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The emergence of a photonic band gap in Ge-on-Si micropillars ordered in a two-dimensional square
lattice is demonstrated by the finite-element method. Candidate architectures are fabricated through epi-
taxy and the opening of the photonic band gap experimentally proved by photoluminescence spectroscopy.
When the direct-gap emission of Ge is resonantly driven into the photonic gap, light propagation in the
lattice plane is inhibited. Emission is eventually funneled out of plane, yielding a giant increase, i.e., about
one order of magnitude, in the observed intensity. The demonstration of light routing in microcrystals’
lattices opens interesting possibilities for Si photonics. The epitaxial self-assembled microstructures intro-
duced here can be monotonically integrated on Si to improve the performances of group-IV lasers or
engineered to optimize the working wavelength of future quantum photonic circuits.
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I. INTRODUCTION

Photonic crystals (PCs) are amongst the most useful
components for light management. They allow routing and
storage of the photon flux when utilized as waveguides or
cavities in passive photonic circuits [1], but they can also
be applied to active components, e.g., lasers, as perfor-
mance boosters [2]. The most common and easiest way
to realize PCs consists of creating voids in the form of
two-dimensional (2D) lattices in a thin semiconductor slab.
In such structures, the photonic properties are determined
by the in-plane modulation of the refractive index, while
the abrupt out-of-plane discontinuity confines light trans-
port within the semiconductor membrane. Such 2D PCs
are commonly fabricated via electron-beam lithography
followed by chemical etching. This process is extremely
precise, resulting in almost perfect geometries, but fine
control of the etching step can be difficult to achieve, intro-
ducing roughness and potential sources of scattering and
optical losses. All these side effects are detrimental in the
quest for large-scale photonics. A possible solution to these
issues is to exploit a bottom-up approach that imprints the
photonic layout through direct epitaxial growth of high-
quality structures. Hence, epitaxy represents a promising
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but overlooked approach for the development of high-
quality PCs. Epitaxy yields atomically smooth surfaces
that are unmatched in terms of roughness and concentra-
tion of nonradiative centers. Unfortunately, conventional
deposition techniques often rely on random growth, which
hinders their applicability to the manufacture of period-
ically ordered structures. Presently, the exploitation of
functional epitaxy to realize 2D PCs has not been con-
vincingly demonstrated, and motivates a drastic change in
perspective.

Here we turn our attention to the out-of-equilibrium
deposition on pillar-patterned templates. This approach
allows the direct growth on Si of high-quality semicon-
ductor monocrystals at the micrometer scale [3-9]. Such
micron-sized grains are all equally oriented and self-
ordered thanks to the periodic nature of the patterned
seeds that allow mutual shadowing and eventually limit
the lateral expansion. This promotes crystal elongation
along the normal to the substrate surface [10], achiev-
ing well-controlled and very-narrow, i.e., down to few
tens of nm, separations between neighboring grains. Such
self-assembled microcrystals present several interesting
properties that make them particularly attractive for the
epitaxial implementation of group-1V photonics. The peri-
odic nature of the pattern transferred onto the Si substrate
and the high refractive index of group-IV semiconduc-
tors composing the microcrystals are two key-enabling
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properties for realizing PCs. Furthermore, the fabrica-
tion technique is particularly appealing for the photonic
industry because it can combine wide-field lithography to
prepare the templates and rapid, out-of-equilibrium epi-
taxy to realize photonic components, unleashing faster
and higher throughput than conventional PC fabrication
strategies [3,10].

The detailed investigation of the emergence of pho-
tonic effects in epitaxial self-assembled microcrystals is,
however, at an early stage [9]. To demonstrate our pro-
posed concept, we compute the photonic band structure of
an experimentally feasible 2D PC consisting of a square
matrix of Ge microcrystals on top of periodic Si pillars (see
the scheme in Fig. 1). A finite-element-method (FEM) sim-
ulation of the cross-section high-symmetry planes passing
through the microcrystal centers shows the presence of a
full photonic band gap (PBG) centered at 0.870 eV. The
PBG prohibits in-plane propagation and can be exploited
to reroute light towards the top surface of the heterostruc-
ture, achieving directional vertical emission. We exper-
imentally verify this effect by leveraging the direct-gap
PL of Ge in a backscattering configuration as a sensitive
probe. We also utilize temperature as a suitable turn-
ing knob to control the frequency detuning, A, with the
expected PBG. At resonance, the enhancement observed in
the PL intensity with respect to the experiment conducted
on an unpatterned Ge film is about one order of magnitude.
This provides striking evidences of the band-gap open-
ing and of the consequent photonic mediated directional
emission enabled by the microcrystal configuration. This
principle, combined with the flexibility of our fabrication
technique can be extended to various materials, opening
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FIG. 1. (a) Scheme of the microcrystals’ geometry. 8-pum-
thick Ge microcrystals are epitaxially grown on 2.7-pum-thick Si
pillar seeds with lateral size 0.25 um and interpillar distance 1.5
pm (not to scale). (b) Top-down SEM image showing a rect-
angular portion of the sample area containing the microcrystal
matrix.

