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Enhancement of Light Emission from Silicon by Utilizing Photonic
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SUMMARY Efficient silicon-based light sources are expected to be key
devices for applications such as optical interconnection. Huge number of
researches has been conducted for realizing silicon-based light sources.
Most of them utilized silicon-related materials such as silicon nanostruc-
tures or germanium, not crystalline silicon, which has been considered as a
poor light emitter because of its indirect electronic bandgap. Light emission
properties of materials can be tailored not only by modifying the material
properties directly, but also by controlling the electromagnetic environment
surrounding the material. Photonic nanostructures are a powerful tool for
creating the engineered environment. In this paper, we briefly review the
mechanisms for improving the light emission properties of materials by
photonic nanostructures and present our recent experimental results show-
ing the enhancement of light emission from silicon by introducing photonic
crystal structures.
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1. Introduction

Recently, silicon photonics technology has attracted much
attention as a key technology for implementing optical inter-
connection systems in the future electronics [1],[2]. In ad-
dition to this widely-recognized target, applications to high-
speed communications and to optical sensing have also been
discussed [1],[2]. Almost all fundamental optical compo-
nents like waveguides and cavities have been investigated
and developed. However, the lack of silicon-based efficient
light sources limits the potential expansion of its application
area. This is because light emission efficiency of bulk crys-
talline silicon is extremely low (typically 107°-107) due to
the indirect nature of its electronic bandgap.

Many investigations have been conducted for achiev-
ing efficient light emission by using silicon-related nanos-
tructures such as silicon nanocrystals [3], [4] and silicon ul-
trathin films [5], [6], porous silicon [7], and so on. Recently,
germanium [8] and its nanostructures [9] also attract the re-
searchers. They are promising candidates for light emitters
at around 1.5 ym. In addition to these approaches based on
material engineering, it is possible to utilize photonic nanos-
tructures for improving emission properties of silicon and its
related materials. Light emission characteristics of materi-
als depend both on material parameters such as the transition
dipole moment and properties of electromagnetic field sur-
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rounding the material. Photonic nanostructures enable one
to tailor the electromagnetic environment, for instance, by
strongly confining the light within a small volume, and to
control the light emission properties of materials.

One of widely studied photonic nanostrucrtures is pho-
tonic crystal (PhC) [10], which has a periodic modulation
in refractive index with a periodicity of the order of opti-
cal wavelength. This periodicity creates so-called photonic
band structures and photonic bandgaps (PBGs). These con-
tribute to improve light extraction and light collection effi-
ciency due to the diffraction, the change of emission pat-
tern, and so on. Furthermore, PhC nanocavity, which is
formed by artificially introducing a defect in a PhC lattice,
provide an additional opportunity to enhance the light emis-
sion. PhC nanocavities have high quality factor Q and small
mode volume V.. These unique features pronounce quan-
tum nature of light-matter interaction inside the cavity and
enhance the light emission rate.

In this paper, we discuss our recent experimental re-
sults demonstrating enhanced light emission from crys-
talline silicon with PhCs and PhC nanocavities. This pa-
per is organized as follows. In Sect.2, we will briefly re-
view how the efficiency of light emission can be improved
by photonic nanostructures. In Sect.3, we present experi-
mental results showing enhanced photoluminescence (PL)
from crystalline silicon with PhC nanocavities. The effect
of cavity size on the enhancement will be also discussed.
Successful transmission of enhanced luminescence from a
cavity through a silicon optical waveguide is presented in
Sect. 4. In Sect. 5, we will present our recent results on sil-
icon light emitting diode with PhC structures. Finally, the
summary will be given in Sect. 6.

