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Two-dimensional photonic crystals with Ge  /Si self-assembled islands
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Two-dimensional photonic crystals were fabricated on silicon-on-insulator waveguides with
self-assembled Ge/Si islands deposited on top of the upper silicon layer. The photonic crystals
consist of triangular lattices of air holes designed to exhibit a forbidden band aroundni.5
Different hexagonal photonic crystals microcavities were processed whose optical properties are
probed at room temperature with the Ge/Si island photoluminescence. Quality factors larger than
200 are measured for hexagonal H3 cavities. A significant enhancement of the Ge/Si island
photoluminescence is achieved in the 1.3—-1/6% spectral region using the photonic crystal
microcavities. We show that the energy resonance of the defect modes can be tuned with the filling
factor of the photonic crystal. @003 American Institute of Physic§DOI: 10.1063/1.1612892

Thin slabs of two-dimensional2D) photonic crystals assembled islands offers several advantageshe islands
(PO can modify the radiation pattern of spontaneous emisemit at long wavelengtlil.3—1.55um) in the transparency
sion by changing the density of optical modes at the transiwindow of the silicon matrix(ii) the islands can be easily
tion frequency. Strong light extraction efficiency from semi- integrated in silicon-based processes and remain fully com-
conductor slab waveguides was obtained owing to thepatible with metal—oxide—semiconductor processes. The
coherent scattering of the internally trapped spontaneousompatibility of structures combining Ge/Si islands and pho-
emission and its coupling to the leaky modes above the lightonic crystals with silicon-based processes represents an in-
line? Alternatively, the presence of point defects acting astrinsic advantage as compared to the heterogeneous report of
microcavities in 2D PC slabs can also improve the light ex-l1I-V materials on silicon for the development of light emit-
traction from micro (nang-emitters since they offer high ters. These structures can also be coupled with microphoto-
quality factors and small mode volumes. For instance, amic devices processed on a silicon platform.
enhanced light emission from InGaAs quantum dots in a |In this letter, we report a study of two-dimensional pho-
two-dimensional PC microcavity was recently reportdd.  tonic  crystal microcavities on silicon-on-insulator
turn, the optical properties of photonic crystals and micro-waveguides with self-assembled Ge/Si quantum islands de-
cavities themselves can be probed by inserting layers of selfyosited on top of the upper crystalline silicon layer. The ver-
assembled quantum dots as active emitters in the strutturgjcal confinement of light is provided by the silicon-Ge/Si
High quality factors in excess of 1000 were measured in PGuiding multilayers. The lateral confinement is created by the
membranes with 1ll-V materials by using this metffod. tyo-dimensional crystal obtained by drilling arrays of air
Highly localized donor modes resonances with narrow linefyoles in the top silicon layer. The photonic crystal slab con-
width were observed in single defect slab cavities fabricategying three layers of Ge/Si self-assembled islands grown by
on an AlQ, layer” o . B _ chemical vapor deposition using a Stranski—Krastanow

Although the association of 2D PC microcavities With 5r5\th mode. Several hexagonal defect cavities are pro-
self-assembled micrénang-emitters can be repeated in & cegsed by electron beam lithography by omitting to drill
large variety of materials, there is no report of such an exgome holes. The photonic crystal optical properties are inves-
periment in silicon-based materials. Two-dimensional phmotigated at room temperature using the Ge/Si island photolu-
hic crystals etched in a silicon-on-insulal@Ol) waveguide  inescence in a normal incidence geometry. We show that
were re7cently demonstrgted' ywth a forbidden band aroun%e microcavity modes can be probed in the spectral region
1.5 um." Indeed, the availability of the SOI substrates on a,., ng 1.3—1.55m. A significant enhancement of the pho-
large scale together with a strong optical confinement progo)minescence is observed with these PC microcavities

vided by a high refractive index contrast between silicon andy,ose resonances can be tuned by adjusting the filling factor
silica (An~2) are true advantages for the development ofof the photonic crystals.

