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We demonstrate an on-chip silicon-based active photonic molecule (PM) structures formed by two
coupled photonic quantum dots with complete photonic bandgap (PBG) light confinement. The
photonic quantum dots are grown by conformal deposition of amorphous silicon nitride multilayers
on patterned substrates. A fine structure of the coupled optical modes in PMs has been observed
which shows similarity to the electronic bonding (BN) and antibonding (ABN) states in a
molecule. © 2011 American Institute of Physics. [d0i:10.1063/1.3614548]

Photonic molecule (PM)" mimics the electronic states in
chemical molecules by using resonant modes in coupled
microcavities. This concept is another strategy to manipulate
the density of states of photons in a material which differs
from photonic crystals or photonic bandgap (PBG) materi-
als.>* In PBG materials, the periodic modulation of the refrac-
tive index can be treated as a weak additional potential which
governs the propagation of light waves. On the other hand,
confining light in a small volume, e.g., in a microcavity of
wavelength dimension represents a strong perturbation to the
photon mode density which is similar to what happens for
electrons confined in quantum dots. For this reason, these sys-
tems are called photonic quantum dots.>® A natural evolution
of the concept is to consider coupled photonic quantum dots,
i.e., photonic molecules."*” There are many potential applica-
tions for PMs, e.g., low-threshold lasers,8 optical switc:hes,9
quantum information science,'® and phonon laser.""

However, compared to PBG materials, research on PMs
is quite limited due to their fabrication complexity. The use
of coupled microspheres is complicated by the difficulty of
on-chip integration."'*'> Microdisks require a precise con-
trol of the coupling distance between disks® '” and have a
complex mode density with high order modes which compli-
cates the picture, where the analogy to simple chemical mol-
ecules is lost. Microcavities in PBG materials have a plain
photon mode density and allow an easy control of the cou-
pling. The coupling can be easily controlled because the op-
tical mode is confined by Bragg reflections, which have a
greater penetration depth in the confining material than the
one due to total internal reflection as it occurs in micro-
disks.'* But coupled microcavities in 3D photonic crystals or
complete PBG materials are still a big challenge in state of
the art photonic crystal technologies.'>™'® In this paper, we
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propose to use conformal deposition method to form on-chip
silicon-based 3D PMs with complete PBG light confinement.

The PM samples are prepared by two basic steps. The
first is to etch mesas on silicon substrates.® The second is to
produce PMs by growing coupled microcavities on the initial
etched substrates by using conformal deposition of amor-
phous silicon nitride films (a-SiN). The mesas are designed
to square shapes with lateral size of 1 um, 2 ym, 3 um, and 4
um and a height of 400 nm. A sequence of @-SiN films is
then conformably grew on these mesas by plasma enhanced
chemical vapor deposition (PECVD). Ammonia (NH3) and
silane (SiH,) gas mixtures were used as the reaction sources,
and the gas ratio R = (NH;3/SiH,) was changed to control the
film compositions.

Following is the growing process of the coupled micro-
cavities: A periodic sequence of 5 periods of quarter wave-
length thick @-SiN films with low refractive index (n=1.9)
and high index (n = 2.8) was deposited by alternatively using
a gas ratio R =8 and R =0.5. This sequence forms a distrib-
uted Bragg reflector (DBR). Due to their amorphous nature,
the films grew following the morphology of the mesa. Then,
an active a-SiN luminescent layer with index (n=2.1) was
deposited by using gas ratio R =2. This layer shows a room-
temperature broad luminescence emission with a peak wave-
length of 720 nm and a bandwidth of 100 nm. For this rea-
son, the central wavelength of the microcavity is designed to
be A =750 nm. The active layer was separated by 2.5 periods
DBR from the second 4/2 active layer. Finally, a 5 periods
DBRs finished the growth. The details of each layer can be
found in Table I.

3D finite-difference time-domain (FDTD) simulations
of the PM on 1 um side mesa were performed by using the
CRYSTALWAVE software of Photon Design.

