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Characteristics of Electrically Driven
Two-Dimensional Photonic Crystal Lasers

Hong-Gyu Park, Se-Heon Kim, Min-Kyo Seo, Young-Gu Ju, Sung-Bock Kim, and Yong-Hee Lee

Abstract—We demonstrate room-temperature low-threshold-
current lasing action from electrically driven wavelength-scale
high-quality photonic crystal lasers having large spontaneous
emission factors by solving the theoretical and technical con-
straints laid upon by the additional requirement of the current
injection. The ultrasmall cavity is electrically pulse pumped
through a submicron-size semiconductor “wire” at the center
of the mode with minimal degradation of the quality factor. In
addition, to better utilize the low mobility of the hole, we employ a
doping structure that is inverted from the conventional semicon-
ductors. Rich lasing actions and their various characteristics are
experimentally measured in the single-cell and three-cell photonic
crystal cavities. Several relevant measurements are compared
with three-dimensional finite-difference time-domain computa-
tions based on the actual fabricated structural parameters. The
electrically driven photonic crystal laser, which is a small step
toward a “practical” form of the single photon source, represents
a meaningful achievement in the field of photonic crystal devices
and photonic integrated circuits as well as of great interest to the
quantum electrodynamics and quantum information communities.

Index Terms—Current injection, finite-difference time-domain
(FDTD), microcavity, photonic band gap, semiconductor laser,
single photon source, spontaneous emission factor.

I. INTRODUCTION

THE ULTIMATE smallest possible laser has long been a
topic of central interest in laser and quantum optics [1]–[4]

and recently gained renewed attention with the aid of the pho-
tonic crystal that enables strong photon confinement [5]–[9].
The photonic crystal cavity has a lot of merit as an efficient
light emitter compared with the other types of microcavities:
one can easily control distinct lasing properties such as wave-
length, radiation direction, and near/far mode shapes by slight
modification of lattice parameters [10]–[13]. Also, one can ob-
tain a high quality factor and small modal volume simul-
taneously, which are the two main conditions of low-threshold
lasers [14]–[18]. Since this small cavity supports only a few res-
onant modes, the ultimate thresholdless laser with a large spon-
taneous emission factor near unity can be actualized [1],
[10], [12], [19]. In addition, once the issue of coupling with a
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photonic crystal waveguide and/or a commercial tapered fiber is
solved, photons extracted from the extremely small cavity can
be efficiently utilized [20]. Finally, as a strong candidate of a
single photon generator on chip, this ultrasmall cavity with a
high Purcell factor has attracted many research groups [21].

Two-dimensional (2-D) photonic crystal InGaAsP slabs are
widely used as a basic building block for various photonic de-
vices [22]. When a photonic crystal cavity is formed, photons
tend to be localized in the proximity of the photonic crystal res-
onator by the effects of photonic bandgap and total internal re-
flection [14]. So far, most of photonic crystal defect lasers have
been operated by optical pumping [10]–[18], [23]–[26]. Electri-
cally driven photonic band edge lasers were also reported with
relatively large modal volume and threshold current [27]–[30].
However, only if one is able to activate the wavelength-scale
laser electrically, can one talk about, with full confidence, stand-
alone simple ultrasmall photon sources that operate with min-
imum power budget. Unfortunately, the electrical pumping of
the wavelength-scale photonic crystal laser structure involves
several critical issues that have to be answered. Therefore, the
realization of viable structures has still remained the challenging
and exciting issue of the community. As one of candidates of
the electrically pumped structures, we have suggested the in-
troduction of a small post at the center of the cavity [26], [31].
In that structure, it is possible to excite only those modes that
have a node at the post position selectively because the other
modes having a central antinode are suppressed by severe op-
tical losses in the vertical direction. In addition, the post plays
a role of a heat sink [26]. Thanks to this simple idea and deli-
cate fabrication, we recently reported a novel electrically driven
wavelength-scale high- photonic crystal laser structure [32].

We begin this paper by considering several design issues of
our electrical pumping structure (Section II). Then we explain
fabrication methods of a current blocking layer and a small
central post in Section III. In the subsequent sessions, various
characteristics of the photonic crystal lasers are analyzed.
Throughout the paper, several relevant experimental results
are compared with three-dimensional (3-D) finite-difference
time-domain (FDTD) computations which are performed by
the structure obtained from the actually fabricated sample.

