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Spontaneous emission of emitters governing the performance of optoelectronic devices is a fundamen-
tal phenomenon, and it has strong environment-dependent characteristics. In this article, we mainly
review the experimental and theoretical progresses in the control of spontaneous emission by manip-
ulating optical modes with photonic crystals, optical microcavities and metallic nanostructures. The
spontaneous emission from emitters in photonic crystals can be modified by the local density of states,
and by employing photonic crystals, the devices’ efficiency is enhanced, the angular radiation pattern
can be engineered, and highly efficient optoelectronic devices are achieved through decreasing the ra-
diative lifetime. In quantum optical devices, microcavities would alter the lifetime of an excited state
through tuning the resonance in the frequency and positioning between the emitters and cavity field,
and inducing the emitters to emit spontaneous photons in a desired direction. The emerging enhanced
electromagnetic field near metallic nanostructures can help to control and manipulate the spontaneous
emission of an emitter. The use of micro- and nano-structures to manipulate spontaneous emission will
open unprecedented opportunities for realizing functional photonic devices.
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regarding both efficiency as well as speed in photonic
devices.

In 1946, Purcell predicted the enhancement of the SE
rate of emitters when they are placed in a resonant cav-
ity (the Purcell Effect) [16]. Following this concept,
it has become well known that the rate of SE has a
strong environment-dependent characteristic and is pro-
portional to the photonic local density of states (LDOS).
Therefore, the key of manipulating the SE is to tailor
LDOS of electromagnetic waves and the spatial distribu-
tion relative to the emitters.

Photonic crystals (PCs) are periodic dielectric struc-
tures with variations in the refractive index on the scale
of the order of the light wavelength, which may lead to
photonic band gaps. The characteristics can be anal-
ogous to electronic band gaps properties for electrons
moving in the periodic electrostatic potential of semi-
conductor crystal structures. The optical modes can be
fine controlled through engineering the periodicity of the
lattice, the filling ratio of PCs, or the refractive-index of
the material. Consequently, the PCs can manipulate the
emission of emitters. As a result, since the pioneering
work of Yablomovitch [17] and John [18], controlling of
light emission using PCs has received increasing inter-
est in experiments [19-27] and theories [28-38]. Noda’s
group has been achieving rapid progress in SE control by
three- [19] or two-dimensional [39-42] (3-D or 2-D) PCs.

An optical microcavity is an optical resonator close
to, or below the dimension of the wavelength of light,
which can confine light to a small volume and is very
suitable to control the radiation properties of emitters.
According to different applications, microcavities have
different geometrical types. A review about microcav-
ity geometrical structures and characteristics had been
given in detail by Vahala [43]. Kavokin [44] presented
diverse microcavities made by semiconductor, metallic
and dielectric structures and briefly described their char-
acteristics corresponding to microcavities. According to
Cavity Quantum Electrodynamics (CQED) theory [45],
two different strength coupling regimes can be reached,
depending on the coupling strength between the emit-
ter and the optical microcavity mode. In weak-coupling
regime, the emitter SE rate can be altered by the Purcell
effect [16] and the SE photons can be tailored to emit in
a desired direction. Weak-coupling between an emitter
and a microcavity has been demonstrated using micropil-
lars [46-50], microdisks [51-53], and PCs microcavities
[10, 54-56]. In strong coupling regime, the SE process
is changed into a reversible energy-exchange process be-
tween the emitter and the microcavity, in which Pur-
cell effect is no longer active. In this case, the quantum
coherent superposition [57] between the emitter’s quan-
tum states and microcavity modes is possible, which is a
base for future quantum information processing. Many
exciting experiment results have been recently observed
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in microwave cavity [58], micropillar [59-62], microdisk
[63-65], and PC microcavities [66-69]. In microcavities,
Vacumm Rabi Splitting [70] was observed through strong
interaction. Recently, Reithmainer gave a detailed pre-
sentation [71] on strong exciton—photon coupling in semi-
conductor and microcavities systems.

It is interesting in manipulating light quanta, and in
engineering devices for potential applications including
efficient photon collection and long-range entanglement
realization. Metallic micro- or nano-structures can pro-
vide another cavity-free approach to control the inter-
action between the emitter and sub-wavelength confine-
ment of the optical field. In recent years, both in exper-
iments and theories, there have been a growing interest
in controlling the efficiency of SE using metallic micro-
or nano-structures, such as thin noble metal nanofilms
[72-77], nanowires [78-84], and nanoparticles [85, 86].

This review focuses on SE phenomena in micro- or
nano-structures, such as 2-D and 3-D PCs, microcavities
and metallic nanostructures. Such structures offer the
ability to control both radiation pattern and the relax-
ation time of the emitters. The paper is structured as
follows: in Section 2, we present theoretical researches on
SE in PCs, microcavities, and metallic nanostructures.
In Section 3, experimental findings about SE control are
demonstrated. Finally, conclusions and the outlook are
given.

2 Theoretical treatment on SE in micro- and
nano-structures

In this section, we present the theoretical description on
the dynamic decay processes of the emitters in micro- or
nano-structures.

2.1 Generalized up-level evolution formula in PCs

Since 1990, the isotropic and anisotropic dispersion mod-
els have been extensively employed to solve the QED
problems in PCs. Many novel quantum optics charac-
teristics have been predicted [87] using them. However,
these two models only simulate the dispersion relation
extremely close to the band edges, and furthermore ig-
nore the strong space inhomogeneity of the electromag-
netic field in PCs. On the other hand, it has been rec-
ognized that the LDOS is more decisive for emission be-
havior of emitters in inhomogeneous media [32, 35], when
the position-dependent interaction between photons and
emitters is taken into account. Because different experi-
ments observed different lifetime distributions [88-91], to
clearly understand these discrepancies, Wang et al. for
the first time introduced a lifetime distribution function
for an assembly of emitters in 3-D PCs with pseudo gap
[34]. Their numerical simulations show that quite wide
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or narrow lifetime distributions can occur for different
spread configurations of the emitters. The pure PCs ef-
fect may lead to the coexistence of both accelerated and
inhibited decay processes. These results provide theo-
retical clarification for substantial discrepancies in the
different experimental observations.

