Chapter 5

Photonic Crystal H1-Defect Nanocavities: Towards
Highly-Efficient Surface-Emitting Light Sources

5.1 Introduction

In previous chapter, the design of the very high Q-factor photonic crystal
nanocavities has already been presented. However, when the situation comes to the
realization of highly-efficient surface emitting light sources, only high QO-factor with
small mode volume is insufficient to consider such light sources. The total efficiency

of the light sources must be taken into account. The total efficiency can be shown as:

Total efﬁCienCy Ntotal = (ncoupling)'(nexlract)'(ncollection) (5 1)

where Neoupling 1S the coupling efficiency, Nexract 1S the extraction efficiency, and
Neollection 1S the collection efficiency. Neoupling 1S defined as a fraction of the spontaneous
emission (SE) that goes into the cavity mode and is determined by the Purcell factor

as shown in the following expression :

F
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where Fp is the Purcell factor, vy, is the spontaneous emission rate into noncavity
modes, vy, 1s nonradiative recombination rate, and vy, is the spontaneous emission rate
in free space. vy, is usually approximated to be about yg. Nexwract 1S @ fraction of the
photons that are radiated out from the cavity into the vertical direction above the slab

and can be defined as:

K
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where k| is the cavity decay rate in the vertical direction, x4 is the cavity decay

rate in the in-plane direction, and 1« is the cavity decay rate due to imperfect crystal

originated from fabrication process, e.g., scattering loss, absorption loss, etc. The
cavity decay rate is inversely proportional to the Q-factor in the corresponding

direction. Finally, Mconection is @ fraction of the photons that can be collected by an
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objective lens or an optical fiber with the value of numerical aperture (NA) and can be

calculated by:

PNA

Mecollection = ﬁ 5.4)

where Pna is the power vertically radiated into top side of the slab that can be
collected by an optical fiber with NA, P, is the all the power vertically radiated into

top side of the slab.

From the last chapter, it has been already shown that the dipole mode of the
designed cavity has a very large Purcell factor, in which the coupling efficiency very
closed to 100% can be achieved. This means that almost all the spontaneously emitted
photons are channel into a single mode (a cavity mode). In this chapter, the capability
of the dipole mode of the Hl-defect nanocavity to have both high extraction
efficiency and collection efficiency will be discussed. In the last section, the total
efficiency of the dipole mode of the Hl-defect nanocavity will be discussed and

shown to have high value compared to other structures reported so far.

5.2 Extraction Efficiency of Dipole Mode of H1-Defect Nanocavity

So far, there have been many reports on the extraction efficiency of the
photonic crystal cavities. Some of them exploited micropillar structures based on a
one-dimensional photonic crystal and achieved an extraction efficiency of about 40%
[15], [30]. However, the micropillar structures can achieve much low Q-factor and
large mode volume compared to those of two-dimensional photonic crystal
nanocavities and also their efficiency violently suffers from the nonradiative
recombination. There have also been reports on the extraction of photons based on a
two-dimensional photonic crystal nanocavity by exploiting the evanescent coupling
between a photonic crystal cavity and a tapered optical fiber [31], [32]. In those
reports, photon collection efficiency of about 70% into a fiber was achieved. However,
the Q-factor of the cavity significantly degraded due to the perturbation of the
additional fiber.

To date, concept of designs for ultra-high O-factor two-dimensional photonic
crystal slab nanocavities has been concentrated on the elimination of the momentum
components lying within the light line [7]-[11]. From Eq. (2.14), the expression of

dispersion relation for a dielectric slab cladded by air is shown as:
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["’] =k2 +k2 (5.1)

c
From this relation, the in-plane momentum components k& that lie within the light
lie will lead to real value of the vertical momentum components k, , which result in

the vertical radiation losses. Hence the Q-factor of the cavity is limited. Anyway,
removing the momentum components inside the light line also means difficulty to
extract light out of the cavity toward the vertical direction. As a result, in those
structures, there is a trade-off between Q-factor and extraction efficiency. However,
the situation becomes different when it turns to be the case of H1-defect cavity. As
discussed in previous chapter, the methodology of obtaining high Q-factor is not
associated with the elimination of the momentum components lying within the light
line. Therefore, it is possible to achieve both high QO-factor and high extraction

efficiency in the same structure.

Figure 5.1 Field distribution of E, component in momentum space shown in
logarithm scale for the dipole mode of the Hl-defect structure. Dashed line
represents air light line. The region inside the dashed line is leaky region.

