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The Er—carrier interaction and its effects on the*'Erphotoluminescence properties of
erbium-doped Si/Si@superlattices are investigated. The interaction between the erbium atoms and
the electronic carriers was controlled by doping erbium into the, &@ers only and by depositing
buffer layers of pure Sipbetween the erbium-doped Si@yers and the Si layers. We demonstrate
that by controlling the erbium-carrier interaction, a three orders of the magnitude enhancement of
the EF" luminescence intensity and a nearly complete suppression of the temperature-induced
quenching of E¥" luminescence can be achieved while still allowing th&"Eons to be excited by

the carriers. We identify the asymmetry between the dominant carrier-mediated excitation and the
de-excitation paths of Ef ions as the possible cause for the observed effects20@0 American
Institute of Physicg.S0003-695(00)02324-X]

Since the first demonstration of 1.534n EF" lumines-  atoms from a direct contact with carriers may allow us to
cence by Enneherbium doping of silicon has been studied control the Er—carrier interaction in such a way that carrier-
intensely as a promising way to realize silicon-based intemediated de-excitation mechanisms are suppressed while the
grated optoelectronics. One key point that has emerged is thefficiency of carrier-mediated excitation mechanisms are re-
importance of the interaction between theé E4f electrons  tained. In this letter, we report on the ¥rluminescence
and the electronic carriers in the silicon. This interaction nofproperties of erbium-doped Si/Sj@uperlattices which have
Only allows E?+ to be excited eleCtrica”y, but since the thin buffer |ayers of pure Sipbetween the erbium_doped
electrical excitation cross sections of’Er4f electrons can SiO, and Si layers. We find that by employing such buffer
be up to 6 orders of magnitude larger than the resonant oRayers to control the Er—carrier interaction, it is possible to
tical absorptiorf, it also enables, in principle, realization of increase the B photoluminescencéPL) intensity by 3 or-
very efficifant optpelectronic Qevices. Already, light-emitting yors of magnitude and nearly completely suppress the tem-
diodes using erbium-doped silcon have been demo,nSﬁéted'perature quenching of the Er luminescence while still re-

However, interactions with carriers can result in a Verytaining the efficiency of the carrier-mediated excitation. The

eﬁ ectlve+qgench|ng of the Ef !ummescence as weII.. EX'. observed results are ascribed to the asymmetry between the
cited EP* ions can Auger excite free or bound carriers 'fd

. . ., dominant carrier-mediated excitation and the de-excitation
they become available, and at higher temperatures, excnedp

Y
Er** ions can Auger excite electrons in the valence band t(?aths of E? |ons.' . - .

. 256 . The superlattices were deposited on oxidized Si sub-
form a bound excito>® leading to a severe temperature

quenching of the B luminescence. As a result, the overall strates by electron cyclotron resonance plasma enhanced

Er* luminescence efficiency has so far remained too low tochemical vapor deposition of Sjtind G, with cosputtering

be practical of erbium. The base pressure, the microwave power, and the

One method that has been used to manipulate the ErSUPstrate temperature werex10 6Tor_r., 400 W, and
carrier interaction to obtain a better ®rluminescence is 490 °C, respectively. Under such conditions, the deposition
enlarging the band gap of Si by using nanocrystallin& 4. rates are expected to bel A/s. The deposition times of
Unfortunately, such nanocrystalline Si films are generallyPoth Silayers and the erbium-doped Si@yers were fixed
very inhomogeneous such that an accurate control of the Erat 20 s. The deposition times of the buffer layers ranged from
carrier interaction is difficult. Recently, we have reportedO to 15 s. The total period of layers was fixed at 30 for all
that a much more accurate control of the Er—carrier interacsamples. After deposition, the films were rapid thermal an-
tion is possible by using erbium-doped Si/$i€uperlattices, nealed in a sequence of 20 min at 600 °C, 5 min at 950 °C,
and that doping erbium atoms only into the Sifayers is and 5 min at 600 °C to avoid cracking and spalling of the
actually beneficial for the Bf luminescencé! Based on films. The EF* luminescence spectra were measured using
these observations, we have suggested that separating erbiam Ar laser, a grating monochromator, a thermoelectrically