First, we consider the decay behavior of a single emit-
ter. Then, we introduce a lifetime distribution function
for an assembly of emitters. We consider the SE of a two-
level emitter located at the position r in PCs. Hamilto-
nian of the system can be presented in the form:

H = hwob by + by wntt} ank

nk

+h2 Guk(T)b boafy + gnp (r)bF bran] (1)
In Eq. (1), b; and b; (i = 1,2) are annihilation and cre-
ation operators of electron in the ground and excited
states, respectively, a,g and a::k are annihilation and cre-
ation operators of the photon; wy is the emitter transition
frequency; wyg is the frequency of the electromagnetic
(EM) field eigenmode E,x(r) = ic x Hyk(r)/[e(T)wnk]
in PCs, which can be found by the plane-wave expansion
method [92]. g,k (7), the coupling coefficient, given by

gnke(r) = iwo(2e0hwnkV) 2 Epge(r) - pa (2)

where pg = pqft is the dipole transition moment of the
emitter between two levels.

We assume that the emitter is initially excited at its
upper level and there is no photon in the EM field, and
denote |I) = |2,0) and |F,;) = |1,nk) as the initial and
final states of the system, respectively. The state vector
of the system evolves in terms of

[$()) = Ca(®)|1) + > Cronn(t) [ i) =

nk

umin - 3

with the initial conditions C2(0) = 1 and C,x(0) = 0,
where U(t) is the evolution operator. Applying the
Green’s function technique to the evolution operator, we
obtain [93]

1

1G5~ G @

where G35 = lim,_o(I|G(2 = w + in)|I) with the resol-
vent G(z) = (¢ — H/h)~!. Note that with the nonvan-
ishing matrix elements, we can analytically obtain

Cr(w) =

+ 1
G = w—wo— Ar,w) +i[l'(r,w)/2 + 7] ®)
with I'(r,w) = ” Oié:c)l (r,w) (6)
A(r,w) = %P 000 I;(%’Zl/)dw' (7)

where wy is the emitter transition frequency and P rep-
resents the integral principle value. In Eq. (6), the local

247

density of photonic states is defined as:

p(r, g Z/FBde|E (k,7) - i6(w — wnk)

(8)
Combing Eq. (4) with Eq. (5), we find that the decay
of an excited emitter can be described by

Cy(t) = /:)O dwCo(w)e 't (9)
with
Crlw)= 1. I'(r,w)/2+n (10)

e T~ oA, )P [T, ) J2 4 72

That I'(r,w) and A(r,w) represent the local coupling
strength (LCS) and the level shift, respectively.

The calculation of p(r,w) in Eq. (8) involves an inte-
gral of the EM fields in the first Brillouin zone (FBZ).
This is a time consuming task. We have established an
exact and time saving numerical method [94] for the eval-
uation of integrals of vectorial fields in PCs.

2.2 Lifetime distribution for an assembly of emitters in
2-D PCs

Next, we apply the theory addressed above to study the
SE of emitters in 2-D or 3-D PCs. For describing the
lifetime distribution of the SE caused by the effect of
PCs and investigating the dynamic processes of the SE,
the lifetime distribution function (LDF) has been defined
[34]. Along the height direction of the 2-D PCs is trans-
lation invariance. Thus, the SE in the 2-D PCs may not
be forbidden completely because the SE light may travel
along the height direction of the rods and escape out of
the 2-D periodic plane. Therefore, the properties of SE
in the 2-D PCs are governed by the actual 3-D LDOS
of the 2-D PCs, rather than the 2-D LDOS. InPCs, the
LDF is defined as [36]:

[7 — F(ri,w))?

T)= Z W; \/150 exp{ — o }

where 7(r;,w) = 7(r;,w)/7f(w), 7(r;,w) and 7¢(w) are
the SE lifetime at a given position r; in PCs and in homo-
geneous medium, respectively. The symbol W; denotes
the weight factor. In the cases of homogeneous distri-
bution of emitters in space, we choose W; = 1. The
summation runs over all the considered excited emitters,
where we let o = 0.05, which is enough to guarantee the
smoothness of the LDF curves. 7(7;,w) is given by the
following equation:

o
I'(r,w)

(11)

T(r,w) = (12)

First, we consider a 2-D square lattice PC composed
of square air rods in the dielectric medium of the dielec-
tric constant € = 12.96. Each square rod is rotated an
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angle of # = 30° around its symmetric axis in the height
direction. In the following calculations, all the above
structural parameters are fixed except for different fill-
ing factors of f = 0.4, 0.6, 0.68 and 0.75. In the case
of f = 0.68, the 2-D PC possesses the largest pseudo-
PBG of Aw = 0.063(27mt¢/a) (in this review a denotes the
lattice constant and ¢ the light speed in vacuum) with
a midgap frequency of w, = 0.425(2nc/a) [95]. There-
fore, we pay attention to two special frequencies: the
midgap of wy = 0.425(2n¢/a) and the pseudoband edge
of w; = 0.385(2m¢/a).

