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Strong 1.3-1.5 um luminescence from Ge /Si self-assembled islands
in highly confining microcavities on silicon on insulator
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We report dramatic enhancement of 1.3—4rh room-temperature emission from self-assembled
Ge/Si islands in highly confining microcavities on silicon on insulator. The microcavities are
fabricated either by creating defects in two-dimensional silicon-based photonic crystals or by
etching the silicon layer in order to form isolated micropillars. The optical emission is characterized
by nonlinear evolution with pump power, the nonlinearity being more pronounced as the
microcavity size is reduced. Both the nonlinearity and luminescence extraction are enhanced in
photonic crystals with large air filling factors. The results are interpreted in terms of carrier
localization. The luminescence extracted is more than two orders of magnitude higher than that of
the unprocessed sample while it is 1% that of a single InGaAs quantum well. This system appears
to be a promising alternative for microsources on silicon at telecommunication wavelengths that are
fully compatible with silicon-based processing technologies2@4 American Institute of Physics.
[DOI: 10.1063/1.1753655

I. INTRODUCTION erate around 1.1%um at room temperature. The shift of
emission towards longer wavelengths, and in particular to
.3 and 1.55um telecommunication wavelengths, requires
e introduction of impurities and specific defect centers like
carbor® rare-earth atoms codoped with oxy§em materials
that are fully compatible with silicon-based technology like

Getting light efficiently out of silicon has always been a
long standing goal for many researchers. The combination q
optical functionalities integrated on a silicon chip should al-
low the development of devices at low cost for multimedia
markets and address some key issues for inter- and intrachgjl. .

o : ; - llicon germanium alloy$.
optical interconnections. The increase of quantum efficiency Here we show that a combination of Ge/Si self-
of a silicon integrated source requires specific approaches in . . . o . . .

L . . - ssembled islands with microcavities obtained either with
order to bypass the inefficiency associated with an indirec wo-dimensional photonic crystals on silicon-on-insulator
gap semiconductdrThe first approach aims at limiting the b phce lated Y3 il lead h d
presence of defects or surface states which lead to nonrao(%?sl’)sii un zi:r?otsri ?(;nl”nsoe?;?uremvlvcr:i% f}' c?)r\feriihz t103en ggce
ative recombination. Proper surface passivation is required i wal range. Th g /Si self mbled is| nd _’];f "
order to decrease parasitic nonradiative recombination of thadPeC ad a tge. 'T’h ef. tS% astse ied 1siar tS(;) e‘th tho
charge carriers. This surface passivation can be combine'aa;]mGa vantag(tas. ¢ the _|r|s %Vanj‘%ﬁ |sbasZOC|ae é‘” ” €
with carrier localization that prevents diffusion of the carriers'' .etcgn etp] tr? te '|sfe'1n|ds fa.nl de ban' dgapthre UIC on
towards nonradiative states. The validity of this approacH”‘SSOC'ae Wi € strain Tield otisiands buried In the silicon

was recently demonstrated with the development of efficienEnat”X' Both features lead to band edge recombination which

silicon-based light emitting diodes operating at room tem-COVErs the 1.3-1.5pm spectral range. The second advan-

perature where carriers in silicon are confined by the straiﬁaﬁ_eh'sl, a,ssoﬁ'atz,(if W_'th carrier Iodc.ah_zatlon in the q |;;Iands
fields of dislocation loops intentionally introduced into the Which Imits the difusion to nonrac lative states an avors
structuré® Collection of emitted photons is also an issue asrad|at|ve recombination of the carriers. Because of the indi-
is the case for Ill—=V semiconductors, because of the hig{ect band gap and the long recombination time of carriers,

refractive index of the materials. The standard approach, alsg/9h carrier densities can be achieved in this system for mod-

used for Il-V materials, is thus based on texturing the syrfrate optical excitatiof.In this work, we have investigated

face of the material which allows better coupling to vertical S@mples periodically patterned into two-dimensional photo-

radiation of the emitted photons. This approach was als&C ?Wsta_'g on SOI and defect microcavities obtained by
reported recently in the case of silicon diodes operating agching silicon film deposited on the oxide insulator. The
room temperatur&* However light emitting diodes based on interest in using photonic crystals is their capability to be

