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Abstract

We have investigated pure germanium two-dimensional photonic crystals. The photonic crystals which exhibit resonances in the near
infrared spectral range were fabricated on germanium-on-insulator substrates using standard silicon-based processing. The germanium-
on-insulator substrate consists of a thin layer of pure germanium-on-oxide deposited on a silicon substrate. The optical properties are
probed by the direct band gap optical recombination of pure germanium at room temperature. Resonant optical modes are evidenced
between 1.68 and 1.53 lm in different type of hexagonal cavities (H1–H5). The spectral position of the modes is controlled by the lattice
periodicity and air filling factor of the photonic crystals. Close to the Ge band edge, the quality factors are limited by the bulk material
absorption.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Very strong progress has been achieved over the past
years in the field of silicon photonics either for passive or
active devices. Cavities with record quality factors have
been demonstrated by using photonic heterostructures fab-
ricated in silicon membranes [1]. On-chip optical buffers
with very long optical delays lines have been fabricated
with microring resonators and group delays up to 500 ps
with an ultracompact design have been reported [2]. Pulsed
and continuous wave Raman lasers with silicon as the
active medium have also been demonstrated [3]. These
advances are not limited to pure silicon. A strong interest
0030-4018/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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is also devoted to structures containing Ge since this mate-
rial is compatible with the standard CMOS processing of
the microelectronics industry. Ge/Si self-assembled islands
can be used as internal sources to probe the optical proper-
ties of two-dimensional photonic crystals [4,5]. Pure Ger-
manium is characterized by a very large refractive index
(�4.1–4.2 in the near infrared as compared to 3.5 for sili-
con). It also exhibits a direct band gap around 0.8 eV at
room temperature not far in energy from the indirect band
gap (0.66 eV). This direct band gap results in strong
absorption coefficients at 1.5 and 1.3 lm. Pure germanium
photodetectors on silicon with very high cut-off frequencies
and large responsivities have been demonstrated with this
system [6,7]. Quantum confined Stark effects based on exci-
tonic transitions with pure germanium quantum wells
grown on relaxed buffer layers on silicon have also been
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evidenced, opening the route to the development of electro-
absorption optical modulators operating around 1.5 lm
[8]. A lateral superlattice in germanium-on-insulator has
been proposed for electrically pumped lasing at 1.55 lm
[9]. Strained germanium has also been predicted to exhibit
a direct band gap for tensile deformation greater than 2%
[10].

In order to enhance the absorption, modulation, or emis-
sion properties of germanium-based structures, resonant
cavities are particularly important. In this work, we have
investigated two-dimensional photonic crystals fabricated
on a germanium-on-insulator substrate. We show that cav-
ities with resonances at wavelengths between 1.68 and
1.53 lm can be fabricated by using standard silicon process-
ing. The photonic crystals were characterized by the room
temperature photoluminescence of the bulk germanium
which is associated with the direct band gap recombination.
The spectral position of the resonant modes is controlled by
the air filling factor of the photonic crystals and by the lat-
tice periodicity of the triangular pattern.
Fig. 1. (a) Scanning electron micrograph cross-section of the germanium-
on-insulator substrate. (b) Scanning electron micrograph of a H1 cavity
fabricated on the germanium-on-insulator substrate.
2. Sample fabrication

The germanium-on-insulator substrate was obtained by
wafer bonding using the Smart-CutTM technology [11].
Hydrogen implantation is used to peel off a very thin layer
of a germanium wafer which is later bonded on a silicon
wafer covered by an oxide layer. Following this procedure,
we obtain a 230 nm thick pure Ge layer separated by a
170 nm thick oxide from a silicon substrate. The bonding
was done on a four inches wafer. The fabrication of the pho-
tonic crystals was performed with the same processing tech-
niques used for the silicon-based photonic crystals. A
300 nm thick photoresist (ZEP520A) was first deposited
on the sample. A triangular lattice pattern and hexagonal
cavities were defined by electronic beam lithography. The
pattern was then transferred into the germanium layer
down to the buried oxide by reactive ion etching using
SF6 and CHF3 gases. No oxygen was used in the process.
The etch processing was optimized on bulk germanium
layers grown on relaxed buffer on silicon, before being
transferred to germanium-on-insulator substrates. Defect
hexagonal cavities (H1–H5) were fabricated. This type of
cavity is known to exhibit large losses and small quality fac-
tors. Moreover, the small thickness of the buried oxide and
the asymmetry of the structure leads to a large leakage of
the optical modes to the substrate and mixing between
quasi-TE and quasi-TM modes. We have deliberately cho-
sen to etch the structure only through the Ge layer, i.e. with-
out etching the oxide nor the buried silicon substrate. It is
indeed technologically more challenging to etch a stack of
different layers (Ge, SiO2, Si) while keeping a good homoge-
neity, verticality, and small roughness. Etching of the Ge
layer is also appropriate for future membrane fabrication
or the fabrication of photonic crystals on thick buried
oxide.
3. Results