Figure 1(a) and (b) displays the LDFs of the excited
emitters located in the background medium and in the
air rods of the PCs, respectively. In calculation, we
choose w = wy = 0.425(2nc/a) as the emitters’ transi-
tion frequency. In order to demonstrate the pure PCs
effect, the reference lifetimes 7; is respectively chosen as
that of the emitters in homogeneous background medium
for Fig. 1(a) and in vacuum for Fig. 1(b), which is
shown by the vertical dashed-line located at 7 = 1 in
Fig. 1. Two notable results can be observed from Fig.
1(a): (i) the LDFs in each case has quite wide distribu-
tion. It implies that the SE behavior in the 2-D PCs is
no longer described by a single lifetime. (ii) Compared
with the case of emitters in the homogeneous medium
of ¢ = 12.96, all the SE are almost inhibited. The SE
lifetimes gradually become long as the filling factor f
increases from 0.4 to 0.68. But when f = 0.75, the in-
hibition effect of the SE in the PCs is weakened. These
results can be well understood when we note that the
structure of f = 0.68 possesses the largest pseudo-PBG
and the atomic transition frequency is just located at the
center of the largest pseudo-PBG. When the filling fac-
tor goes away from f = 0.68, the width of the pseudo-
PBG of the corresponding PCs is narrowed down and
the atomic transition frequency deviates from the cen-
ter of the pseudo-PBG. Therefore, the inhibition effect
of the SE in the non-optimal structures is significantly

p(T)/au

(a)
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weakened. In Fig. 1(b), all the curves show quite wide
lifetime distribution, as illustrated in Fig. 1(a). Two
differences from Fig. 1(a) should be addressed. One is
that for the structure of f = 0.4, the reduced lifetimes
almost distribute in the range of 7 < 1, which manifests
that most SE now are accelerated. The other is that
for the structures of f = 0.6, 0.68 and 0.75, the life-
times of some emitters are decreased and the others are
increased, which reveals that both the acceleration and
the inhibition processes coexist in these PC samples. It
is not surprising that a considerable difference occurs in
Fig. 1(a) and (b). The electric fields of the eigen modes
are discontinuous at interfaces, for instance, the electric
fields in the air rods are larger than that in the dielectric
medium. This leads to sudden enhancement of the LDOS
near interfaces in the air rods, which gives rise to the inhi-
bition or acceleration process of the SE in the high or low
refractive index medium. Combined with the position-
dependent fluctuations of the LDOS, these results in Fig.
1(b) can be well understood. Now, we turn to examine
the case of w = w; = 0.385(2nc/a), i.e., the emitters’
transition frequency is located at the pseudo-band edge
of the optimal structural sample of f = 0.68. The nu-
merical results of the LDFs are displayed in Fig. 2(a)
and (b) corresponding to the emitters randomly spread
in the dielectric background medium or in air rods, and
the reference lifetime is the same as that in Fig. 1(a)
and (b). In Fig. 2(a), the curve of f = 0.68 shows
that the lifetime distribution becomes narrow and the
emitters SE almost are accelerated. As it is well known
that the band edges enhance the SE because the LDOS
reaches its maximum near the band edges in 3-D PCs.
It is reasonable to expect that the pseudo-band edges of
2-D PCs have a similar effect. On the other hand, for the
other three structures, the emitters’ transition frequency
goes away from the pseudo-band edges of these struc-
tures, thus, the LDOS is reduced and the pseudo-band
edges’ effect is substantially weakened. In addition, high

—0— [ =0.4
—D— =06
— /=068

—— =075

0.0
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Fig. 1 Lifetime distribution for the emitters with the transition frequency w = 0.425(2nc/a) in the 2-D PCs composed
of square air rods in the background medium ¢ = 12.96 with different filling factors f = 0.4, 0.6, 0.68 and 0.75. (a) The
emitters homogeneously spread over the background medium and (b) the emitters distribute in the air square rods.
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Fig. 2 Lifetime distribution for the emitters with the transition frequency w = 0.385(27c/a) in the 2-D PCs with same
parameters as Fig. 1. (a) For the emitters in the background medium and (b) for the emitters in air square rods.

refractive index of the dielectric medium also leads to
the reduction of the LDOS, which results in the suppres-
sion of the SE process. Consequently, for the other three
structures, the SE enhanced effect should be gradually
weakened, i.e., the SE suppression effect becomes domi-
nant. These arguments are just confirmed by the results
displayed in Fig. 2(a). On the other hand, Fig. 2(b)
shows the LDFs of emitters embedded in air rods. Ex-
cept for the sample of f = 0.6, the SE of the emitters in
other samples are accelerated. Among them, the SE en-
hanced effect in the optimal structure of f = 0.68 is most
remarkable due to the presence of a large LDOS in the air
rods caused by the pseudo-band edges and the dielectric
discontinuity. The curve of 0.75 in Fig. 2(b) is different
from the corresponding curves in Fig. 1(b). It does not
contain any inhibition component of the SE because the
transition frequency of w = 0.385(2mnc¢/a) is located out-
side pseudo-PBG, thus, the inhibition process can not
Why does the curve of f = 0.6 lie across the
dashed line with a wide profile? We calculate the pseudo-
PBG for this PC sample and find that its pseudo-PBG
spreads over the frequency range of [0.375,0.395)2n¢/a.
The atomic transition frequency w = 0.385(2nc/a) falls
within the pseudo-PBG. Therefore, both the enhanced
effect caused by the dielectric discontinuity and the in-
hibition effect generated from the pseudo-PBG coexist,
similar to the case appearing in Fig. 1(b).

By tuning the polarization orientation of the emitters,
we find the switching effect of emitters SE in 2-D PCs
[37]. We also consider a 2-D square lattice PC consisting
of square air rods in background medium with the per-
mittivity being the same as Fig. 1. As drawn in Fig. 3,
in which a Wigner—Seitz cell is surrounded by the dashed
line, the air rods are represented by the blank areas, a is
the lattice constant, and € is the rotation angle of the air
rods with respect to the = axis. We choose the parame-
ters as follows: f = 0.68 and # = 30°. In this situation,
the PCs have the largest pseudo-PBG [95]. In our calcu-
lations, we assume that 10 000 excited atoms distribute
homogeneously in a unit cell, which is sufficient for keep-

occur.

ing our results stable.