2. Physics of Enhanced Light Emission Using Photonic
Nanostructures

Here, we discuss the total efficiency 7y of light emitting
devices. ma can be decomposed into three factors as fol-
lows

Ttotal = MemissionJextraction?]collections (1)

where 7emission 1S the emission efficiency, which means
how much exited carriers can contribute photon radiations,
Textraction 15 the extraction efficiency of photons from the ma-
terial to the outside, and 7copection 1S the collection efficiency
of extracted photons into the optical setup, only which can
be available in applications. In this section, we will briefly

Copyright © 2012 The Institute of Electronics, Information and Communication Engineers
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Fig.1 Possible mechanisms for enhancing light emission from a mate-
rial. Left panel shows the change of radiative lifetime 7 of a single QD
embedded in a PhC nanocavity. A denotes the wavelength difference be-
tween the QD’s emission peak and the cavity resonance. Right-top panel
illustrates the two mechanisms for boosting the extraction of photon from
high-index materials. Right-bottom figures show qfar-field radiation pat-
tern for several different cavity geometries. Blue circles express the maxi-
mum collection angle for a lens with a numerical aperture of 0.42.

summarize the possible mechanisms for improving each fac-
tor by utilizing photonic nanostructures.

2.1 Purcell Effect

TNemission 18 defined by the ratio of radiative decay rate of ex-
cited carriers to total recombination rate, which is the sum
of the radiative and non-radiative decay rates. The Fermi’s
golden rule tells that the radiative decay rate (spontaneous
emission rate in this case) depends not only on material
properties but also on the electromagnetic environments. If
the light emitter is placed inside an optical cavity, the emis-
sion rate to the optical mode is enhanced. This effect is
well known as the Purcell effect [11]. The Purcell factor
F,, which indicates the enhancement factor of the emission
rate, is usually expressed as F, = B Q)/(4n*n’V,), where
Ac is the resonant mode wavelength, Q is the quality factor
of the mode, n is the refractive index of the material, and
Vc is the mode volume. Therefore, PhC nanocavities are
promising structures for realizing large enhancement of the
radiative emission rate. Figure 1 (left-hand side) shows an
example of the change in the emission rate of a single InAs
quantum dot (QD) measured at low temperature. When
the QD emission wavelength resonates to the cavity mode
wavelength, radiative decay time is shortened clearly. In
contrast to compound semiconductors, non-radiative recom-
bination processes dominate the radiative recombination in
crystalline silicon. Therefore, increase of radiative rate di-
rectly improves the emission efficiency.

2.2 Diffraction, PBG Effect and Radiation Pattern Modifi-
cation

Nextraction A0d Teollection are also improved by using photonic
nanostructrues. But the mechanisms behind them are based
on classical optics not on quantum physics as in the previous
subsection. Only a small fraction of photons emitted inside
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a high-index material like semiconductors can be extracted
and collected due to the total internal reflection between the
material and air. PhC structures open the pathways for pho-
tons to the outside through the diffraction effects as shown
in Fig. 1. If the emission wavelengths are located within
the PBG in lateral direction, the light emission only into
the vertical direction is allowed. Owing to these mecha-
nism, higher 7exraction can be expected from materials with
PhC structures than with a flat surface [12]. Besides, radia-
tion patterns from photonic nanostructers are largely differ-
ent compared with a flat surface. By controlling the cavity
geometry, for instance, radiation pattern can be tailored in
order to match it with the collection optics (examples are
given in Fig. 1). These mechanisms have been utilized in
light emitting diodes for improving Jextraction and Meollection
[13]-[15].

3. Enhanced Photoluminescence from Silicon Photonic
Crystal Nanocavities

Here, we discuss the enhancement of light emission from
crystalline silicon by introducing PhC nanocavities. En-
hanced PL has been reported from silicon PhC structures
without nanocavities [16],[17]. However, because of the
aforementioned mechanism, nanocavities have much poten-
tial for improving light emission properties of silicon-based
materials.