silicon-based microphotonics. Besides, the insertion of active In the experiments, the studied samples were grown on

emitters operating in the' 13 and.1.5¢5n spectral rggions SOl substrates with a 3.,am-thick buried oxide layer and a
can be achieved by growing Ge/Si self-assembled islands O@.Z-Mm-thick silicon layer lying on top of the oxide. The

top of the SOI substrafé.The growth of Ge/Si self- active layer consisting of three Ge/Si self-assembled island
layers separated by 20 nm silicon barriers was grown by low
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electron microscopy. At room temperature, the island photo-
luminescence measured on PC free regions of the samples is
resonant around 0.91 eV with a full width at half maximum

of 0.11 eV. The total thickness of the waveguide core includ-
ing Ge/Si island layers was 0g8m. This value is sufficiently
small to ensure single-mode waveguiding at 4B once the
whole PC structure was processed. After the island growth, a
0.2-um-thick oxide layer was deposited on top to provide an
hard mask for silicon etching. The 2D PC and microcavities
were defined by electron beam lithography. Triangular lat-
tices of holes with a 0..xm period were then processed. The
hole diameter was varied by modifying the electron dose.
The pattern was transferred successively into the oxide layer (b)
and the guiding silicon-Ge/Si multilayers using reactive ion
etching. The oxide layer and guiding silicon-Ge/Si multilay-
ers were etched with CHRand Sk gases, respectively. The
whole patterned surface was%B0 um?. The holes drilled
into the silicon-Ge/Si multilayers down to the buried oxide
layer had diameters between 0.3 and Ou4B. Correspond-
ingly, the air filling factor of the photonic crystals was be- .
tween 23% and 81%. Different hexagonal cavit{el?—H3 Si

and H9 were defined in the photonic crystdlAfter etching  FIG. 1. (a) Scanning electron micrograph of a photonic crystal H3 cavity
the oles, a thin oxide ayer ofthe hard masi was kept on oYt o & Sesmavisats nevee e o o s

of the structure, thus lowering the waveguide asymmetry. S ’
The photoluminescence was measured at room temperature

with an Ar" pump laser beam in a normal incidence configu-mode can propagate into the air below the light line. In con-
ration. The excitation and photoluminescence beams weréast, the optical modes can be coupled to the continuum of
focused and collected with the same objective of 0.65 nutadiative modes above the light line. The calculated in-plane
merical aperture. The excitation power wa20 mW fo-  photonic band gap for a TE polarization extends from 0.66 to
cused on a~2 am Spot diameter. The luminescence Wa31.03 eV. No band gap exists fora TM polarization. The band
filtered with a 200um diameter pinhole located at the focal 9ap spectral width varies from 0.42 to 0.3 eV when the hole
point of a 15 cm focal lens. The luminescence was disperset®dius is decreased from 0.225 to 0.1afn. As will be

by a monochromator and detected with a quuid-nitrogenShown later, the emission of the Ge/Si islands is resonant
cooled germanium detector using standard lock-in techaround 0.9 eV at room temperature and can be detected be-
niques. The alignment of the pump beam on the cavity axidween 0.8 and 1.03 eV. The emission of silicon can be de-

was achieved by imaging the sample surface with the argoffcted between 1.030 and 1.15 eV with a resonance around
laser. 1.07 eV. The active emitters inside the photonic crystals have

Figure Xa) shows a scanning electron micrograph of thethus spectral distributions which cover a large fraction of the
2D triangular lattice PC with a H3 cavity. Figuréhl shows ~ forbidden gap. The defect modes calculated for a H2 cavity
a schematic cross section of the structure. The lattice perioSing @ supercell approach are represented by the horizontal

a is 500 nm, corresponding to a normalized frequency

a/N=0.32 at 1.55um. The hole diameter is 0.4m. The TE
hole diameter is adjusted to tune the photonic gap not far KM 15 ' '
from 1.5 um.

Figure 2 shows the band structure of the two-
dimensional triangular lattice for the TE polarization. The 1% Brillouin zone

calculations were performed using a plane wave method with
an interhole spacing of 0.am and a hole radius of 0.2m.