Fig. 3 Schematic view of 2-D PCs with square lattice composed
of square rods in the background medium of dielectric.

Figure 4 displays the LDFs of the atoms transition
frequency at the middle of the pseudo-PBG w = w, =
0.425(2mc/a) for emitters (a) in the air rods and (b) in
background medium. The solid and dashed curves cor-
respond, respectively, to the atomic polarization along x
and z direction. In order to clearly reveal the PCs effect,
the reference lifetimes in Fig. 4(a) and (b) are, respec-
tively, taken as the values of the lifetimes of the polar-
ized atoms in homogeneous air and background medium,
which are marked by vertical dotted line at 7 = 1. It
is very interesting to note that the two curves in Fig.
4(b) are almost separated by a demarcative point around
7 = 2, significantly different from Fig. 4(a). It manifests
that the SE of all the emitters polarized in the x di-
rection are inhibited intensively. The result observed in
Fig. 4(b) implies a switching effect between the inhi-
bition and enhancement of SE, which mainly originates
from the polarization of the dipole moment of emitters,
rather than the pseudo-PBG. In order to prove this argu-
ment, we examine the lifetime distribution for the case
of the emitters transition frequency being outside the
pseudo-gap. We shift the emitters transition frequency
to w = 0.385(2mc/a) near the band edge, but keep other
parameters the same as in Fig. 4. The calculated re-
sults are displayed in Fig. 5(a). The basic profiles of the
two curves are quite similar to that of the corresponding
curves in Fig. 4(b), and the switching effect is observed
once again. However, we also see the existence of differ-
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Fig. 4 LDFs of emitters polarized along the z (solid line) and z direction (dashed line) in the 2-D PCs with € = 12.96,
f =0.68, § = 30°. The emitters are (a) in the air rods and (b) in background medium.
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Fig. 5 LDFs of differently polarized emitters located in the dielectric medium. The parameters are the same as those in

Fig. 4(b) except for (a) wy = 0.385(2nc/a) and (b) f = 0.6.

ences between Figs. 4(b) and 5(a): (i) the distribution
curves in Fig. 5(a) are shifted towards the short lifetime
region on the whole, which can be attributed to a large
LDOS near the pseudo-band edge. (ii) The two curves
in Fig. 5(a) are separated at a point of about 7 = 0.8.
Thus, the SE of emitters polarized along the x direc-
tion is strongly suppressed, while the SE of most of the
emitters polarized in the z direction is accelerated. If we
change f from 0.68 to 0.6 and the other parameters are
the same as those in Fig. 4(b), the emitters transition
frequency w = wy = 0.425(27c/a) is outside the pseudo-
gap. The LDFs are displayed in Fig. 5(b). It can be
seen that the two curves are completely separated. It
is very favorable to the switching effect. The results in
Fig. 5(a) and (b) demonstrate that the switching effect is
mainly caused by the polarization of the dipole moment,
rather than the pseudo-gap. This implies that we find a
new degree of freedom of controlling the SE processes by
tuning the polarized direction of emitters.

2.3 Lifetime distribution and decay kinetic properties
in 3-D PCs

In this section, we define the lifetime distribution func-

tion as [34]:

p(7) = Y Wi(7 — 7(ri,wo)) (13)
r; and W; have the same meaning as in Eq. (12). Refer-
ence [34], based on the LDFs, studied the decay kinetics
of the SE from an assembly of the emitters in PCs with
pseudo-gap. The decay kinetics strongly depending on
the emitters’ situation and transition frequency in PCs
has been shown. The concept of the single-average of SE
remains generally invalid for PCs. The pure PCs’ effect
may cause the coexistence of both accelerated and inhib-
ited decay processes. We provided a theoretical clarifica-
tion for substantial discrepancies among the experiment
results [88, 89]. We consider PCs of fcc lattice consisting
of spherical globules with refractive index n in the back-
ground media with refractive index ny [34]: n = 2.6,
ny = 1.33, and f = 0.65. The PCs possess pseudo-gap
along the (1 1 1) direction. The lifetime distributions of
the emitters in PCs are displayed in Fig. 6. Figure 6(a)
shows that the observable relative width of the lifetime
distribution (RWOLD) T’y = (Tmax — Tmin )/ Tmin Of emit-
ters outside dielectric spheres are high up to 600%-700%,
for three different transition frequencies wg, correspond-
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ing to lower, center, and upper edges of the pseudo-PBG,
respectively. Compared with the chosen reference life-
time 79, the decay process for most of the emitters out-
side dielectric globules is remarkably accelerated. How-
ever, Fig. 6(b) reveals that the SE is substantially inhib-
ited when emitters are embedded on the spherical sur-
face of radius r = 0.6r¢ inside the dielectric spheres.
We observe once again that the accelerated and inhib-
ited decay processes of emitters simultaneously occur.
The observable RWOLD T, for the emitters located on
the spherical surface still remain narrower, less than 9%.
Hence, the radial distribution of the lifetimes approxi-
mately characterizes the decay kinetics of the emitters
in the whole dielectric spheres. Figure 6(c) displays that
the RWOLD inside the dielectric spheres is large, up to
400%. The results in Fig. 6(a)—(c) demonstrate that the
increase of index contrast rapidly broadens the lifetime
distribution of emitters.

2.0
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Fig. 6 Lifetime distribution of the emitters in fcc PCs: (a)
outside the dielectric spheres and (b) on the spherical surface
with a radius of r = 0.6rg inside the dielectric globules. In (a)
and (b), the solid, dotted, and dashed lines correspond to the
transition frequency wo = 0.387(2nc/a), wo = 0.404(2nc/a), and
wo = 0.421(2nc/a), respectively. (c¢) Variation of the lifetime with
the radius of the spherical surface along the x axes direction at
wo = 0.404(2nc/a). 7o is the lifetime of emitters in an infinite
homogeneous medium with n = 2.6.