cooled InGaAs detector, and the standard lock-in technique.
dAuthor to whom correspondence should be addressed; electronic mail-l.-he nominal laser power was 200 mW. Low temperature PL
jhs@mail kaist.ac.kr spectra were measured using a closed-cycle helium cryostat.
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Si FIG. 3. The normalized Ef luminescence spectra, excited with either 477
” V or 488 nm line of the Ar laser and measured at 10 K of the superlattice film,

which had buffer layers deposited for 15 s. The inset shows the dependence
of the EF" luminescence intensity upon the excitation wavelengths at the
constant pump power of 25 mW.

10 sec buffer

FIG. 1. Bright field cross-section transmission electron microscope images

of the superlattices. On the right is a schematic drawing showing the com- . s . .
position gfthe layers. 9 9 9 erbium-doped Si/Si@superlattice film before and after the

anneal sequence. The erbium peak is shown enlarged tenfold

» ) for clarity. The width of the erbium peak is 2.8 nm, in ex-
Compositional analysis was performed by Rutherford backgg|ient agreement with the TEM result in Fig. 1. Moreover,

scattering spectroscofiRBS) using 2 MeV He ™ ions and e erhjium peak hardly changes following the anneal se-

medium energy ion scatteringVEIS) spectroscopy using g ence. This indicates that the diffusion of the doped erbium
100 KeV H' ions. i i ) . atoms during the anneal sequence is negligible, and confirms
. Figure 1 Sh,OWS the b”ghf['f'e'd cross—secuon trapsmlsv[hat we indeed have pure Si@uffer layers separating the Si

sion electron microsopyTEM) images of superlattice films layers and the erbium-doped SiCayers. Based upon this

and SChemﬂ“C Q(Ieplctlonshof their c<|)mp05|t|||(?n. The dark,,hfirmation that the thickness of the erbium-containing re-
bands are the Si layers. They are polycrystalline, and Som&on is the same for all samples, the erbium concentration in

grains can be observed. The Si and Sl@yer thicknesses such regions was deduced using RBS to-t1 at. % for all
are 4 and 3 nm, respectively, for the film with no buffer samplesnot shown

layers, and 5 and 6 nm, respectively, for the film with 10 s Figure 3 shows the normalized ¥rluminescence spec-

buffer layers. Thus, we estimate a buffer layer thickness O{ra, excited with either 477 or 488 nm line of the Ar laser and

~1.5nm for t.h.|s particular film, in agreemgpt W.'th the ex- measured at 10 K, of the superlattice film which had buffer
pected deposition rates. Buffer layer deposition time was nolragers deposited for 15 s. The two*Eruminescence spectra

ex.tsnflled bfe%ong 15 s.tbzcgglse doing (sj%resulted n tehxcess%{ e identical, even though 488 nm excitation light can be
oxication ot the deposited St layers and decrease In € OVeLy, o hed resonantly By 15,2 Hyyp, intra-4f transition of

all film quality. 3+ e
. but not the 477 nm excitation light. Furthermore, as the
Figure 2 shows the MEIS spectra of such a bm‘ferecﬁsetshows, the Bf luminescence intensity does not show a

peak near the optical resonance absorption band near the 488

30— _ ' scattering angle 90° and 515 nm excitation light. Taken together, Fig. 3 indicates
[ As'deposﬂ;d (SUSI0/SI0,E/Si0)/Si that the EF* luminescence is dominated by3Eriqns in a
25} - - - As deposited x10 i single class of erbium sites, and that the carrier-mediated

----- After annealing x10

excitation is the dominant mode of excitation even with the
. presence of buffer layers.
The temperature dependence of thé Eluminescence