fields of application for epitaxial microcrystals in Si pho-
tonics with possible implications in diverse fields such as
quantum information [11], sensing [12], signal processing
[13], spectroscopy [14], and imaging [15].

II. METHODS

A. Numerical modeling

The numerical analysis is carried out using COMSOL
Multiphysics, a commercial software implementing the
FEM. Cross-section 2D simulations are performed because
of the in-plane symmetry of the microcrystal matrix. The
eigenfrequency of the photonic modes is calculated by
sweeping the wave vector k through high-symmetry points
of the square Brillouin zone for the out-of-plane polariza-
tion of the electric field (TM modes). The optical constants
of Ge are considered to be wavelength independent and
equal to the value they assume at 0.870 eV. The values
of the optical constants are extracted from the literature
[16] and are n = 4.22, k = 1.8 x 107* for Ge and n = 1,
k = 0 for the vacuum surrounding the microcrystal. The
electronic band structure of Ge is modeled with a commer-
cial k - p software. We use different directions in k space,
i.e., from [000] to [001], [111] and [011] for both strained
and relaxed material.

B. Sample preparation

Ge microcrystals are grown on patterned substrates by
low-energy plasma-enhanced chemical vapor deposition
[17]. Figure 1(a) shows a schematic of the microcrystal
structure. Square silicon chips (15 x 15 cm?) are patterned
via electron beam lithography. Pillars with 250-nm lateral
size with 1.5-um spacing are patterned using a 700-nm
high-purity silsesquioxane (HSQ) layer. Beam current is
kept at 4 nA and the dose is 1600 C cm™2. After devel-
opment in tetramethylammonium hydroxide (TMAH) and
plasma ash, substrates are reactive ion etched for 8 min
using C4Fg and SF¢ gases at 600 W. Such a process
presents a selectivity to the electron-beam resist of 10:1
and achieves a final pillar height of 2.7 um. Such pro-
cesses are very reproducible and provide mechanically
stable pillars down to 250 nm, even for larger gaps.

The square pillars, with lateral size of 250 nm, are sep-
arated by a 1.5-um gap. The overall patterned area of the
sample is approximately 100 x 100 wm?, which is larger
than the spot size of the laser used for the PL measure-
ments. The Ge deposition is performed at 450 °C with
a growth rate of 5 nm/s for a total thickness of 8 um.
During growth, Ge microcrystals nucleate on each etched
Si seed. At first, the microcrystals expand both laterally
and vertically. As the deposition proceeds, vertical growth
is established, leading to the development of Ge micro-
crystals separated by air gaps of approximately 200 nm,
as shown in the top-down SEM micrograph reported in
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Fig. 1(b). Notably, the simultaneous growth on unpro-
cessed areas of the same wafer provides us with the refer-
ence, namely an unpatterned Ge-on-Si film, which enables
us to discriminate between material-induced features and
pattern-induced effects.

C. Optical characterization

PL measurements are performed at variable tempera-
tures from 5 to 300 K. Samples are mounted in a closed-
cycle cryostat and excited with a 1064-nm Nd : YVO,
continuous-wave laser. The excitation power is focussed
on a spot with a 50-um diameter, resulting in an excita-
tion power density of approximately 4 kW cm™2, which
guarantees negligible light-induced heating of the micro-
crystals. The PL is collected in a backscattering geometry
with a single-grating spectrograph equipped with a liquid-
N, cooled (In, Ga)As array. The spectral pitch is less than
1 meV/pixel.