the phonon assisted optical recombination in silicon only opintégrated into photonic circuits and their capacity to modify
the density of confined optical modes and the pattern of ra-
o] _ I ohilioeh d@ief i diation of an emitter. The emission at specific wavelengths
ectronic mail: philippe.pboucau ler.u-psud.ir H H _
Ypresent address: Centre de Recherche sur lesiitemes de la Croissance C.an be e.nhanced by Co.here.nt gcattermg O.f |Ight to the con
Cristaline, CRMC2-CNRS, Campus de Luminy, Case 913, tinuum lying above the light liné° The emission can also be

13009 Marseille, France. enhanced at resonant mode frequencies by using photonic
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crystals microcavities. We show that blocking of carrier dif- 3
fusion in two-dimensional photonic crystals on SOI charac-
terized by a large/a coefficient(hole radius divided by the
periodicity) leads to strong nonlinear emission of Ge islands.
A similar effect is observed with micropillar structures.

300K 2595935258
25- 13 cavity

102024252070

Il. SAMPLES AND EXPERIMENTAL SETUP

The samples studied were grown on a SOI substrate with
a 3.5um thick, buried oxide layer and a Ogn thick silicon
layer on top of the oxide. The active layer, consisting of three
Ge/Si self-assembled island layers separated by 20 nm sili-
con barriers, was grown by low pressure chemical vapor
deposition'! The islands had a typical base width of 120 nm, Energy (eV)
height of 10 nm and density of around<1L0° cm™2. The FIG. 1. Room temperature photoluminescence dfamicrocavity contain-
total thickness of the waveguide core including the Ge/Sing Ge/Si self-assembled islands. The photoluminescence is shown as a
island layers was 0.z&m. This value is sufficiently small to function of the excitation‘ power. The exc_itation power increases frqm 14 to
ensure single-mode waveguicing at 1 once the wiole 2] TS W eses Brs 18 aronds: 20 o vianges
photonic crystal structure is processed. The two-dimensionahoys a scanning electron micrograph of Hh& microcavity. The period-
photonic crystals and microcavities were defined by electrofity of the triangular pattern is 0.5m. The diameter of the air hole is
beam lithography with a triangular lattice of holes of @& 0.4 um.
period. The pattern was transferred into the guiding silicon—
Ge/Si multilayers using reactive ion etching. The holes ) )
drilled into the silicon—Ge/Si multilayers down to the buried Fi9- 1. When the photoluminescence is collected from the
oxide layer had diameters of between 0.3 and QuAS Dif- m_|crocaV|ty, it exhibits resonances, WhICh are qssouat_ed
ferent hexagonal cavitiesH2—H3 andH5) were inserted with thg defect mode; of the microcavity. T_he ch_0|ce of mi-
into the photonic crystal by omitting to drill a defined num- crocavity and photonic crystal parameters including the cav-
ber of air holed? We have also analyzed sorh® cavities ity size and the hole diameters provides a tool by which to

for which the periodic patterning surrounding the cavities!in® the emission to specific wavelengthisBesides, we
was partially removed. These cavities, which are intermediant to note that the luminescence in this silicon-based sys-
ate between micropillars and standard defect microcavities iff™ S not quenched by electronic defect states generated by
two-dimensional photonic crystals, are labeled®¥ in the the etching process at the interfaces as is often the case with
following. Micropillars obtained by etching the silicon film !!I=V materials. The second key feature shown in Fig. 1 is

on top of the oxide were also investigated. The photolumi-the dramatic increase of emitted photoluminescence as a

nescence was measured at room temperature with a contin{jnction of the excitation power density. This power depen-
ous wave AF pump laser beam in a normal incidence con-dence is characterized by laser-like emission with threshold
figuration. The excitation and photoluminescence beam&round 10 mW for this structure. Superlinear emission with
were focused and collected with the same objective of 0.6§Maller superlinearity has already been reported for silicon
numerical aperture. The excitation spot is aroundn®. The d'e.V|ces,.e|thsezr in the case of bare silicon samb‘lqsin
luminescence was filtered within a 10n diameter pinhole  Silicon diodes, p-metal—oxide—semiconductdMOS) sili-
located at the focal point of a 15 cm focal lens. The lumi-CO" diode®’ or silicon samples that contain a high density of