The effective indexes used in the calculations were adapted
to fit the results obtained below the light line with a three-
dimensional plane wave modélNote that the sole three-
dimensional plane wave model is not valid for the modes
above the light line. It explains why we used a two-
dimensional calculation with a fit of the effective indexes
obtained with the three-dimensional calculation below the
light line. The inset of Fig. 2 shows the first Brillouin zone FiG. 2. Calculated dispersion diagram of the photonic structure. The gray
and the symmetry directions in thespace over which the area corresponds to the photonic band gap. The diagram on the left shows

calculations are performed The Iight line associated with tht%he symmetry directions of the first Brillouin zone over which the calcula-
’ ions are performed. The defect modes of a H2 cavity appear as horizontal

oxide Cladding given by the dispersion relatiom dashed lines in the gap. The light lines are represented by oblique lines in

=cky/N¢jaqding IS depicted as an oblique dashed line. Nothe diagram.
Downloa(Jed 21? Sep 2003 to 194.199.156.169. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp

Energy (eV)

0




Appl. Phys. Lett., Vol. 83, No. 13, 29 September 2003 David et al. 2511

LI L e L L B LB LI B LI N B N I L

0.006 |- T=300K T=300K
r=0.175 pm

0.004

0.002

Photoluminescence
Photoluminescence

Reference

I NS TN R

08 09 1 11 12
Energy (eV) A PR R .

0.8 0. 1 1.1 1.2
FIG. 3. Room temperature photoluminescence of (kD curve and H3 Energy (¢V)
cavities (bottom curvg compared to the photoluminescence of the sample
measured outside of the photonic crystal. The hole diameter ig®.2The FIG. 4. Room temperature photoluminescence of a H3 cavity for two dif-
vertical scale is identical for the three spectra. ferent hole radii: 0.17%m (top curve and 0.2um (bottom curve. The hole
spacing is 0.5um. The upper curve has been shifted for clarity. The same
vertical scale is used for the two curves.

dashed lines in Fig. 2. The parameters used to calculate trLﬁe simultaneous increase of the radiation losses and material
defect modes are the same as those used to compute t Bsorption at shorter wavelengis

two-dimensional photonic band gap. The number of confined In conclusion, we have fabricated two-dimensional pho-

modFeis L:rr]etgesrt:gcvg tghaep Iﬁoig;?”:]itr?eiiefr?éetie :c%r;%\?z.z anE?niC crystals on silicon-on-insulator substrates. Ge/Si self-

gu P ) P assembled islands have been incorporated inside the crystals
H3 cavities compared to the photoluminescence of the struc- . . . o
ture recorded outside the photonic crvstals. The hole radi as active emitters. The island emission at room temperature
Ol:( teheecr?ot:nicoclzjrsstzl iseOF;)ln? ql'h((:e Cr)(/ass:nsc.e ofeth;)c’:aaveilt YXas used to probe the properties of photonic crystal micro-

P y -AM. The p Y cavities. Quality factors larger than 200 have been measured
leads to the appearance of multiple resonances that modul & ar 1.55um for H3 hexagonal cavities. Correspondingly
the photolgmlnescence spectra. These resonances cor_resp%@ room temperature Ge/Si photoluminescence was strongly
to the cavity modes that are coupled to the leaky continuu nhanced, as evidenced by>80 enhancement factor re-
modes. A significant enhancement of the room temperatur orted for,a H2 cavity abovke=1.3 um. The combination of
photoluminescence is observed as the cavity size is d P

d. We also found that the photolumi . GelSi self-assembled islands with two-dimensional photonic
creased. Ve aiso foun at the phololuminescence signg, ystals on SOI structures opens the route to the development

a_lmphtude_ was superlinear as a function of _the pump ex_cnabf new silicon-based devices operating at the 1.5 tele-
tion density in the case of the small cavities. A detailed ommunication wavelength.

analysis of this effect is beyond the scope of this letter an
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