We now examine the decay behavior of an excited
emitter in two PC structures [35]: one is a diamond
structure consisting of dielectric spheres of the refrac-
tive index n = 3.6 in the air background with a filling
fraction f = 0.31, whose absolute PBGs spanning from
0.738(2nc/a) to 0.776(2mc/a) and from 0.990(27wc/a) to
1.028(2nc/a). The other is the inverse opal structure
consisting of air spheres in a medium with n = 3.6 and
f =0.74, whose absolute PBG ranges from 0.756(2rc/a)
to 0.780(2mc/a).

Figure 7 displays the decay behavior of an excited
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emitter at three different positions in the diamond struc-
ture for wp located (a) outside and (b) inside the second
PBG. It is evident from Fig. 7 (a) that when wy is out-
side the PBG and near the gap edge, an excited atom at
r = r1 decays non-exponentially, while an excited atom
at r = r9 or r = r3 decays exponentially to a good ap-
proximation. It is also clearly seen from Fig. 7(b) that
when wq is inside the PBG and near the gap edge, the
population of the excited state of an emitter at r = r;
or r = 7y exhibits Rabi oscillations with a damped enve-
lope and is rapidly trapped into a fractionalized steady-
state, while this oscillatory and fractional trapping phe-
nomenon is unobservable for an atom at r» = r3. These
results show that an emitter at different positions in the
PCs can have fundamentally different radiation proper-
ties.
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Fig. 7 Time evolution of the excited state population in the
diamond structure for an emitter at three different positions,
r1 = (0,0,0)a, r2 = (0.05,—0.125,0)a, and r3 = (0.5,0,0)a. (a)
For transition frequency wo = 1.032(2mc/a) outside the gap and
ap = 3 x 1072, (b) for wy = 1.018(2nc/a) inside the gap and
ap = 3 x 1075 (i.e., the case of nonresonant emission), and (c) for
wo = 1.018(2nc/a) and g = 3 x 10~* (i.e., the case of resonant
emission). 7¢ is the lifetime of the emitter in free space.

Figure 8 shows the time evolution of the excited-state
population in the inverse-opal structure for three differ-
ent emitter positions. When the transition frequency
wo = 0.745(27mc/a) is outside the PBG, an excited emit-
ter at the three positions exhibits the well defined ex-
ponential decay behavior [Fig. 8(a)]. On the contrary,
when wy = 0.762(2nc/a) is inside the PBG, it is clearly
seen that for an emitter at » = 7o [Fig. 8(b)] the popula-
tion of the excited state exhibits Rabi oscillations and ap-
proaches a steady value of 0.9675 in the long-time limit.
However, for an atom at » = r; or r3, the oscillatory
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magnitudes of the populations are extremely small, and
the steady populations are 0.9985 and 0.9973, respec-
tively.

From Fig. 7 and Fig. 8, it can be seen that the evolu-
tion spectrum inside the PBG leads to a localized field,
while outside the PBG corresponds to a propagating
field. The superposition of the localized field with prop-
agating field results in Rabi oscillations and fractional
trapping behavior in the population of the excited state.
Obviously, the decay kinetic properties have position de-
pendence in the PCs.
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Fig. 8 Time evolution of the excited state population in the
inverse-opal structure for an emitter with ap = 3 x 1075 at three
different positions, 71 = (0,0,0)a, r2 = (0.34,0,0)a, and r3 =
(0.24,0.24,0)a. (a) For transition frequency wo = 0.745(2nc/a)
outside the gap and (b) for wg = 0.762(2nc/a) inside the gap.

The above research results on the lifetime distribution
and decay kinetic properties of emitters in 2-D and 3-D
PCs imply that it is possible to engineer the SE by con-
trolling the positions and the polarized orientation of the
emitters.

2.4 SE in microcavities and metallic micro- and nano-

structures

Microcavities can change the optical density of states,
which can affect the SE properties of the emitters. The
effect was first presented by Purcell [16] (about 60 years
ago) in nuclear magnetic resonance for decreasing the
relaxation time. In 1981, the Purcell effect was empha-
sized by Kleppner [96] in the atomic case. The atom
releases its energy because of its interaction with optical
field, so that if the interaction could be “switched off”,
the atom would remain forever in its excited state. This
idea in the opposite sense than Purcell is to decrease the
interaction so as to increase the lifetime of excited state.
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Intuitively, if the dipole of the emitter is resonant with
the cavity mode, the emitter sees the increased photon
density of states with respect to the vacuum density of
states. The SE rate is therefore enhanced: the emitter
decays faster than in vacuum and the photons are emit-
ted in the cavity mode. On the other hand, if the transi-
tion frequency of the emitter is out of resonance, namely
in a photonic gap, the emitter sees the smaller photon
density of states than in vacuum and the SE rate is re-
duced. The Purcell effect therefore perfectly illustrates
the role played by an optical cavity that is to locally tai-
lor the dipole-field coupling and the density of available
photon modes. The control of SE through the Purcell
effect is a good way to fabricate high performance opto-
electronics and quantum information devices. In theory,
this effect is quantized by Fermi’s golden rule [97], which
states that the SE rate depends on the density of states
(DOS) of the electromagnetic field. Gérard and Kavokin
briefly derive the expression of the Purcell factor [44, 47]
of a 2-D and 3-D cavity through the Fermi Golden Rule,
and detail its physical significance. The Purcell factor
can give a quantitative interpretation of experimental
results. Compared with other microcavity systems such
as micropillars and microdisks, planar PCs microcavities
and waveguides have the inherent advantage that they
can be easily integrated on a chip to control the photons.
A simple PCs cavity can be realized by adding a defect
into the perfect PCs slab, for example, by removing one
hole. Advanced lithography and etching techniques have
recently led to major improvements in the fabrication
of nanoscale planar PCs and planar PCs microcavities
[98]. Hughes applied a real-space Green function ten-
sor (GFT) technique to derive semi-quantitatively ana-
lytical expressions for enhanced emission rates in vari-
ous planar PCs microcavities and waveguides structures
and demonstrated that Purcell factor (F, > 10) can be
realized for single quantum dots (QDs) embedded in a
planar-PCs waveguide [99]. Because the impact of im-
perfections for long waveguides will act to broaden the
large SE enhanced factors and limit the proposed devices’
applications, they recently designed a finite-sized waveg-
uide structure. The rigorous Bloch analysis and analyti-
cal Green’s function methods do not apply in finite-sized
structure. Then they developed the numerically comput-
ing methods to compute the exact Purcell factor. Their
waveguide structure and corresponding band gap are dis-
played in Fig. 9 [100, 101]. They also considered the
other short PCs waveguide but surrounded by air only
on one end and closed by a defect-free PCs on the other
end (acting as a reflector) [100, 102, 103]. This structure
displayed in Fig. 10 can easily realize efficient on-chip di-
rectional collection of the emitted photons. The Purcell
factors versus frequency for a waveguide and waveguide-
cavity is shown in Fig. 11. From Fig. 11(a), we know
that the Purcell factor peak value is about 46 for a 10
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Fig. 9 (a) Schematic of a 10 unit-cell planar-PC waveguide (W1) along the z axis and a single quantum dot (QD: filled
red circle) embedded at the center of the slab. (b) The band structure of modes (solid and dashed curves) corresponding
to an infinite-length planar-PC waveguide shown within the TE-like band gap. The gray shaded region above the light line