3.1 Sample Fabrication and Characterization Method

PhC nanocavities were fabricated on commercially available
silicon-on-insulator (SOI) substrates. The thicknesses of top
silicon and buried oxide layers are 200 nm and 1 yum, respec-
tively. The top silicon layer is lightly p-doped. The resistiv-
ity of the layer is ~20 Qcm. The flow of fabrication pro-
cesses is schematically illustrated in Fig. 2. Several types of
PhC nanocavities were fabricated by using electron-beam
lithography, reactive-ion etching. Finally, air-suspended
structures were formed by wet etching using hydrofluoric
acid solution. Details for fabrication processes were re-
ported in references 18 and 19. We fabricated three different
types of cavity structures, HO, H1 and L3 cavities. The HO
cavity [20] was formed by shifting two neighboring air holes
oppositely each other along the I'-K direction of a triangular
PhC lattice. The H1 and L3 [21] cavities were formed by
removing one and three air holes along the I'-K direction,
respectively. In addition, holes at each edge of the L3 cavity
were shifted outward [22]. Scanning electron microscope
(SEM) images and distributions of the dominant electric
field component for these cavities are shown in Fig.2. The
field distributions are calculated by three-dimensional finite-
difference time-domain (3D-FDTD) method [23]. Structural
parameters for samples can be found in our previous publi-
cations [18],[19].

Samples were characterized by micro PL (u-PL) setup
at room temperature. The pump laser beam was focused
onto the sample surface by an objective lens (50X, numer-
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Fig.2  (Left) Fabrication process of Si PhC nanocavities. SEM images
for three types of cavities HO, H1, and L3 with shift are shown in right.
Field distributions of the main electric field components (E,) for cavity
modes are also presented.
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Fig.3 Room temperature p-PL spectra from a series of silicon L3

cavities. Samples were excited by a continuou-wave frequency-doubled
Nd:YAG laser emitting at 532 nm.

ical aperture = 0.42). PL signals were collected by the
same objective lens and were detected by a liquid-nitrogen-
cooled InGaAs photodiode array through a single grating
monochromator.

3.2 Enhanced PL from L3 Cavities [18]

u- PL spectra for a series of L3 nanocavities with r/a = 0.32,
where r is the radius of air holes and a is the periodicity
of PhC lattice, are shown in Fig.3. Several sharp peaks
are clearly observed and peak positions shift towards longer
wavelengths as a increases. Peak wavelengths and their
polarization dependences show reasonable agreements with

IEICE TRANS. ELECTRON., VOL.E95-C, NO.2 FEBRUARY 2012

T T T T
1.0x105 rla=0.39

~150 times

= 0.8~ enhancement .
8
> 06 B
[}
s ;
S 04r rla=0.37 -
T non-patterned .

0.2 (magnified by10 times) ~310 times

' enhancement
0.0 , . . -

900 1000 1100 1200 1300 1400

Fig.4  Comparison between PL spectra from L3 cavities (red curves) and
from non-patterned area (blue curves). Spectra from a flat surface are mag-
nified by 10 times for easy to see.

numerical results obtained by 3D-FDTD simulations. The
Ist order cavity modes are visible in the spectra with shorter
periods. Cavity Q of the 1st order cavity mode at ~1,150 nm
in the spectrum for a = 297 nm is estimated at ~5,000 from
high-resolution measurements (not shown). This is much
smaller than the designed Q (~21,000). Fabrication imper-
fections seem to be the dominant reasons for this degra-
dation. Measured Q’s for higher order cavity modes are
~1,000 or less. These are much closer to the designed val-
ues.

Large enhancement of PL intensity from PhC nanocav-
ities was obtained when higher order cavity modes were
tuned at around the peak wavelength of Si PL. Figure 4 com-
pares the PL intensity from nanocavities with that from non-
patterned areas. PL spectra from non-patterned areas (blue
curves) are magnified ten times for better viewing. PhC
samples show stronger emission than non-patterned ones
over the whole spectral region of silicon PL. From spatially
resolved PL measurements, it is confirmed that these en-
hanced background emissions mainly come from the PhC
areas surrounding the cavities (see Fig. 3 in [18]). The back-
ground emission doesn’t resonate with the cavity modes but
its spectral range locates inside the PBG of the PhC. Thus,
the in-plane PBG effect discussed in Sect. 2.2 is considered
as a mechanism for this enhancement. Cavity peak intensi-
ties are evaluated by subtracting this background emission.
We define enhancement factors as the ratios of these cavity
peak intensities to the PL intensity from the non-patterned
area at the corresponding wavelengths. For the sample with
r/a = 0.37, the enhancement factor reaches up to ~310 for
the 5th order cavity mode at 1,191 nm.