Figure 5.1 shows field distribution of the E, component in momentum space
shown in logarithm scale for the dipole mode of the H1-defect cavity with » = 0.40a
and d = 1.35a, which is the highest-Q structure from the previous chapter. This field

distribution is the two-dimensional Fourier transform of the field distribution in real
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space at the center of the slab. Dotted line shown in the figure represents air light line
corresponding to normalized frequency of the defect mode. As observed in Fig. 5.1,
the Fourier component of the dipole mode of the Hl-defect cavity contains large
elements inside the leaky region. As a result, the dipole mode of the Hl1-defect
nanocavity has an ability to be efficiently extracted out of the cavity, that is, high

extraction efficiency.
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Figure 5.2 The extraction efficiency for the dipole mode of the H1-defect structure
with » = 0.40q that radiated out from the cavity toward vertical top-direction above
the slab.

The extraction efficiency for the dipole mode of the H1-defect nanocavity is

shown in Fig. 5.2 for the structure with » = 0.40a. The calculation of this plot
excludes the effect of imperfect crystal originated from fabrication process ( k, = 0). It
should be noted that because the designed structure is an air-bridge slab, the ideal

extraction efficiency is limited to only 50% due to its symmetry along the horizontal

axis. Therefore, amounts of light vertically radiated out of the cavity into upper
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direction and lower direction are identical. In the thin slab region, the extraction
efficiency is more than 40% due to the large difference between the in-plane O-factor
and the vertical O-factor. The minimum peak at the slab thickness around 1.00q is due
to the coupling of the defect mode to the slab guided mode, in which light is guided
through the slab and is hardly extracted out of the slab, so the extraction efficiency
becomes near zero. In the thick slab region, it can be seen that the highest O structure
at the slab thickness of 1.35a has the extraction efficiency of only about 15%. This is
because, as can be seen in Fig. 4.4(c), the vertical Q-factor is about two times higher

than the in-plane Q-factor, therefore the extraction efficiency is limited.

5.3 Radiation Pattern of Dipole Mode of H1-Defect Nanocavity

As mentioned in the introduction section, the radiation pattern of the output
light is another important factor needed to be considered in order to achieve
highly-efficient surface emitting light sources, because it determines the collection
efficiency. More concretely, the radiation pattern with Gaussian-like distribution is
desirable because it can be simply and efficiently coupled to optical fibers. Although
the Gaussian-like radiation pattern can be easily achieved in micropillar microcavities
[14], [15], however, O-factor of such structures is limited to low values due to
transverse radiation losses along the pillar cross-section. The Q-factor of such
structures can be enhanced by increasing the diameter of the pillar, but doing this
yields larger mode volume. Therefore, the ratio of (Q/V,p) is small. When the situation
turns to the photonic crystal nanocavity, problem based on radiation pattern of light
output emerges. That is to say, only a small fraction of the output photons can be
collected by an objective lens or an optical fiber due to its complicated radiation
pattern. An example of such a complicated radiation pattern can be seen else where
[34]. As a result, a design of nanocavity as well as its cavity mode, which can achieve
a Gaussian-like radiation pattern, is required in order to realize highly-efficient
surface emitting light sources.

The radiation patterns of the output light are simulated by the FDTD method,
by calculating the time averaged Poynting vector in the vertical direction at the plane
positioned at ~14 above the surface of the slab. It should be noted that this position is
corresponding to the far-field region. The radiation pattern of the dipole mode of the

H1-defect cavity with » = 0.40a and d = 1.35a is calculated and shown in Fig. 5.3(a).
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Figure 5.3 Radiation pattern of (a) the dipole mode of the H1-defect structure, and
(b) the fundamental mode of the L3-defect structure, detected at about a
wavelength above the slab. The Dotted circles show the size of the structure for
reference.

The radiation pattern of the fundamental mode of the L3-defect structure with r =
0.30a and d = 0.65a is also shown in Fig. 5.3(b) for comparison. As can be observed,
the radiation pattern of the dipole mode of the Hl-defect structure has a nearly
Gaussian profile, whereas such a profile does not occur in the L3-defect structure. The
dipole mode can achieve such a simple radiation pattern due to many reasons. First of
them is that because the dipole mode has a predominant component of the near-field
locating at the center region as shown in Fig. 5.4(a), the Fourier transform of this kind

of pattern, which indicates its far-field radiation pattern, will also have a major part at
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Figure 5.4 Near-field patterns of Ey component of (a) the dipole mode of the
Hl-defect structure, and (b) the fundamental mode of the L3-defect structure
detected at the distance d/4 above the surface of the slab.