represents the continuum of radiation modes.

(a) (b)

Fig. 10 Schematic diagrams of (a) a finite-sized PCs waveguide,
(b) a finite-sized PCs waveguide-cavity. The green dot refers to
the QD.
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Fig. 11 Purcell factor (F) versus frequency for a QD embedded
in (a) the finite-sized PCs waveguide [Fig. 10(a)] and (b) in a
cavity, which are couple by a waveguide.

unit-cell waveguide corresponding to Fig. 10(a). For
comparison, the waveguide-cavity structure [Fig. 10(b)]
is also investigated, where the peaking is increased to
about 350. Using this integrated waveguide-cavity sys-
tems, on chip single photon sources will be fabricated
for quantum key distribution in the near future. Fussell
gave another approach to demonstrate SE rate by pro-
jecting Green’s tensor onto a set of quasimodes associ-
ated with the resonances. In their design structure, the
SE rate peak value is 160. The SE rates following the
positions are displayed in Fig. 12 [104]. Recently, Ma
and John presented an atomic Bloch vector equation in a
bimodal photonic band gap waveguide for ultrafast mul-
tiwavelength channel all-optical logic in PBG microchips
[84]. This offers a foundation for an on-chip multichan-
nel all-optical transistor. Unlike electronic binary logic
and quantum probabilistic multivalued logic, their opti-
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Fig. 12 SE ratio Rsg as a function of the frequency w and posi-
tion = along the x axis of the coupled microcavity structure.

cal system offers the possibility of picosecond determin-
istic multivalued logic.

Metallic micro- or nano-structures can provide another
cavity-free approach to control the interaction between
the emitter and sub-wavelength confinement of the opti-
cal field. In recent years, both experimentally and the-
oretically, there has been a growing interest in control-
ling the efficiency of SE using metallic nanostructures.
To obtain more enhancements, Paiella [76] theoretically
proposed to use multiple metallo-dielectric layers to en-
gineer the surface-plasmon density of states. Purcell fac-
tor maximum value reaches up to 79 and internal quan-
tum efficiency of LEDs can increase from 10% to 90% in
multiple structures designed by them. Strong coherent
coupling between guided Plasmon modes on conducting
nanowires and emitters in the optical domain leads to
large effective Purcell factors for emission into the Plas-
mon modes. This phenomenon was first illustrated by
Chang [81]. Single-photon generation efficiencies exceed-
ing 95% can be achieved in their system. However, in
Refs. [78, 81], only one (n = 0) fundamental Plasmon
mode is considered and all other modes are cutoff in the
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limit of vanishing nanowire radius (R — 0). Chen mod-
ified the limit and considered the interaction between
other Plasmon modes with the emitter on finite radius
nanowire [82, 83]. Their results are displayed in Fig.
13. Figure 13 (b) and (c) shows the rate of SE into the
first few modes (I,,n = 0,1,2,3), which correspond to
R = 0.1 and R = 0.5, respectively. In Fig. 13 (b) and
(c), the distance between the emitter and the nanowire
surface is fixed at d = 10.76 nm. From the figure we can
see (i) the SE rate approach infinity at certain values
of the exciton band gap; (ii) The latter modes (n > 3)
contribute much less to the decay rate. In Koenderink’s
Letter, the coupling of emitters to nanosphere chains for
directional single photon sources can be explained by ex-
act electrodynamical calculations [86].
QD
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Fig. 13 (a) schematic view of the system. SE of a two level
emitter on the nanowire. The rate (I',) SE into n = 0 — 3 modes
for (b) R=0.1 and (c) R = 0.5. The unit of I, is normalized to
the free-space decay rate Ig.

3 Experiments on SE manipulation in micro-
and nano-structures

The control of SE through the Purcell effect in the ex-
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periment is an effective way to reduce the threshold of
lasers and realize single photon sources. This effect has
been actively looked for with atoms placed in cavities,
and with QDs placed in PCs, micropillars microcavi-
ties, microdisks microcavities or PCs microcavities. This
section reviews some fundamental papers experimentally
demonstrating the control over the SE properties.