Fig. 1 shows a cross-section of the vertical stacking and
a scanning electron micrograph image of a H1 cavity fab-
ricated on a photonic crystal with a triangular lattice.
The lattice periodicities and air filling factors of the pho-
tonic crystals were calculated in order to obtain a photonic
band gap of the bulk two-dimensional structure covering
the 1.8–1.5 lm spectral range. The bulk germanium index
at these wavelengths is around 4.1–4.2 [12]. The large differ-
ence of index of refraction with the air or the oxide clad-
ding leads to a better vertical confinement of the light as
compared to the silicon-based photonic crystals. It also
leads to the opening of a larger photonic band gap for
the triangular lattice. For a 230 nm thick germanium layer
on a 170 nm thick oxide, the effective index in TE polariza-
tion is 3.48 at 1.6 lm. Lattice periodicities between 460 and
540 nm with air filling factors between 42 and 55% were
investigated. The optical properties were probed at room
temperature with a microphotoluminescence set-up. The
optical excitation was provided with a 458 nm line of an
argon ion laser. The absorption coefficient of Ge at this
wavelength is around 550,000 cm�1[12], and all the light
is absorbed in the first tens of nanometer of the upper ger-
manium layer. The incident power on the sample is a few
mW focused on a few lm diameter spot. The luminescence
was excited and collected at normal incidence using an
objective with a 0.6 numerical aperture. The microphotolu-
minescence spectra were analyzed with a nitrogen-cooled
germanium detector. This detector has a very high sensitiv-
ity, its drawback is a cut-off at 0.77 eV (1.61 lm). This cut-
off does not however prevent the observation of resonant
emission peaks at long wavelengths.