II. DESIGN OF ELECTRICAL CONTACT

Several photonic crystal structures suitable for electrical
pumping have been suggested [33]–[35]. Among them, pho-
tonic band edge lasers were realized first, thanks to their
relatively large active volume and the simple current confine-
ment [27]–[30]. On the other hand, the ultrasmall photonic
crystal defect laser was recently demonstrated after solving
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Fig. 1. (a) Schematic diagram of the free-standing slab structure for current
injection. (b) Designed wafer structure.

the issue of current injection into the small cavity [32]. Both
electrical and optical confinements inside that cavity should be
effectively actualized. One possible way to inject current into
the slab with a periodic pattern could be found in the microdisk
structure [3], [36]. Small posts are positioned below and above
the microdisk and act as the current channel into an active
material embedded inside the cavity. In our photonic crystal
structure, we place only one post under the slab as an electrical
contact and substitute the other one with a large metal contact
around the cavity as in conventional semiconductor devices
[37]–[39]. Because the size of the photonic crystal cavity is
much smaller than that of the microdisk, a two-post-structure
cannot guarantee the mechanical stability. The topmost layer
of the semiconductor slab is heavily n-doped over 10 cm .
In particular, the formation of the n-i-p heterojunction slab
increases overall injection efficiency of the carriers into the
cavity since the mobility of electrons is larger than that of holes
[38]. In this configuration, holes that are supplied through the
post do not diffuse far from the center and electrons and holes
recombine mostly near the central post. Experimentally, the
post formation in the ultrasmall cavity is nontrivial. We decided
to place the post at the center of the cavity and to select the
optical mode with a central intensity node. For these modes,
the introduction of a small central post does not degrade the
factor of the mode significantly [12], [26]. On the other hand,
those modes with central anti-nodes are discarded because they

Fig. 2. Schematic diagrams of fabrication processes of (a) mesa structure and
(b) photonic crystal patterns.

undergo unavoidable optical losses through the central post. A
schematic diagram of our structure is shown in Fig. 1(a).

Characteristics of the resonant mode having a central node
have been already studied in theory and experiment [12]. In par-
ticular, the monopole and hexapole modes attract our attention
because of the merits of the nondegeneracy, high factors and
small modal volumes. These modes can be found in a modified
single-cell cavity [10], [12]. We are particularly interested in the
monopole mode because the resonance of the mode is spectrally
well-separated from the other resonant modes.

III. FABRICATION

Fig. 1(b) shows our bare wafer structure. Six intrinsic and
strain-compensated InGaAsP quantum wells (QWs) and highly
doped n- and p- layers are employed. In particular, note that the
delta doping layer in the top layer of the thin slab is contained.

In the case of the microdisk, the slab is mechanically sup-
ported by the pedestal structure [3], [36]. However, for the pho-
tonic crystal cavity, the central post is much smaller and weaker
and therefore mechanically unstable. We need to insert dielec-
tric material under the slab to support the relatively large slab
structure. In the structure shown in Fig. 1(a), the dielectric ma-
terial consisting of photoresist (PR) is acting also as a current
blocking layer [32]. Several complicated fabrication processes
are required to produce this structure [Fig. 2(a)]. First, mesas
with a diameter of 50 m are formed for electrical isolation
by dry etching processes. Thick PR with thickness of 3 m is
used as a mask for CH H reactive ion etching (RIE) plasma
etching. Then, a - m -large p-InP layer post remains
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at the center and the other sacrificial InP region is etched by di-
luted HCl solution HCl:H O at room temperature
for 7 min. If the thick PR mask is removed before the wet
etching process, some parts of undercut slab would stick to the
bottom of wafer due to the van der Waals force between two sur-
faces. But, in our step, the thick PR prevents the collapse of the
pedestal structure. The etched region is filled with a dielectric
material (another PR) for mechanical stability by spin coating.
Now, all surfaces of the mesa including the etched region are
coated by the PR. Subsequent O ashering removes the entire
exposed PR except that is hidden under the slab. If thin Si N
or SiO layers had been coated below the first PR mask, all rem-
nants of the PRs after the ashering process could be peel off by
immersing the wafer in buffered oxide etch (BOE) solution. The
blocking layer by PR is hardened at temperature over 250 C.
After the ring-shaped AuGe metal contact is formed, fabrica-
tion of the first post surrounded by the current blocking layer is
finished.