This enhancement can be attributed to three mecha-
nisms as discussed in Sect. 2. In PhC nanocavities, the ex-
traction efficiency is expressed as Qmeasured/(2Q,), Where Q,
is the designed out-of-plane Q. For the 5th mode in Fig. 4,
Omeasured and Q, are 447 and 565, respectively. Thus, the
extraction efficiency is estimated at ~40%. A 3D FDTD
simulation predicts that ~28.5% of extracted photons of the
cavity mode can be collected by the objective lens. Totally,
for the 5th mode, ~11.3% of emitted photons is collected.
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On the other hand, without a PhC pattern, only ~0.2% of
emitted photons can be collected in the present experimental
setup [24]. Therefore, the enhancement factor due to the in-
creased extraction and collection efficiency is approximately
56.5 (11.3%/0.2%). The remaining five times enhancement
can be considered as the result of enhanced emission effi-
ciency. The Purcell effect is one of possible mechanisms for
the enhancement.

Enhancement of silicon light emission using PhC
nanocavities was also confirmed by other groups [25], [26].
Temperature dependence of cavity mode emission also indi-
cates the contribution of the Purcell effect for the enhance-
ment [26].

3.3 Effect of Cavity Mode Volume on PL Enhancement
[19]

In order to get more insight for the enhancement of emission
efficiency, we investigated the effects of cavity mode volume
V. on light emission.

The expression for the Purcell factor F, in Sect. 2.1 is
correct only when the homogeneous linewidth of the emit-
ter is much narrower than the linewidth of the cavity mode.
This is the case in which an atom-like emitter, such as a
single QD, is used as a light emitter. On the other hand,
an emitter like crystalline silicon at room temperature has
a broader homogeneous linewidth than that of the cavity
mode. A dephasing time shorter than 100fs has been re-
ported for electrons in silicon [27], which corresponds to O
less than 100. In this case, Q in the expression of F, should
be replaced by the material quality factor Q,, (= 4/Adhomo,
where Adpomo is the homogeneous linewidth). Thus, F), of
the resonant mode can be increased by simply reducing V..

We analyzed room-temperature light emissions from
four cavity modes shown in Fig.2. In Fig. 5(a), spectra for
different cavity structures having a mode emission around
1,135 nm, which is close to the peak wavelength of the emis-
sion spectrum from a non-patterned area, are shown along
with the emission spectrum obtained from the area without
a PhC pattern. For the H1 cavity, so-called x-dipole and y-
dipole modes [28] almost overlap each other in this sample.
In the present analysis, we discuss only the x-dipole mode,
which can be separated by a polarization-resolved measure-
ment. Measured cavity Q’s are also shown in the figure.
These are larger than Q,, determined by the dephasing time.
Thus, F, is expected to be mainly determined by Q,,, not by
the cavity Q.

The integrated mode intensity /s is estimated after
subtracting the background emission as in the previous sub-
section. Ips can be expressed by as follows:

Iobs = MNcollection * Tlextraction Iemil» (2)
Temic = Nmode * pP-V,, (3)

where 7coltection aNd Mextraction are collection and extraction
efficiency of photons from silicon slab, Iy is the emitted
mode intensities from the nanocavity, Myede 1S the internal
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Fig.5 (a) Room temperature u-PL spectra from different types of cavi-
ties showing the modes around 1,150 nm. Blue curves are the spectra ob-
served from non-patterned regions. Here, a semiconductor laser at 660 nm
was used as an excitation light source. (b) Ipit/V, as a function of V.. We
measured four samples for each cavity mode. The bars on the plot show the
ranges of lemit/ V. for each mode, while the balls show the average values.

mode emission efficiency per volume, P is the pump density,
and V, is the emitting volume. In the present experiments,
P is constant for all samples.