the center. On the other hand, other modes, for example, quardrupole, monopole, or
hexapole mode of the H1-defect cavity, do not have the antinode of near-field at the
center, therefore, their radiation patterns contain many components deviated from the
center and consequently become complicated. However, with only this explanation, it
is still unclear to understand the origin of the Gaussian-like radiation pattern in the
dipole mode because the fundamental mode of the L3-defect structure also has such
an antinode of near-field at the center as shown in Fig. 5.4(b), still it does not obtain
the Gaussian-like radiation like the dipole mode. This can be explained by the shape
of the L3-defect cavity. Because the L3-defect cavity has an asymmetric shape, in
which the cavity is formed by removing three air holes in the I' — K direction, the
confined mode is then stretched along the longitudinal direction of the cavity as
shown in the field distribution in Fig. 4.9. Since the near-field is strongly related to
the field profile inside the cavity, it also has such a longitudinal distribution. Taking
the Fourier transform of this kind of pattern results in the elliptical-shape pattern
stretched in the direction perpendicular to the original one as shown in Fig. 5.3(b). On
the other hand, in the case of the H1-defect structure, such an asymmetric radiation
pattern does not occur due to a symmetric shape of the cavity. Therefore, the radiation
pattern of the dipole mode of the Hl-defect structure is symmetric and shows the
Gaussian-like distribution.

The collection efficiency of the dipole mode of the H1-defect nanocavity was
calculated. The numerical aperture of the collection optic was set to be equal to 0.40.

For the structure with » = 0.40a and d = 1.354, the collection efficiency is about 40%.
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This value means that 40% of the extracted light in the vertical top direction can be
collected by an optical fiber with NA = 0.40. This value is also applied to the
Hl-defect cavity with all slab thicknesses. This is acceptable, because the field
distributions for the dipole mode of the H1-defect structure are roughly approximated
to be unchanged for all thicknesses of the slab. On the other hand, the collection
efficiency of the fundamental mode of the L.3-defect nanocavity was also calculated to
be about 20%. This value is about two times lower than that of the H1-defect structure.
Such a low value results from the elliptical shape of the radiation pattern of the mode,
not the Gaussian-like radiation pattern as in the case of the dipole mode of the

H1-defect structure.

5.4 Total Efficiency of Dipole Mode of H1-Defect Nanocavity

After calculating all three factors of efficiency, the coupling efficiency, the

extraction efficiency, and the collection efficiency, in this section the total efficiency
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Figure 5.5 Dependence of total efficiency on the slab thickness and nonradiative
recombination vy, for the dipole mode of the H1-defect nanocavity with r = 0.40a.
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of the dipole mode of the H1-defect nanocavity is evaluated. Figure 5.5 shows the
dependence of the total efficiency on the slab thickness for the dipole mode of the
H1-defect structure. In this plot, vy, is varied to various values, 0, 1y, 5y, 10vy,, and
50y,, where was set to be equal to 1GHz corresponding to a radiative lifetime of 1ns.

K, was set to be 0. The collection efficiency is equal to 40% as calculated in last

section. In the thin slab region, the total efficiency is high due to its high extraction
efficiency. However, the total efficiency in this region is very sensitive to the
nonradiative recombination rate, which is in actual device usually equal to 10 times
spontaneous emission rate in free space or around 10 GHz. On the other hand, in the
thick slab region, the high total efficiency with insensitivity to the nonradiative
recombination occurs at the slab thickness equal to 1.30a. The total efficiency is up to
14% at all values of v,,;. Furthermore, the dipole mode of the designed cavity with the
total O-factor in the order of 10* is supposed to be the optimum structure in order to

achieve highest efficiency. Figure 5.6 shows the collection efficiency and the
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Figure 5.6 Dependence of coupling efficiency and extraction efficiency on total
Q-factor. ynrand «k are set to be equal to 10y,and 1.25GHz, respectively.
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extraction efficiency as a function of the total Q-factor. The coupling efficiency
increases as the total Q-factor increases due to the enhancement of the Purcell factor.
On the other hand, the extraction efficiency reduces as the total O-factor increases due

to the cavity decay rate k, originated from the imperfection in fabrication process.
Usually, «,is in the order of 1GHz, which is corresponding to the O-factor of about
10°. As a result, the cavity decay rate k, strongly degrades the extraction efficiency of

the structure with Q-factor more than 10*. From these two tendencies of the efficiency,
it can be concluded that the optimum Q-factor for high efficiency is in the order of
10*.