At room temperature, the luminescence of both indirect
band gaps and direct band gaps of germanium can be
experimentally observed. The indirect band gap has a max-
imum around 0.67 eV (1.85 lm) while the direct band gap
recombination has a maximum around 0.81 eV (1.53 lm).
The energetic position of this maximum can depend on
the reabsorption which remains quite small for a 230 nm
thick layer. We emphasize that the ratio between radiative
recombination associated with the direct band gap and the
radiative recombination associated with the indirect band
gap is around 4 at room temperature in bulk germanium
[13]. It indicates that the amplitude of the direct band
gap recombination is roughly four times larger around
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810 meV as compared to the indirect band gap recombina-
tion around 0.67 eV. Fig. 2 shows the room temperature
photoluminescence spectra of H1 cavities for different lat-
tice periodicities (460, 480 and 500 nm) and a nearly con-
stant air filling factor (�55% corresponding to a radius
over lattice periodicity r/a = 0.39 for the triangular lattice).
These photoluminescence spectra are compared to the pho-
toluminescence of the unprocessed germanium layer. In the
latter case, the photoluminescence is resonant around
0.81 eV, and corresponds to the direct band gap recombi-
nation. The luminescence of the germanium-on-insulator
layer obtained by wafer bonding is equivalent to the lumi-
nescence of a bulk germanium substrate. The photolumi-
nescence of the H1 cavities is strikingly different from the
luminescence of the unprocessed layer. A resonance is
observed at long wavelength with a maximum which shifts
towards low energy as the lattice periodicity is increased.
The energetic position of the resonance corresponds to a
normalized frequency u = a/k � 0.3. The amplitude of the
recombination varies linearly with the incident optical
power density. A part of the germanium bulk emission is
directly coupled to the radiative continuum as leaky modes
and is thus equivalent to the emission of the bulk unpro-
cessed layer. We have modeled the optical properties of
the H1 cavity fabricated on the germanium-on-insulator
substrate using a two-dimensional plane wave calculation
and a three-dimensional finite difference time domain
(3D–FDTD) calculation. The photonic band gap of the tri-
angular lattice for the 500 nm lattice and r/a = 0.39 covers
the 0.245–0.40 spectral range in normalized frequency, i.e.
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Fig. 2. Room temperature photoluminescence of the bulk germanium-on-
insulator substrate and H1 cavities for different triangular lattice period-
icities. The air filling factor is 55%. The curves have been offset for clarity.
The lattice periodicities are indicated on the graph.
corresponding to 0.6–1 eV or 2.04–1.25 lm, respectively.
Using an effective index of 3.48 for TE polarization at
1.6 lm in the 2D plane wave calculation, the dipolar mode
of the H1 cavity is calculated at u = 0.277, a quadrupolar
mode at u = 0.35, a monopole mode at u = 0.373 and a gal-
lery mode at 0.394. The 3D–FDTD calculation predicts the
dipolar mode at a larger energy (u = 0.287) than the 2D
calculation, i.e. 0.712 eV instead of 0.765 eV measured
experimentally for the 500 nm lattice. We note that the
FDTD calculation accounts for the modal dispersion of
the waveguide. The amplitude of the dipolar mode coupled
to the continuum is significantly larger than the amplitudes
of the other confined modes. We thus attribute the experi-
mental resonance observed on the H1 cavities to the funda-
mental dipolar mode. The 7% discrepancy between the
experimental and modeling resonance values is attributed
to the uncertainty in the effective index value for the germa-
nium-on-insulator substrate and a deviation from the nom-
inal parameters. There is indeed a decrease of the refractive
index at large photo-induced carrier densities which is not
accounted for in the calculation. The absorption coefficient
of bulk germanium varies significantly at the edge of the
direct band gap. This absorption limits the value of the
quality factor that can be achieved. Fig. 3 shows the depen-
dence of the inverse of the quality factor as a function of
the Ge absorption coefficient at the resonant wavelengths
for the different H1 cavities. It exhibits, as expected, a lin-
ear dependence with a decrease of the quality factor as the
material absorption increases [14]. The extrapolation of the
inverse of the quality factor to zero absorption gives the
intrinsic quality factor value (Q � 85) which corresponds
to the one calculated by 3D–FDTD. We have modeled
the properties of the cavities for different hole etch depths,
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Fig. 3. Inverse of the quality factors of the resonant mode of different H1
cavities as a function of the bulk material absorption at the resonant
wavelength. The quality factors and resonant wavelengths are extracted
from Fig. 2. The full line is a linear fit. Its extrapolation to zero gives the
intrinsic quality factor of the cavity, in agreement with the value calculated
by 3D–FDTD.
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as it is known that the etch thickness can have an impact on
the out-of-plane losses of the photonic crystals [15]. Etch-
ing of the oxide layer does not change significantly the
quality factors. The quality factor of the dipolar mode
increases to 225 if the buried silicon, i.e. below the oxide
layer, is further etched down to a 1.25 lm thickness. In
the latter case, a better overlap between the vertical mode
profile and the hole etch depth is obtained leading to a
reduction of out-of-plane losses. A similar increase of
quality factors can be obtained by fabricating the photonic
crystals (i.e. only etching the Ge layer) on a thicker buried
oxide layer. The quality factor of the dipolar mode
increases up to 270 for an oxide thicker than 400 nm. As
mentioned above, these standard H1 cavities are intrinsi-
cally lossy and it is beyond the scope of this letter to
demonstrate very high quality factors on these novel ger-
manium-on-insulator substrates. We note that for that
purpose, the simple approach, technologically speaking,
would be to study structures fabricated on a thick buried
oxide or following the membrane approach. Meanwhile
all strategies that have been recently proposed and demon-
strated to realize nanocavities with very high quality fac-
tors like elongated cavities with shifted edge air holes or
photonic heterostructures [16] could obviously be used
for two-dimensional photonic crystals fabricated with ger-
manium-on-insulator substrates. We note that the H1 cav-
ities present a small modal volume V and despite their
weak quality factor, the ratio Q/V which drives the Purcell
enhanced recombination rate can be significant with this
system.