6 . .
nescence was dispersed by a monochromator and detectdgfects:” In the latter cases, the nonlinearity scales as the
square of the excitation density while in the present work the

with a liquid-nitrogen cooled germanium detector using stan=1-¢ e - A '
dard lock-in techniques. nonlnjearlty is much. stronger. T_he striking feature in this
work is that the nonlinear behavior can be controlled by the
cavity size. We want to emphasize that the enhancement cov-
ers the whole spectral range of emission and is not limited to
Figure 1 shows the power dependence of the photolumia specific wavelength. Meanwhile, the photoluminescence
nescence at room temperature foH& microcavity. A top  exhibits a slight redshift as the power excitation density is
view scanning electron micrograph of the cavity is shown inincreased.
the inset. For hole diameters of Qun, the two-dimensional Figure 2 shows the power dependence of the photolumi-
photonic crystal exhibits a forbidden band in transverse elecrescence measured at room temperature for different
tric (TE) polarization between 0.6 and 1 &VFor theH3 samples. The first samplshown by trianglescorresponds
microcavity, a fairly great number of defect modes associto vertical stacking of Ge islands in a silicon matrix. The
ated with light confinement appear in the photonic band gapphotoluminescence intensity measured at the peak of the
The modes above the light line can be coupled to the fre@hotoluminescence island is characterized by a sublinear de-
space continuum of modes. In the region free of photonigendence with the excitation power, as usually observed. The
crystals, the island photoluminescence is resonant at roosecond sampléshown by closed circlesorresponds to Ge
temperature around 0.91 eV with a full width at half maxi- islands deposited on a silicon on insulator substrate, i.e., the
mum of 0.11 eV. Two distinct features are evidenced insample investigated without processing. The presence of the

Photoluminescence (arb. units)

Ill. RESULTS
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25 — — in an indirect band gap material like silicon corresponds to
) * recombination of an electron hole dropté#s the tempera-
5§ 2L H2 300K | ture is increased, a phase transition occurs and the band edge
“§ luminescence of silicon corresponds to electron hole plasma
Y 150 B recombination with a characteristic spectral sh¥p&he
% H2 critical temperature and densities in silicon that correspond
2 10l | to condensation are 27 K and 2@m3.%" In the present
E Ge islands work, the dramatic enhancement of the photoluminescence is
2 5| on SOI Ge islands associated with the high electron and hole carrier densities
% H3 onSi | that can be achieved in this system. First, the buried, SIO
> 0 " barrier blocks carrier diffusion to the substraleSecond,
20 40 60 80 100 120 140 lateral patterning of the structure partially inhibits lateral dif-
Pump power (mW) fusion of the carriers, thus leading to a local very dense

electron hole plasma. This three-dimensional localization of
FIG. 2. Peak photoluminescence amplitude at room temperature as a funghe carriers counterbalances the effect usually observed
tion of the excitation power. The triangles correspond to Ge islands embed- . . . . . .
ded in a silicon matrix. Closed circles correspond to Ge islands deposited j‘] focused Illummatlon Whgre a Iarge fraction of C?‘rrlers dif-
top of a silicon-on-insulator substraté3 (squaresandH2 (inverted tri-  fuse away from the illuminated area. In photonic crystals,
angles correspond to microcavities embedded in two-dimensional photonicblocking of carrier diffusion is even more pronounced when
crystals. The curve labelgd2* corresponds to ahl2 microcavity with a  the air filling factor of the crystal increases. The high plasma
partially removed photonic crystal environmédiamonds. density provides an additional scattering mechanism of

the carriers to the zone center, thus enhancing the
silicon oxide layer blocks diffusion of the carrier the sub- photoluminescenc. It is worth mentioning that enhance-

strate and thus leads to an increase of local carrier densiigjent_ of the photoluminescence is only observed for recom-
This local carrier density increase leads to superlinear emid2ination in the Ge islands and not in the silicon matrix. This
sion which dominates above 30 mW compared to standarffaturerules out thermal effects and blackbody radiatias

