . It seems tha t Er ions are located close to defects whi ch ensures e£ cient
energy tra nsfer. On the other hand, absorpti on in the red is m uch lower tha n for
Er 3 + and, as a result, di rect exci ta ti on processesdom inate (Fi g. 3).

W e do not seeany parti cul ar evi dence tha t Si nanocrysta ls are inv olved in the
exci ta ti on pro cess or play other ro le tha n defects in sensiti zati on of the Er 3 + ions.
It also seems tha t exci ta ti on vi a nc- Si/ SiO interf ace states [6] can be excluded,
because no enhancement of the PL of Er above the intensi ty obta ined for res-
onant exci ta ti on is observed for exci ta ti on near 750 nm . Mo reover, a competi ti ve
character of absorpti on by these defects is clearly seen in Fi g. 3.
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5 . Su m m ar y

An evi dence is presented tha t Er ions and Si-nanocrysta ls com pete for ex-
ci tati on in the wavel ength range corresp ondi ng to the red emission related to the
presence of nc-Si. Sensiti zati on vi a defects is the dom inant mechani sm for energy
tra nsfer to Er ions. The m easured decay ti m e of Er 3 + PL is the radi ati ve li feti m e.
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