20

surface Si

‘g 15 ) o, y intensity is shown in Fig. 4. A 477 nm line of the Ar laser
3 ,f*'f/""‘g‘; was used to ensure that the*Erions are excited only via
10 i surface Er 4 carriers. We find that the Ef luminescence intensitjn-
5 .‘JW:.‘ Ty i creasesvery strongly, by a factor qf up to qearly 3 orders or
;,.;..«\.‘4\;;,;,‘: ~2.8nm .\ ~ 5nm magnitude, as the buffer layer thickness increases. Further-
0 ; ; s RO LT more, the temperature quenching of thé'Huminescence is
92 93 94 95 96 o7 98 99 100 101 suppressed by the presence of buffer layers as well. Without
Energy(keV) buffer layers, the Ef luminescence intensity decreases by a

FIG. 2. Medium energy ion scatteringMEIS) spectra of erbium-doped factor of 3 as the temperature is increased from 10 K to room

superlattice with buffer layers before and after the anneal sequence. THEMperature, in agreeme_nt with preViOU_S restiitdowever,
erbium signal is shown enlarged tenfold for clarity. the temperature quenching of the’Eluminescence lessens
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. . ————— reported that precisely such tunneling of carriers from the Si
layer to traps in the adjacent Si®ayer occurs. Therefore,

=]

% AAMA A v we can expect that there exists a thickness window in which

@ 10° E buffer layers will block the interaction of the £rion with

2 i PP N ] the free carriers only. Given the above mentioned asymmetry

_ i between the excitation and de-excitation mechanisms, such

o 1 ® Py . . .

8 10°F ,o-o——O ECED — 3 buffer layers will then suppress -carrier-mediated de-

i § . v tssechuter | excitation of EF* while still allowing carrier-mediated exci-

S | emma—ta—m § "7 Y tation of EP* to proceed.

> 0 A b S 3 Note that this explanation does not require any band gap

£ a1l 3~ Ssectufier W, RS enlarging of the Si layers due to the quantum confinement

; —¥— 15 sec bufer L 00T effect. This is consistent with the fact that we observe sup-
4 0 20 40 60 80 100 120 pression of temperature quenching of*Eduminescence
1000/T even though the Si layers are too thick to show any quantum

confinement effect? since the temperature quenching of the
FIG. 4. The temperature dependence of integratéd BL intensities. The g3+ lumnescence, because it involves Auger excitation of
inset shows the temperature dependence of the luminescent decay "fetimeélectrons in the valence band, is ultimately related to inter-
. ) ) action of EF* ions with free carriers.

as the buffer layer thickness increases, and is nearly com- |, conclusion, we have demonstrated that'Humines-
pletely suppressed when_the buffer layer th@ckness increqs%%nce from the erbium-doped Si/SiGuperlattice can be
beyond 1.5 nm. In<_:reasmg bu_ﬁe_r layer thickness also iNyreatly enhanced by doping erbium only into the Siyers
creases the Bf luminescence lifetime and suppresses theirgng depositing thin buffer layers of pure SiBetween the
temperature quenching as well. This is shown in the inselerhium-doped Si@layers and the Si layers. We ascribe the
Wh'fh shows the temperature dependence of the effectivgnhancement to the asymmetry between the carrier-mediated
Er*" luminescence lifetimes. ~ excitation and de-excitation mechanisms of 'Eand to the

The results presented above are somewhat surprisingact that by using buffer layers, we can control the Er—carrier

since the presence of buffer layers should inhibit the overaljnteraction such that only the de-excitation mechanisms are
interaction between erbium and the electronic carriers in thgyppressed.
Si layers, thus leading to the suppression of carrier-mediated
excitation as well as carrier-mediated de-excitation of er- It is a pleasure to acknowledge Dr. J. H. Song for help
bium. We note, however, that an asymmetry is known towith RBS analysis. This work was supported in part by ITA,
exist between the dominant carrier-mediated excitation anthe Advanced Photonics Technology Project, and Surface In-
de-excitation mechanisms of Erin Si. In the following, we  terface Analysis “NRL” Project.
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