Figure 5(b) shows a plot of I.n;/V, as a function of
V.. We calculated designed Q, cavity mode volume V,, and
Neollection fOr €ach mode using 3D-FDTD simulations. Us-
ing the simulation results and measured Q’S, Textraction S Were
obtained. I.pi/V, is considered to be proportional to 7mode
because it is reasonable to assume that V, is approximated
by V.. The electromagnetic fields of the cavity mode are
concentrated within the mode volume. It is clearly seen that
Temit/ Ve 1.€. mode increases as V. decreases. Based on the
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simple Purcell theory, 1mede should be proportional to F),
i.e. V1. In contrast, the result shows much stronger depen-
dence as shown in Fig. 5(b). This suggests that other mecha-
nisms besides the Purcell effect are contributing for the light
emission. Effects of phonon localization [29] and carrier lo-
calization [17] may be possible mechanisms. In addition,
the energy dissipation into other optical modes existing in
the emission spectrum such as other cavity modes may be
taken into account.

Further investigations are still needed for understand-
ing the behavior. However, this result clearly suggests that
size of light confinement, instead of cavity Q, is much im-
portant for getting larger mode emission from broad emit-
ters like crystalline silicon at room temperature. Plasmonic
nanocavities will be one of promising structures for this pur-
pose. Moreover, this finding offers another option to im-
prove 7colection at the expense of cavity Q. By modulating
air-hole size or arrangements around the cavity, radiation
diagram from the cavity mode can be tailored so that large
parts of photons will be emitted within a narrow angle [30].

4. Detection of Emission from Silicon PhC Nanocavi-
ties through a PhC Waveguide [31]

In the previous section, light emission from cavities was
monitored above the samples. Here, we present a demon-
stration of an in-plane guidance of light generated inside
a silicon PhC nanocavity through a lateral PhC waveguide.
This shows a potential of silicon-based internal light sources
for optical signal transmission on chips.

Figure 6(a) shows an SEM image of a device we fab-
ricated. A L3 cavity is located close to a PhC waveguide,
which is formed by omitting a row of air holes along I'-K
direction. We chose a distance between the cavity and the
waveguide of three rows in order to realize a high coupling
efficiency from the cavity to the WG while keeping a moder-
ate 0. The coupling efficiency of ~35% and designed Q of
the order of several thousands are obtained from 3D FDTD
simulations. E,-field distribution at the resonant wavelength
of the 1st order cavity mode of the isolated cavity is shown
in Fig. 6(b). A clear coupling between the cavity and the

t f—— cavity coupled to PhC-WG) {
Lo (o) ——PNC-WG without cavity ||
[ bulk Silicon

Intensity [a.u.]
§
m‘é
\5

T

1050 1100 1150 1200 1250
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Fig.6  Propagation of photons emitted from nanocavity through PhC
waveguide. (a) SEM image of a L3 cavity coupled with a W1 PhC wave-
guide. (b) Field distribution for the wavelength of fundamental cavity mode
calculated by 3D FDTD. (c) Measured PL spectrum through the waveguide.
The peak corresponds to the cavity mode.
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waveguide is observed.

The signals were detected at the edge of cleaved sam-
ple from the lateral side by using a 100x microscope ob-
jective controlled by a piezo actuator. The cavity was ex-
cited from the top of sample. Here we used a semiconductor
laser diode at 405 nm. In Fig. 6(c), we present a typical re-
sult. In contrast to the spectrum in Fig.4, only one peak
around A = 1,110 nm is observed in the spectrum measured
from a PhC waveguide coupled with a L3 nanocavity (red
curve). This peak corresponds to the first order cavity mode
of the L3 cavity. Higher modes are not visible in this geom-
etry. They can’t propagate long distance through the wave-
guide because they don’t cross the waveguide mode under
the light-line in this particular sample. The detected sig-
nal intensity strongly depends on the position of objective
lens. When the objective moves in vertical and lateral di-
rections, the detected signal quickly decreased. This also
proves that signals were detected through the waveguide.
We estimate the propagation length, which is defined as a
length where the initial intensity decays by 3 dB by calculat-
ing the absorption coefficient using the formula in [32]. The
absorption length ranges 5-50 cm for the wavelength region
of 1,150-1,200 nm by taking into account the reduction of
group velocity in PhC waveguide compared to bulk silicon.
Thus, relatively long propagation of light from internal light
sources can be achieved by tuning the cavity wavelength.