IT1. RESULTS AND DISCUSSION
A. Design and modeling

We performed 2D FEM calculations using a unit cell
containing a microcrystal structure with periodic boundary
conditions to simulate the photonic properties of a realis-
tic Ge-on-Si heterostructure. The scheme of the unit cell
is shown in the inset of Fig. 2(a). The periodic repetition
in a 2D lattice of such a unit cell mimics the micro-
crystal matrix that is reported in the scanning electron
microscopy image of Fig. 1(b). The lattice has a square
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FIG. 2. (a) Simulated photonic band structure of the micro-
crystal array for the TM polarization. A full photonic band
gap centered at about 0.870 eV is highlighted. Inset: scheme
of the simulated 2D structure. (b) Cross-section sketch of the
microcrystal array (not to scale) highlighting the process of the
forbidden propagation and directional emission of light propagat-
ing at frequencies inside the bandwidth of the photonic band gap
(blue) and of isotropic emission of light at frequencies outside
the gap (green).

Brillouin zone where X, I', and M are the high-symmetry
points [18]. Due to the in-plane symmetry, we simulate
a cross section of the Ge microcrystal parallel to the top
(001) surface. The Ge microcrystal is bounded by {110}
and {100} facets, resulting in the pseudo-octagonal shape
reported in the inset of Fig. 2(a). The size of the {110}
and {100} facets is 1.3 um and 140 nm, respectively. The
actual microcrystal morphology can be slightly more com-
plicated presenting rounder edges due to the development
of higher-index facets, but because of their minor exten-
sion these facets introduce only minor corrections and can
be neglected, as reported in Fig. S1 (see Supplemental
Material [19]) that shows the band-structure calculation for
different microcrystal cross sections.

As shown in Fig. 2(a), the band structure presents a
large number of high-frequency modes due to the large
size of the microcrystals. Interestingly, a full PBG opens
up at 0.870 eV with a width of approximately 17 meV.
The PBG is the key parameter for the applicability of
the PC to optical devices, because it allows light control
and management. In the particular case of the microcrystal
matrix, such a PBG is expected to generate a stop band for
light transport along the in-plane directions. Photons with
energy outside the PBG will then propagate isotropically,
whereas radiative decay events at frequencies matching the
PBG will be inhibited while being redistributed towards
the out-of-plane directions [20]. This will manifest itself
in an enhancement of the rate of light emitted outside
the 2D plane, yielding directional propagation along the
microcrystal growth axis. A schematic representation of
isotropic and directional propagation at two wavelengths,
outside and inside the PBG, is shown in Fig. 2(b). This
principle could be exploited to reduce optical losses and to
enhance the extraction efficiency in high-refractive-index
materials such as group-I'V semiconductors. It is worth not-
ing that the PBG is present only for the TM polarization,
i.e., for emitted light that has an out-of-plane component of
the electric field. Indeed, Fig. S1 within the Supplemental
Material [19] shows that the photonic band structure for
the TE-polarized light does not have a PBG in the range
of interest and thus can propagate along the sample sur-
face. In our structure a PBG is thus present only for the
TM polarization, so that the resulting TM stop band will
be the only contribution to the enhancement of the light
extraction efficiency discussed hereafter.

B. Experimental proof

Self-assembled, epitaxial microcrystals have already
shown interesting optical properties [6,7,9]. Here we
experimentally explore the interaction of their light emis-
sion with the PC structure predicted by FEM. We thus
focus on the direct band-gap recombination in Ge, being
motivated by its strong potential from the standpoint of
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FIG. 3. (a) Continuous-wave photoluminescence spectra mea-
sured at 5 K in an 8-um-thick unpatterned Ge epilayer on Si (top,
green line) and 8-um-thick Ge microcrystals (bottom, red line)
under 1064-nm excitation. The spectrum of the unpatterned Ge
epilayer is magnified 30x. (b) Left: calculated electronic band
structure of the unpatterned Ge epilayer under thermal tensile
strain (green lines). It can be seen the lifting of the degeneracy
between heavy-hole (HH) and light-hole (LH) bands at the top of
the valence band. Right: simulated electronic band structure of a
fully relaxed Ge microcrystal (red lines) highlighting the bulklike
valence-band degeneracy at the zone center.