3.1 SE control in photonic crystals

It is well known that the SE properties depend on the
LDOS of electromagnetic fields. Because of the LDOS
having strong position-dependent characteristics, PCs
provide the best platform to control the SE of the emit-
ters through tailoring the LDOS in it. To realize the SE
manipulation in PCs, the major tasks include: fabrica-
tion of excellent PCs, appropriate combination of QDs
with PCs and accurate positioning of the emitters. Ow-
ing to the remarkable progress achieved in nanoscience
and nanotechnology, excellent PCs have been made by
the state-of-the-art fabrication techniques [42, 105, 106],
and QDs have been successfully combined with PCs and
deterministically positioned in PCs to within 25 nm ac-
curacy [107]. The modification of SE has been demon-
strated by many groups and corresponding results can
be read in the review article [42]. In this section, we are
interested in the recent experimental progresses about
SE control through PCs.

In 2-D PCs, Kaniber et al. have presented an effi-
cient single photon generation system by controlling SE
of the emitter in 2-D PCs. Compared to QD in bulk ma-
terials, the external quantum efficiency of the emitters
in PCs was enhanced 16 times [108]. Lately, Chauvin
[27] demonstrated the SE enhancement from emitters in
the 1550 nm telecommunication window. The SE rate
enhancement by a factor of 1.5-2 was observed by them.

Lodahl et al. [20] accomplished the first experiment
to investigate the SE control in 3-D inverse opal PCs
and demonstrated the decay properties of the emitters in
visible light regime which depending on both the tran-
sition frequency of the emitter and the crystal’s lattice
parameter was shown. Their pioneering experiment re-
sults proved that 3-D PCs could provide an all-solid-
state dynamics control platform for quantum informa-
tion systems. Lately, Vallée [109] and Vion [25] observed
strong modification of emission in opal structures with
relatively low dielectric refractivity. Although the ex-
perimental progress made in SE control with opals and
inverse opals PCs is encouraging, the work wavelength in
visible light regime is a limitation for future application
in telecommunications.

Li et al. [22], for the first time, observed significant
modifications in both the emission spectra and SE life-
time of emitters infiltrated in the 3-D woodpile PCs
fabricated by two-photon polymerization methods. In
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their experiment, they observed the weak inhibition of
SE by up to ~ 20%. Their work makes an important
progress for manipulating SE in the near-infrared wave-
length regime through 3-D PCs, which can provide a
state-of-the-art platform for active devices in telecom-
munication. Ventura et al. [24] fabricated 3-D woodpile
PCs using PbSe QD-doped nanocomposite polymer ma-
terial. The SE inhibition in the band gap and enhance-
ment near the band edges were presented (see Fig. 14).
Their experiment can be explained by the reduction of
modes in a band gap and an increase of modes near the
band edges. Recently, Hippo [110] using Time-Resolve
photoluminescence measurements technique found that
the excited states lifetime of silicon nanocrystals on 3-D
silicon PCs decrease at 750 nm and increase at 800 nm
compared to those on the silicon substrate without 3-D
PCs. Their experiment results reveal that the SE control
of silicon nanocrystals has been realized using 3-D PCs.
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Fig. 14 Fluorescence lifetime of the emitters doped in a 3-D
woodpile PCs with a band gap at the wavelength 1.61 um. Blue
dot and red curve correspond to lifetime and band gap, respec-
tively. The lifetime at wavelength 1510 um away from the band
gap is 625 ns. As the wavelength approaches the band gap, the
lifetime is reduced to 590 ns at wavelength 1580 nm. This proves
the SE enhancement near the band gap. Towards the center of the
band gap at wavelength 1611 nm, an evident increase of lifetime is
observed. This proves the SE inhabitation in the band gap.

By 2-D slab PCs, Fujita et al. [39] demonstrated the
strong controlling SE of quantum well. At the frequen-
cies in the band gap of the slab PCs, a fivefold increased
decay lifetime is measured in the in-plane direction. For
the same frequencies enhanced emission effect is observed
in the vertical modes. These phenomena reveal the re-
distribution of SE. Lately, Kounoike et al. [111] also
found that the SE lifetime of QDs in a 2-D slab PCs
increase up to 15-fold and emission efficiency in the ver-
tical direction was simultaneously increased 15-fold by
redistribution. Their experiments show that using 2-D
slab PCs can manipulate the SE of QDs.

3.2 SE control in microcavities and metallic nanostruc-
tures

For an optical microcavity, Goy et al. [112] reported
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the first experimental result of Purcell enhancement of
atoms. Four years later, Martini [113] demonstrated the
result of lifetime enhancement 300%. Recently, Steiner,
for the first time, showed cavity-controlled decay curves
and fluorescence spectra of the single dye molecule placed
in a fixed position inside a A\/2 microcavity and revealed
that the Purcell factor increased up to 2.7 [114].
Embedding QDs in a pillar cavity, Gérard and Gayral
[47] first reported the shortening or lengthening of the
lifetime in the SE problem and demonstrated a Purcell
factor of 5. The Purcell enhancement of SE, a much
quicker decay in resonance and delay decay in out of
resonance are displayed in Fig. 15 [46]. Another exper-
iment given by Bayer [49], in a pillar whose sides had
been coated or not, demonstrated the impact of leaky
emission on the Purcell effect. Solomon [48] found that
a single QD SE lifetime is reduced from the noncavity
value of 1.3 ns to 280 ps. Schwab [115] presented that
the altered SE depends on excitation intensity. Adawi
[116] and Bennett [117] also found Purcell effect in pil-
lar microcavity. Recently, using a QD weakly coupled
to a micropillar cavity, a single photon sources with an
indistinguishability of 90% was reported by Ates [118].
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Fig. 15 Time-resolved photoluminescence of a quantum emitter
embedded (a) in bulk GaAs matrix, and (b) in resonance and (c)
out of resonance in a pillar microcavity. In case (b) the decay is
about five times quicker than in case (a). (c¢) displays only a small
enhancement of SE lifetime compared to (a).