5. Demonstration of Silicon Light Emitting Diode with
Photonic Crystal Structures [33]

Highly-efficient silicon-based light emitting diode (LED) is
one of important targets of research. Only a few researches
have been reported on the development of silicon LEDs so
far. Using very high-quality crystalline silicon, a Si LED
with surprisingly high efficiency (~1%) have been demon-
strated [34]. A silicon LED with a planar microcavity have
been fabricated. However it showed only ~2 times enhance-
ment of electro-luminescence (EL) [35]. Our aim is to uti-
lize PhC nanocavities for realizing efficient silicon-based
LED. As the first step, we have fabricated a silicon LED
with a PhC pattern without nanocavities and have demon-
strated large enhancement of EL compared with a SOI LED
with a flat surface.

Our device structure is schematically depicted in
Fig.7(a). A SEM image of the central area of the device
is also shown. Silicon PhC LEDs were fabricated on com-
mercially available SOI substrates. Lateral p*-p-n™ struc-
tures were formed by utilizing selective-area ion implanta-
tion technique. The length of i-region is 5 um. The buried
oxide layer was not removed in this experiment. /-V traces
showed clear rectification behavior with a turn-on voltage
about 0.8 V, which is a typical value for silicon diodes. The
series resistance becomes bigger when a PhC structure is
patterned. The change in resistivity can be well explained
by considering the reduction of the cross section due to the
introduction of air holes.

EL spectra for devices with different PhC periodicities
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Fig.7  (a) Schematic illustration of silicon PhC LED. SEM for the central
part of device is also shown. (b) EL spectra from PhC LEDs with differ-
ent periodicities and from a SOI LED with flat surface. All spectra were
measured under the injected current of 10 mA and at room temperature.

at an injected current of 10 mW are shown in Fig. 7(b). For
comparison, EL spectrum from a SOI LED with a flat sur-
face is also shown. It is clear that EL intensity becomes
strong by introducing PhC patterns. Particularly, peak inten-
sity from the LED with a PhC period of 750 nm is more than
10 times stronger than from a LED with flat surface. Inte-
grated intensity of the PhC-LED is enhanced by 14 times
compared with a non-patterned LED. Numerical simula-
tions indicate that these enhancements are mainly attributed
to the improved extraction and collection efficiencies due to
the photonic band structures. We also observed much larger
enhancement (~140 times) of peak and integrated intensities
when the buried oxide layer underneath the PhC pattern is
removed. Details will be reported elsewhere.

6. Conclusion

In this paper, we briefly discussed the mechanisms for im-
proving the light emission properties of materials by utiliz-
ing photonic nanostructures and presented our recent exper-
imental works on light emission from silicon with PhCs and
PhC nanocavities. There are still plenty of rooms of basic
researches in order to clarify the detail mechanisms for the
enhancement of emission efficiency. However, our exper-
imental results show that photonic nanostructures are use-
ful for controlling light emission from silicon. Note that
photonic nanostructures are also effective for enhancing the
light emission from germanium [36], which has received
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much attention since the first report of the optically pumped
laser [37]. Moreover, combinations with engineered materi-
als such as germanium QDs will expand the possibilities of
group-IV based light sources. Germanium QDs have been
already embedded in optical micro cavities and enhanced
luminescence has been reported [38].

There are big hurdles to be crossed before reaching the
goal, realization of efficient silicon-based light sources. We
believe, however, photonic nanostructures will play crucial
rolls on the development of these devices.
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