Fig. 4 shows the photoluminescence spectra of a H2 hex-
agonal cavity measured for a fixed crystal periodicity and
varying air filling factors. The lattice periodicity is
500 nm. Despite the cut-off of the germanium detector,
optical modes can be observed at low energy corresponding
to a significantly enhanced emission at long wavelength
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Fig. 4. Room temperature photoluminescence of a H2 cavity with a
500 nm lattice periodicity and different air filling factors (44, 50, 55%)
indicated on the spectra.
(1.65 lm � 0.75 eV). The quality factor of the optical
modes decreases as the resonance emission gets closer to
the germanium band gap because of the large absorption
of the material. The resonant emission shifts as expected
to long wavelength as the air filling factor decreases from
55 to 44%. The number of confined optical modes is much
larger for the H2 cavity in a triangular lattice with large fill-
ing factors, and we do not attempt to identify the optical
modes. The energy shift of the resonant emission from
u = 0.303 to 0.314 is consistant with the shift that can be
calculated for a given optical mode as a function of the
air filling factor increasing from 44 to 55%. For a fixed
air filling factor (55%) and varying lattice periodicities
(460–540 nm), the position of the resonant peak is around
0.32 in normalized frequency and shifts to lower values as
the lattice periodicity is decreased. This shift, similar to
the one observed for the H1 cavity, is attributed to the
change of index of refraction and to the variation of the
modal index of the waveguide as the energy increases.

Fig. 5 shows the room temperature photoluminescence
of hexagonal H5 cavities for different lattice periodicities
and a constant air filling factor. At least three modes can
be observed on the low-energy side of the spectrum for
the cavity with a lattice periodicity of 520 and 500 nm.
The normalized frequencies of these modes are around
0.295, 0.31 and 0.325. The number of confined optical
modes in such a cavity is significantly larger than for H1
and H2 cavities, which explains in turn that more modes
can be coupled to the radiative continuum above the light
line. The quality factors of the optical modes are limited by
the small thickness of the oxide layer which enhances the
radiative loss to the substrate. The asymmetry of the struc-
ture which couples the TE and TM polarizations also con-
tributes to in-plane radiation losses, a situation which is
detrimental to the achievement of high quality factors [17].
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Fig. 5. Room temperature photoluminescence of H5 cavities with
different lattice periodicities (480, 500, 520 nm). The air filling factor is
55%.
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As shown above, the photonic crystals fabricated from
germanium-on-insulator substrates can enhance the inter-
action at long wavelength, i.e. on the edge of the direct
band gap absorption and emission. This could provide a
path to circumvent the limitation to the use of germanium
in integrated compact telecommunication or optoelec-
tronic devices due to its weak absorption at 1.55 lm and
above. As discussed in Ref. [10], tensily strained germa-
nium might exhibit a direct band gap. This tensile strained
material could be obtained for example by combining
GeSn and GeSiSn heterostructures. The achievement of a
direct band gap could lead to stimulated and laser emission
with these heterostructures. Compact optical resonators to
observe this stimulated emission could be obtained with
two-dimensional photonic crystals like those demonstrated
in the work. Germanium-on-insulator substrates would
moreover represent an additional step to integrate these
devices on a silicon platform. The fabrication and engi-
neering of germanium-based photonic crystals appear
therefore as a promising route for silicon and germanium
photonics.

In conclusion, we have fabricated two-dimensional pho-
nic crystals with pure germanium-on-insulator substrates.
Germanium has a large index of refraction which is an
advantage for engineering and designing photonic crystals.
The optical emission associated with both indirect and
direct band gaps at room temperature can also be used
as an internal source to probe the optical properties of
the photonic crystals. Different hexagonal cavities in a tri-
angular lattice pattern have been investigated. Resonant
optical modes have been observed around 1.6 lm on the
low-energy side of the direct band gap absorption. The
spectral position of the modes is controlled by the lattice
periodicity and the air filling factor of the photonic crys-
tals. The realization of pure germanium two-dimensional
photonic crystals and the control of resonant optical modes
is an important step in order to develop germanium pho-
tonics and cavity-enhanced devices with this material.
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