In addition, the total efficiency of the designed structure is compared with that
of the highest O-factor nanocavity ever reported so far, the double-heterostructure
nanocavity [10]. The results are shown in Table 1. The double- heterostructure
nanocavity has the total Q-factor of about 10° and mode volume of about 1.2(/n)’.
These values allow the cavity to obtain the Purcell factor as high as 63,000. As a
result, this structure achieves the extraction efficiency of about 99.98%, very closed to
100%. Anyway, such a value is not significantly different compared to the value of
the designed structure. The large differences occur in the extraction efficiency and the

collection efficiency. The extraction efficiency of the double-heterostructure cavity is

Table 1 Comparison of efficiency between dipole mode of H1-defect nanocavity
with 7 = 0.40a and d = 1.30a and double-heterostructure nanocavity

T Designed cavity Double-
~~.__ | (r=0.40a,d=1.30a) | heterostructure
Fe 1450 63000
Neoupling (%) 99 25 99.98
(’anz 1070)
Nextract (%) 34 10
Neollection (%) 40 20
Ntotal (0/0) 13.6 2
Nonradiative Insensitive Insensitive
recombination
Imperfection Insensitive Sensitive
from fabrication
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only about 10% because its O-factor is in the order of 10°. The collection efficiency of
the double-heterostructure nanocavity is 20% resulted from its field distribution very
closed to those of the fundamental mode of the L3-defect cavity. From these results,
the total efficiency of the designed structure has the total efficiency of about 7 times
higher than that of the double-heterostructure nanocavity. The efficiencies of both
structures are insensitive to nonradiative recombination. However, the
double-heterostructure nanocavity is very sensitive to the imperfection of lattice

crystal originated during the fabrication process.

5.5 Summary

In this chapter, the dipole mode of the H1-defect cavity with optimized slab
thickness has been shown to be a very promising structure for realizing
highly-efficient surface emitting light sources due to its ability to achieve optimum
efficiency. Firstly, the definition of the total efficiency has been described to be
composed of three factors, the coupling efficiency, extraction efficiency, and
collection efficiency. The dipole mode of the H1-defect cavity has very high coupling
efficiency due to its large Purcell factor. Moreover, the dipole mode has also been
demonstrated to have high extraction efficiency and collection efficiency owing to its
large number of momentum components inside the light line and its Gaussian-like
radiation pattern, respectively. The collection efficiency of the dipole mode has been
calculated to be 40% corresponding to the collection lens with NA = 0.40, whereas
that of the fundamental mode of the L.3-defect structure is only 20%. After that, the
total efficiency of the dipole mode has been evaluated. The highest total efficiency is
about 14% for the H1-defect cavity with » = 0.40a and d = 1.30a. Such a high value
has shown to be insensitive to the nonradiative recombination as well as to the losses
resulted from the imperfection of the lattice crystal originated during the fabrication
process. This value of total efficiency has been compared with the value calculated for
the double-heterostrucuture nanocavity, in which its O-factor is in the order of 10°.
And the results show the 7 times higher efficiency of the dipole mode of the

H1-defect nanocavity than that of the double-heterostructure nanocavity.
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Chapter 6

Conclusions

6.1 Summary of This Thesis

In this thesis, the design of the photonic crystal nanocavity for the realization
of highly-efficient surface-emitting light sources, such as low-threshold nanolasers,
and single photon emitters, has been investigated. In order to achieve that goal, the
air-bridge slab H1-defect nanocavity with optimized slab thickness has been shown to
be a very promising structure, because its dipole mode can achieve very large Purcell
factor, high extraction efficiency, and simple radiation pattern, which yields to the
high total efficiency. The design of H1-defect nanocavity in this research is totally
new and original.

Firstly, in chapter 2, the basis for the principle of photonic crystal has been
reviewed. Maxwell’s equations have been described as an important tool to study the
behavior of electromagnetic waves in photonic crystal. And then, in chapter 3, the
three-dimensional finite-difference time-domain (FDTD) method, which is the direct
solution method for Maxwell’s time dependent curl equations, has been explained.
The 3D FDTD method has been adopted as a computational method to investigate the
characteristics of cavity, such as, resonant frequency, field distribution, Q-factor,
Purcell factor and mode volume.