group-1V photonic components [21,22]. To verify the pres-
ence of the PBG we perform continuous-wave PL exper-
iments on the microcrystals, comparing the results with
those obtained on the reference unpatterned layer [23].
The comparison is useful to discriminate the effect of the
material from that of the microstructure. To ensure that
the microcrystals and the reference Ge film have the same
material properties, we measure the PL of the epilayer in
an unpatterned region of the same chip on which the fab-
rication process is performed. The PL spectra measured at
5 K are reported in Fig. 3(a) and present noticeable differ-
ences. The PL intensity of the microcrystals turns out to be
approximately 30 times higher than that of the unpatterned
film. This difference is observed with good reproducibility
on other samples and mostly results from the superior opti-
cal quality of the microcrystals, which is determined by
the mitigation of nonradiative recombination centers due
to blocking and expulsion at the sidewalls of the threading
dislocations [6].

Another major difference between the two samples can
be found in the energy position of the direct-band-gap
recombination. The unpatterned Ge epilayer shows a main
structure at 0.858 eV and a weaker shoulder at 0.873
eV, while the microcrystals’ PL is dominated by a bright
recombination at 0.891 eV, accompanied by a lower inten-
sity feature at 0.870 eV. To understand the presence of the
two distinct contributions in the unpatterned Ge we take
into account the tensile strain resulting from the thermal

mismatch with the Si substrate [24]. This has a strong effect
on the band structure of Ge since it induces a redshift and
it breaks the valence-band degeneracy at the center of the
Brillouin zone [23], as shown in the calculated band struc-
ture reported in Fig. 3(b). The two PL structures observed
in the top panel of Fig. 3(a) can thus be ascribed to radia-
tive pathways at the center I' of the Brillouin zone from
the bottom of the conduction band (cI'") towards heavy-
hole (HH) and light-hole (LH) bands, respectively. The
0.873-eV peak arises from the cI'-HH transition, while
the 0.858-eV structure stems from the cI"-LH recombina-
tion [23]. As opposed to the case of the unpatterned Ge,
the calculated electronic band structure [see Fig. 3(b)] of
the epitaxial microcrystals does not feature HH-LH split-
ting, because the tensile strain is fully relaxed through
the three-dimensional growth of the microcrystals [3]. The
direct recombination of the strain-free Ge microcrystals
thus occurs at higher energy than in the unpatterned epi-
layer and can be associated to the prominent peak at 0.891
eV. The presence of a lower-energy structure in the micro-
crystal PL is instead unexpected, because its energy by far
exceeds the one of the indirect gap (approximately 0.74 eV
[25]). In addition, a direct comparison with the PL of bulk
materials rules out electronic Raman scattering as another
potential source of its origin [26] (see Fig. S2 within the
Supplemental Material [19]). It is worth noting, however,
that the energy and the linewidth (FWHM approximately
20 meV) of this spectral feature agree strikingly well with
those of the PBG obtained from the FEM simulations. The
analysis of the PL lineshape and position as a function of
temperature allows us to further understand the origin of
the PL components observed at 5 K.

At first, we focus on the temperature-induced depen-
dence of the emission energy, shown in Figs. 4(a)4(c).
The raw PL spectra of the Ge epilayer and of the micro-
crystals as a function of temperature are reported in Figs.
S3 and S4 within the Supplemental Material [19]. The
two PL peaks pertaining to the reference Ge epilayer red-
shift, demonstrating band-gap narrowing and confirming
that these are interband transitions across the Ge direct
gap. The deviation of the cI'-LH line from Varshni’s law
[25] observed above 100 K and its merging with the cI'-
HH recombination can be rationalized by considering a
thermally activated LH-HH repopulation mechanism. This
behavior is consistent with previous reports on pum-thick
Ge-on-Si epilayers [23,27]. It should be noted that the pres-
ence of a single data point between 125 and 200 K is due
to the extremely broad and low-intensity PL line that does
not allow us to extract with satisfactory confidence the
LH and HH recombination energies (see Fig. S5 within
the Supplemental Material [19]). The temperature depen-
dence of the PL of Ge microcrystals shows, conversely,
a more subtle scenario since the two peaks behave very
differently with the increasing temperature. Figures 4(b)
and 4(c) show that the feature at 0.891 ¢V demonstrates
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FIG. 4. (a) Color-scale map of the continuous-wave PL of an unpatterned 8-pm-thick Ge epilayer as a function of the lattice temper-