For quantum emitters embedded in microdisks, a
shortening of the excitation state decay by a factor of
up to 12 was observed by Gayral [51]. For both on-
resonance and off-resonance QDs, the decay curves are
shown in Fig. 16. For off-resonance QDs, the PL de-
cay curve is monoexponential, the decay time being 1.2
ns. The decay lifetime is much faster for on-resonance
QDs. The decay time 105 ps and 12 times faster than
the vacuum decay were given for the QD in microcav-
ity with @ = 10 000. Kiraz [52] demonstrated exciton
lifetime reduction by 6 due to the Purcell effect by tun-
ing the QD into resonance with the microdisks cavity.
Fang [53] studied the enhancement of SE rate for InAs
QDs embedded in GaAs microdisks in a time-resolved
photoluminescence experiment and reported an SE en-
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hancement factor exceeding 10.
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Fig. 16 Time-resolved photoluminescence signal of QDs in a mi-
crodisk. The decay for spectrally off-resonance QD is monoexpo-
nential with a decay time of 1.2 ns. If we now consider on-resonance
QD with the cavity mode, here for two different microdisks with
@Q = 7000 and @ = 10 000, the decay is clearly much faster. The
inset shows a scanning electron microscopy picture of a microdisk.

PCs nanocavities offer a scalable platform for quan-
tum optics experiments and the potential applications in
quantum information processing, so QDs in PC nanocav-
ities system have progressed rapidly. Happ [119] and
Kress [120] observed a Purcell enhancement with the
shortening of emission lifetime 9 and 19 in 2-D PCs
nanocavities, respectively. Englund [54], Chang [10]
and Kaniber [121, 122] demonstrated the single pho-
ton sources and Strauf [123] showed the PCs laser based
high-quality QDs and nanocavities systems. Balet [124]
illustrated coupling at optical communication regime
1.3 um between single InAs QDs and a mode of a
two-dimensional PCs defect cavity. They performed
a time integrated and time-resolved photoluminescence
and measured an eightfold increase in the SE rate induc-
ing a coupling efficiency of 96%. In Fig. 17, Purcell effect
is nicely demonstrated by Balet [124] who observed that
the SE lifetime of a QD away from cavity (corresponding
dot in a bulk semiconductor) is 1.2 ns. When a similar
dot is detuned 2.5 um from the cavity, its lifetime is ex-
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Fig. 17 Time resolved dynamics of QD off resonance (empty red

circles), of QD in bulk (empty blue squares) and of QD on reso-
nance with the cavity mode (filled red circles).
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tended to 3.6 ns, while still another dot — in resonance
with a cavity mode — sees its lifetime drop to 150 ps.

Lately, Francardi et al. [125] observed the enhance-
ment SE of a PCs LEDs at the same wavelength as Balet.
Fujita demonstrated that employing a PCs nanocavity
in silicon can greatly improve the light extraction effi-
ciency, the characteristics of the radiation pattern, and
the internal quantum efficiency [126]. Recently, Gong
[127] studied the light emission at 1.54 um from an Er-
doped amorphous silicon nitride layer coupled to PCs
nanocavities at cryogenic and room temperatures. Their
measurements gave from 11- to 17-fold Purcell enhance-
ments of SE at cryogenic temperatures, and 2.4 fold en-
hancement at room temperature. The SE enhancement
effect was also observed in PCs wire [128] and a PCs
double-heterostructure nanocavity [55].

The light emission properties of quantum well stacking
in 3-D woodpile PCs have been investigated by Ogawa
[19]. The strong emission properties of the emitter in
PCs with a point defect were found compared with the
emission from the PCs without a defect. The results
show that a single emission peak can be observed for the
smallest defect and the shape of a defect also affected
the emission characteristics. By comparing the SE prop-
erties with those in Ref. [19], Ogawa fabricated a 17
stacked layers woodpile 3-D PCs structure containing a
quantum well emitter and a defect cavity [23]. The max-
imum SE emission intensity attenuation was —30 dB. In
Ref. [19], the maximum suppression was limited to —20
dB.

In recent years, there has been a growing interest in
the interaction of emitters with metallic nanostructures.
The emission properties can be dramatically modified by
the metallic nanostructures. Neogi et al. [72, 74] have
demonstrated the decay of SE from quantum well and
QDs near a silver thin film. Chen [129] also found the
Purcell enhancements of quantum well near a Ag film.
Akimov [80] and Fedudik [130] demonstrated efficient
exciton-plasmon-photon conversion using QDs placed
near the silver nanowire. These remarkable achievements
have many exciting prospects, such as the realization
of single photon transistors [79]. Recently, Oulton et
al. [131] demonstrated the nanometer-scale plasmonic
lasers using a hybrid plasmonic waveguide consisting of
a high cadmium sulphide semiconductor nanowire sepa-
rated from a silver surface.

4 Conclusions and outlook

In this review, the position-dependent photon-emitter
interaction theory based upon the Green’s function
method of the evolution operator is briefly introduced to
analyze the SE behaviors of emitters in defect-free 2-D
and 3-D PCs. It is demonstrated that the concept of the
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single-averaged-lifetime of SE remains generally invalid
for PCs, and the PCs effect may cause the coexistence
of both the accelerated and inhibited decay processes.
Then, we have surveyed the theoretical and experimental
advance in the SE control in micro- and nano-structures
such as PC waveguides, nano cavities, and metal nano
structures. Some important applications of the SE con-
trol, such as nano-lasers, single photon sources, high
performance LEDs, and quantum information process-
ing devices, have also been reviewed. It is worthy to
point out that there are still great challenges in the
SE control, in fabricating high quality micro- or nano-
structures and deterministically positioning a single QD
inside micro- or nano-structures. However, we believe,
with the development of technology, that the challenges
will be overcome in the near future.
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