In this research, the photonic crystal slab structure has been exploited in the
design owing to its simplicity in practical fabrication and its ability to strongly
confine light within a cavity in three dimensions, which are a combination of total
internal reflection and Bragg reflection. However, this kind of structure has been
suffered from a long-standing problem due to the radiation loss in vertical direction,
which is corresponding to a large number of momentum components lying within the
light cone. To achieve a cavity very high O-factor in all directions, the design of the
H1-defect cavity has been presented and discussed in chapter 4. By just changing the
slab thickness, the very high Q-factor, in which the maximum value is about 16,200,
has been achieved in the structure, in which the slab is so thick that the photonic band
gap is closed. The structure parameters of the highest O structure are r = 0.40a and d =

1.35a. In the structures with different values of radius of air holes, such a peak has
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also been obtained, but with less sharpness and lower value of Q-factor. From the
relation between the cavity size in in-plane direction and the slab thickness, which
determines the cavity size in vertical direction, as well as the observation of the
splitting fields coming closer when the slab thickness increases; it may be assumed
that the confinement mechanism, which makes such a kind of high Q cavity, is
originated from a symmetric cubic shape of the cavity. This assumption is considered
reasonable because both O, and Q. change together after the gap is closed, which means
that the additional confinement mechanism affects all three dimensions of the cavity.
Moreover, such a special confinement mechanism could not be observed in any
thicker slab regions than the studied region. To confirm this assumption, the same
study of the dependence of Q-factor on the slab thickness has been applied to the
L3-defect structure for comparison. The L3-defect structure is suitable for this aim
due to its asymmetric cavity shape. No peak of Q-factor in the region, where the gap
is closed, has been observed in this structure. As a result, it can be confirmed that the
symmetric cubic shape of the cavity is really the cause of the very high O-factor of the
dipole mode even when the photonic band gap is already closed. The large Purcell
factor of about 2,870 has been achieved, and the mode volume is in the order of half
wavelength.

In chapter 5, the dipole mode of the Hl-defect cavity with optimized slab
thickness has also been shown to be a very promising structure for realizing
highly-efficient surface emitting light sources due to its ability to achieve optimum
efficiency, corresponding to high coupling efficiency, extraction efficiency, and
collection efficiency in the same structure. The dipole mode of the H1-defect cavity
has very high coupling efficiency due to its large Purcell factor. Moreover, the dipole
mode has also been demonstrated to have high extraction efficiency and collection
efficiency owing to its large number of momentum components inside the light line
and its Gaussian-like radiation pattern, respectively. The collection efficiency of the
dipole mode has been calculated to be 40% corresponding to the collection lens with
NA = 0.40, whereas that of the fundamental mode of the L3-defect structure is only
20%. The highest total efficiency is about 14% for the H1-defect cavity with » = 0.40a
and d = 1.30a. Such a high value has shown to be insensitive to the nonradiative
recombination as well as to the losses resulted from the imperfection of the lattice
crystal originated during the fabrication process. This value of total efficiency has

been compared with the value calculated for the double-heterostrucuture nanocavity,
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in which its QO-factor is in the order of 10°, the highest Q cavity reported so far. And
the results show the 7 times higher efficiency of the dipole mode of the H1-defect
nanocavity than that of the double-heterostructure nanocavity.

From all of these results, it can be concluded that, with the design H1-defect
nanocavity presented in this research, the highly-efficient surface-emitting light
sources, such as, low-threshold nanolasers, and single photon emitters, with optimum

efficiency can be realized.

6.2 Future Prospects

From the results presented in this research, the following items will be

discussed in the future:

1. Further Increase of Extraction Efficiency

In order to obtain higher efficiency than the results shown in this thesis, the
ratio of vertical Q-factor to in-plane Q-factor has to be increased. One possible way is
to increase the number of periods of air holes. The other approach to improve
extraction efficiency is to apply the design cavity to an asymmetric structure, which
has some kinds of reflectors at the bottom of the slab. As already mentioned, the
extraction efficiency in the air bridge structure is limited to only 50% due to its
symmetry in vertical direction. Therefore, if a reflector can be added to the
bottom-side of the slab, most light output will be radiated out from top-side of the slab
surface and the limitation of 50% will be overcome. One possible structure for this
approach is a Quasi-3D structure [35], which is a combination of a two-dimensional

photonic crystal and a one-dimensional distributed Bragg reflector.

2. Fabrication of Practical Devices
The design cavity will be practically fabricated. By introducing quantum dots
to the design nanocavity as an active material, the high Q-factor of the cavity will
increase a coupling strength between the quantum dots and the cavity mode. This
results in enhancement of spontaneous emission rate, spontaneous emission coupling
factor, and decrease of decay time of the quantum dots. With these results as well as

the high extraction efficiency of the design cavity and its simple radiation pattern, the
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low-threshold nanolasers and the high efficiency, high repetition rate single photon

emitters are possible to be realized.
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