ature under 1064-nm excitation. Temperature ranges from 5 to 300 K. (b) Color-scale map of the continuous-wave PL of 8-um-thick
Ge microcrystals measured under the same experimental conditions of the unpatterned reference. (c) Temperature-dependent redshift
of the 8-um-thick unpatterned Ge epilayer (green and blue) and of the 8-um-thick Ge microcrystals (red and black). Dashed lines are
the Varshni fit of the corresponding experimental PL data. (d) Integrated PL intensity of the direct band-gap recombinations of the
8-um-thick unpatterned Ge epilayer (green) and of the 8-pum-thick microcrystals (red) normalized for their respective values measured
at 5 K. The PL is integrated on the full band of the direct emission over a mobile range, following the redshift of the recombination as

a function of temperature.

the expected Varshni’s redshift. The energy position of the
minor peak remains notably constant at 0.870 eV up to 75
K, being no longer resolved at higher temperatures. The
complete absence of any temperature dependence clearly
shows that this spectral feature is not an electronic transi-
tion. To gather a better understanding of this structure, it is
worth having a closer look at the variation of the PL inten-
sity upon the temperature [Fig. 4(d)]. As the temperature

increases, the direct-gap PL intensity of a Ge-on-Si epi-
layer is known to decrease to a minimum at about 200 K
and then to gain weight towards room temperature [6,28].
Indeed, at cryogenic temperatures the direct recombina-
tion is efficient because both nonradiative recombinations
and I'-L intervalley scattering are negligible. The opposite
holds near room temperature, yielding the behavior shown
in Fig. 4(d) characterized by an overall intensity minimum
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at intermediate temperatures, i.e., about 200 K. In stark
contrast, the PL intensity of the microcrystals demonstrates
an opposite phenomenon with a well-defined maximum at
about 145 K. This puzzling behavior is consistently repro-
duced on various samples. At 145 K the PL intensity is
about 3 times than that at 5 K. Above all it is 8 times
larger than the intensity measured at the same temperature
in the unpatterned reference, even after having minimized
the nonradiative contributions of the dislocations through
the PL normalization with respect to the lowest temper-
ature values [see Fig. 4(d)]. It should also be noted that
the temperature scan demonstrates that the intensity of the
direct-gap PL peak increases sharply right at the onset of
the calculated boundaries of the PBG and reaches a max-
imum at 145 K when the PL peak energy equals 0.870
eV. The drastic PL increase can therefore be interpreted
as a redirection of emitted light towards the top of the
microcrystals when its energy is brought into resonance
with the center of the PBG predicted by FEM simulations.
This finally confirms the concept of photonic mediated
directional emission as proposed in Fig. 2. The out-of-
plane redirection of the light emitted inside of the PBG
bandwidth also allows us to ascertain the nature of the
low-intensity emission at 0.870 eV observed in the micro-
crystal PL at low temperatures [see Figs. 3(a) and 4(c)].
Indeed, such a PL structure is most likely given by the low-
energy tail of the main direct-gap peak, which falls within
the PBG and is guided out of the microcrystals towards
the top surface. This contribution, albeit less evident, can
be observed also on the high-energy tail of the direct-gap
peak in the PL spectra, after the resonance observed at 145
K and up to 250 K, as reported in Figs. S3 and S6 within
the Supplemental Material [19].

IV. CONCLUSION

We predict the occurrence of a full PBG in a 2D PC
made of semiconductor microcrystals. To experimentally
verify its presence, we perform PL measurements of Ge-
on-Si heteroepitaxial architectures using temperature as
a parameter to control the energy detuning between the
PBG and the radiative recombination through the direct
gap of Ge. We find about an order of magnitude enhance-
ment of the PL upon resonance, that we interpret as a
result of the in-plane stop band generated by the PBG
that reroutes the PL towards the direction perpendicular
to the periodicity plane, increasing the light extraction
efficiency. The demonstration of the presence of a PBG
opens an exciting field of application for semiconduc-
tor microcrystals self-ordered on patterned substrates. The
extremely flexible fabrication technique provides a large
number of degrees of freedom in terms of morphology and
patterning, that could allow for further improvements of
the microstructures. Moreover, by virtue of the inherent
transparency of group-IV materials at long wavelengths,

we expect that Ge/SiGe quantum-well emitters embedded
into microcrystals [29] can have strong potential for the
implementation of VCSELs and quantum cascade lasers
spanning the mid-infrared and terahertz range [30,31].
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