Ge islands on silicon. If we now turn to the caseH@ and the origin of the enhanced luminescence since the emittance
H2 microcavities, we observe that the onset of nonlineaPf the silicon matrix would be enhanced in that case. More-
emission occurs at smaller excitation densities with a thresH2Ver: such enhanced luminescence was not observed for a
old around 10 mW for théd2 microcavity. Moreover, the Simple silicon-on-oxide layer. The trapping of holes in Ge
slope that characterizes the emission above threshold ifglands and, thus, their limited diffusion to parasitic nonradi-
creases for smaller cavities. Both effects lead to dramati@live recombination centers in conjunction with more favor-
enhancement of the emission at room temperature as the cajP!e radiative recombination induced by Coulomb interac-
ity size is reduced. The presence of photonic crystal patterrions, are thus key features in explaining the nonlinear
ing and the photonic band gap is not necessary to observe t§&nission. At high carrier densities, strong band bending oc-
enhanced luminescence. The luminescence of the caviti€d/rs around the Ge/Si heterostructEf‘r_éSince the recombi-
with a partially removed photonic crystal environment alsonation is spatially indirect for Ge/Si islands between elec-
leads to great enhancement, as shown in Fig. 2 by the cur&ns in the silicon matrix and the hole trapped in the islands,
labeledH2* . Regular periodical patterning around the cavi-Pand bending can enhance the overlap between electron and
ties is thus not required to observe the enhanced luminedlole wave functions, thus enhancing in turn the lumines-
cence. We note that the resonant character of the emission ¢§nce efficiency. We emphasize that the buried oxide layer
lost in this case, probably because of an increase in photoplocks carrier diffusion and thus provides enhanced carrier
loss: the photoluminescence spectrum is similar to that of théocalization in the silicon matrix. The thickness of the silicon
original unprocessed structuisee Fig. 80)]. The integrated ~Matrix is however too large to result in quantum confinement
emitted power of théd2* cavity is around JuW. Enhanced ©f the carriers. Quantum confinement of carriers only results
emission was also observed in micropillars with micrometerfrom the band lineup between the SiGe islands and the sur-
size diameters obtained by etching the silicon film containingounding Si. Coulomb interaction provides an additional
Ge islands down to the oxide layer. We should emphasiz&'echanism for carrier localization around islands.

that the emission remains much weaker when optically ex- ~ Finally, we have compared the emission of Ge/Si islands
citing the periodic structure of the photonic crystal instead ofn photonic microcavities with the emission of a Ill-V
the microcavity. But we did not find strong nonlinearity in Sample containing a high quality InGaAs quantum well. The

that case. This enhanced emission is also only observed fé&itter sample consists of a single 7 nm thick J#Ga 6As
photonic crystals with large air filling factors and a hole quantum well surrounded by 100 nm thick GaAs barriers and

radius-to-period ratiot/a, larger than 0.35. 25 nm thick Ab Ga 7As barriers. The same experimental
setup was used to measure the room temperature photolumi-
nescence of this reference sample. Figu® 8hows a com-
parison at room temperature of the power dependence of the
We now discuss the origin of the enhanced luminesphotoluminescence of the unprocessed InGaAs quantum well
cence. Below a critical temperature and above a thresholdample compared to the Ge/Hi2 isolated cavity. Figure
carrier density given by the Mott criterion, the luminescence3(b) shows a comparison between the spectral shape of both

IV. DISCUSSION
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3000 , , , , 25 perature photoluminescence enhancement in the 1.3-1.55
@ pm spectral range. This enhancement can reach two orders
420 of magnitude compared to the unprocessed sample. The en-
hancement of Ge island optical recombination is attributed to
carrier localization in the cavity and around the islands, lead-
ing to an increase in the probability of internal radiative re-
combination. Microcavities with Ge/Si self-assembled is-
lands are a challenging alternative to the development of
microsources operating at telecommunication wavelengths
that can be monolithically integrated on silicon.
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