Figure 1(a) shows the scanning electron micrograph
(SEM) of a PM sample, which is conformably deposited on a
square mesa of width of W=1 um. A bump is observed in
correspondence of the mesa. The surface appears to be
smooth. The original square form of the pattern is changed
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TABLE I. Layer sequence and optical parameters.
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Periods Layer NH;/SiH, flux ratio Refractive index Thickness (nm) Optical gap (eV)
5 /4 a—SiNy 8 1.9 99 3.8
/4 a—SiN,, 0.5 2.8 67 2.0
1 /2 a—SiN, 2 2.1 179 2.5
2.5 A4 a—SiNy 8 1.9 99 3.8
/4 a—SiN,, 0.5 2.8 67 2.0
1 A2 a—SiN, 2.1 179 2.5
5 /4 a—SiNy 8 1.9 99 3.8
/4 a—SiN,, 0.5 2.8 67 2.0

in a dome like shape due to film bending at the edge of the
mesa. The dome diameter is 2 pum, while the height is 400 nm
which inherits from the mesa. In Fig. 1(b), the layer sequence
is observed by a cross-section transmission electron micros-
copy (TEM) image. The TEM image is compared to the sche-
matic picture of Fig. 1(c). It can be clearly observed that the
films have grown conformably on the mesa by preserving the
layer sequence. An evolution of the radius of curvature of the
deposited film at the mesa edges is observed: the first layers
have small curvature radii while the last layers have large cur-
vature radii. This is the main difference with respect to Fig.
1(c). The two active layers, which form the PM, can be clearly
observed in Fig. 1(b). It is worth to note that photons in these
layers are confined both vertically as well as laterally by the
DBR layers, since these last bends at the edge of the mesa. In
this way, a 3D photon confinement in the active layer is
achieved. Note that the lateral extension of the active layer is
defined by the side DBRs. Thus, the top active layer is larger
than the bottom one; the size difference depends on the dis-
tance between them. In the following, we name the PM by
using the average size of the active layers, i.e., the mesa side
+0.5 pum. 3D FDTD simulation was performed for 1.5 um
PM. Each layer is described by using the parameters listed in
Table I. The initial condition is a Gaussian pulse centered at
750 nm with a transverse polarization (electric field vector
Ez) excited from the bottom of the PM structure. Fig. 1(d)
shows top-view images of the amplitudes of the computed op-
tical field distribution in the two active layers of the PM struc-
ture for the bonding (bottom) and antibonding (up) states,
when a complete PBG confinement is assumed. It is observed
that in the top and bottom active layers, the field exhibit ¢
and o orbital like distributions, respectively. Note that since
the real active layers of PMs are curved at the edge of the
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FIG. 1. (Color online) (a) Scanning electron micrograph of the top-view of
PM on chip; (b) cross-section transmission electron microscopy image of
PM; (c) schematic illustration of the PM. Along the Z-axis, there are sub-
strate with square mesa and the SiN layer sequences which described in
Table I. The white line cross (b) and (c) is drawn to highlight the pre-etched
substrate; and (d) the in-plane field distribution in top and bottom active
layers of PM 1 um.

mesas, the confinement effect by the side DBRs should be
weaker than the simulation model; thus the real field distribu-
tion in active layers will expand to a larger space than the sim-
ulation result.

Room temperature micro-photoluminescence (u-PL)
measurements were performed with the 488 nm line of an Ar
laser. The results are presented in Figure 2. It is observed
that the emission of the PM is characterized by two main
bands with undulating high energy shoulders. The two bands
are due to the resonant splitting of the two cavity modes due
to the coupled cavities. This coupling is caused by the pres-
ence of the 2.5 period central DBR. Hence, in analogy to the
chemical molecule, the peaks in the two emission bands can
be noted as bonding (BN) modes for the low energy band
and antibonding (ABN) modes for the high energy band. The
energy positions of the BN and ABN modes decrease, while
their separation increases as the lateral size of the PM
decreases. In addition, the small undulations observed on the
high energy shoulders of the BN and ABN emissions due to
mode splitting become more resolved and spaced when the
PM lateral size decreases from 4.5 pum to 1.5 um. This is due
to a more effective in-plane confinement by the side DBR. It
is also observed that the mode splitting is deeper and clearer
in the BN emission than in the ABN emission band. This
should come from the asymmetric mode coupling by the dif-
ferent sized active layers. The sharpest peak appears in the
spectra of the 2.5 um PM, with a linewidth of 5 meV (2 nm)
and a quality factor (Q = AJ/4) of 350. This Q is more than 6
times larger than what we found in one-dimensional
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FIG. 2. (Color online) Room temperature PL spectra from PMs with differ-
ent lateral size. The lateral size of active layers was estimated 0.5 um larger
than that of the substrate. The arrows are marked above the peak positions
for eye guiding.
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FIG. 3. (Color online) (a-d) Comparison of the experimental data (solid
dots) and calculated data (solid lines) for the fine energy levels of PMs. The
energy band gaps are marked by dotted lines, which dividing the BN (lower)
and ABN (up) bands.

microcavities.® Contrary to expectation, the quality factor
decreases in the 1.5 um PM probably due to the relevance of
side wall roughness for this PM size.

Based on this analogy, a simple modeling has been
derived. Let us consider a 3D confinement in a single pho-
tonic molecule. The energy of the different modes is>"®

hc
Epp =\ [kt y + K2+ K2,

where k1, = 2nn /12 denote the vertical wavevectors of the
bonding and antibonding modes in the two active layers,
while k, and k, are the in-plane wavevectors. The in-plane
wavevectors are quantized by the lateral confinement

T
kx,y = (mxvy + 1)2,

where m,, = 0, 1, 2, 3,... corresponds to the lateral quantum
numbers and L is the lateral width of the square shaped struc-
tures. Note that it is assumed that L is the same for the two
active layers.

A comparison between the model and the experiments is
reported in Fig. 3. The fitting parameters A,, are listed in
Table II, n uses the refractive index of the active layer (2.1).
The fine modes in the BN and ABN bands are represented by
curves. Experimental data are shown as dots. A good corre-
spondence is observed between modeling and experiments.
Moreover, it is observed that for the lowest energy modes in
both bands, the agreement between experiment and theory is
rather good, while for the higher energy modes a small devi-
ation exists. The band gap of PM can be defined as the dis-
tance between the highest energy mode for the lower band
and the lowest energy mode of the higher band, analogously
to the definition of the HOMO-LUMO gap in chemistry.
There is a clear increase of the band gap of PMs (Fig. 4) as
well as a clear decrease of the gap center position (Fig. 4)
when the lateral size of the PM decreases. Such a trend is a

TABLE II. The fitting parmeters for the fine modes of PMs.

PMs 4.5 ym 3.5 um 2.5 ym 1.5 um
A 677 nm 682 nm 708 nm 738 nm
s 718 nm 723 nm 752 nm 784 nm
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FIG. 4. The PM band gap energy (Solid square) and gap center position
(empty circle) evolution versus the PM lateral size. The lines are drawn for
eye guiding.

consequence of the increased photon modes as well as the
binding energy of the photonic molecules.

3D PBG PMs have been obtained by conformal deposi-
tion method. By changing the size of the mesa, a rich phe-
nomenology of the molecule-like fine energy modes has
been observed. A simple model has been proposed to analyze
the data, where it is observed that the larger is the photon
confinement, the wider is the mode splitting. In the future, it
will be interesting to investigate whether the PM can be used
for lasing in silicon-based materials.'” A possibility could be
to elaborate on the concept used in the two-level phonon
laser system, where the traditional roles of the material (laser
medium) and cavity modes (lasing field) are reversed: the
medium is purely optical, while the laser field is provided by
the materials as a phonon mode."!
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