We have also tried several other methods in order to con-
struct the current blocking layer besides the above trial. First,
we tried the selective ion implantation scheme where only a
specific region has a high electrical resistance and the desired
current path can be designed [37], [39]. If heavy ions such as Fe
and Cl are injected into the p-InP layer below the active layer,
current is expected to flow only through the nonattacked region.
Although this method looks easy and simple, the exact loca-
tion and range of the bombing region were difficult because the
semiconductor slab is very thin. Actually, in our fabricated sam-
ples, the current flow was not easily confined and/or QWs em-
bedded in the slab were damaged by the heavy ions. In the other
trial, we tested selective oxidation techniques [39] using a dif-
ferent wafer structure: instead of the sacrificial InP layer below
the slab, an Al-containing layer is placed and oxidized to a di-
electric layer with low refractive index. If we use InAlAs ma-
terial, the oxidation time gets very slow and QWs are damaged
by the high temperature of the oxidation process [39]. To avoid
this damage, we added a fusion technique by which a GaAlAs
layer is put under the slab [23], [24], [39]. Through a standard
oxidation procedure, effective current confinement structure is
expected [33]. However, this method also has serious problems
in the subsequent processes and we failed to obtain the unox-
idized small post of diameter 1 m because of the delicate
second oxidation process. Furthermore, the unoxidized region
is not generally formed at the center of the resonator.

In the following steps shown in Fig. 2(b), photonic crystal
patterns and a small central post are fabricated. The lattice pa-
rameters are designed such that the monopole mode is located
in the middle of photonic band gap. Fig. 3 shows a scanning
electron miscroscope (SEM) picture of the fabricated photonic
crystal structure whose lattice parameters are as follows:

nm, , , ,
, , where is the lattice constant, is radius

of the air hole in the th region, respectively. The radii of the air
holes in the th region are all same. Note that the radii of the air
holes are continuously changed and the smallest near the cavity.
The main purpose of this specifically modified structure is to
place the post at the center below the cavity during the etching
process. The post is formed by HCl etching (HCl:H O 2:1)

Fig. 3. SEM picture (top view) of a fabricated photonic crystal structure.

Fig. 4. Cross-sectional SEM image. Dusts around the post are remnants of the
PR produced in the intentional breaking process.

at low temperature near 10 C. The lateral etching rate tends to
depend on the size of air holes through which diluted HCl is
supplied, and we achieve better control of the position and size
of the central post by introducing chirped air holes shown in
Fig. 3. These chirped air holes turn out to increase the factor
and the modal volume of the cavity slightly. This fact is con-
firmed by 3-D FDTD calculations for an ideal structure with
circular air holes and without a post. In our fabrication, the wet
etching time is actually 6 min which is sensitive and change-
able by the previous dry etching time, cleaning of the wafer and
surrounding air temperature. Fig. 4 shows an SEM picture of a
fabricated post where the slab is intentionally broken to expose
the post. In Fig. 5(a) and (b), we also see the clear formation of
the central post. Here we delicately cut a small portion including
a half of the cavity by focused ion beam (FIB) etching. During
this etching process, the end facet of the slab is affected by the
heavy ions [Fig. 5(a)] and InP remnants are sputtered around the
post and the slab edge [Fig. 5(b)]. So the post looks thick com-
pared to its real shape.
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Fig. 5. (a)–(b) SEM pictures of the post structures. The region around the
cavity is cut by FIB machine.

IV. SINGLE-CELL LASERS

A. Experimental Setup

The output photons of the electrically pumped single-cell
photonic crystal laser are collected through a 50 long-focal
microscope objective lens (numerical aperture of 0.42) and fed
into a spectrometer as shown in Fig. 6. In an image captured
by an infrared (IR) camera (Fig. 7), a current-supplying metal
tip touches the top-metal-contact of the laser structure. To
minimize electrical noises, the fabricated sample is attached
on a very small metal plate by silver paste connected by a
bayonet-type connection (BNC) cable. By measuring voltage

from the oscilloscope, peak current was obtained.
For comparison, electrical and optical properties of the post

structure without photonic crystal pattern are also measured.
The electroluminescence (EL) spectrum with a center peak of
1.5- m wavelength is observed in Fig. 8(a). In this case, it is
operated by input peak-to-peak voltage of 2 V at room temper-
ature. Fig. 8(b), directly captured from the oscilloscope, shows
good electrical characteristics of the fabricated pedestal struc-
ture. In this current–voltage – curve, we obtain turn-on

Fig. 6. Schematic diagram of the experimental setup for current injection.

Fig. 7. Mesa structure and a current-supplying metal tip captured by an IR
camera.

voltage of 0.5 V and small electrical resistance of 60 ,
respectively.

B. Lasing Properties

From the cavity of Fig. 3, room-temperature single-mode
lasing action is observed at wavelength of 1519.7 nm, as shown
in Fig. 9(a). Due to the large thermal resistance (346 K/mW)
of the small post structure [38], [40], the laser is operated in a
pulsed mode with duty cycle of 0.24%. The pulsewidth and
period are 6 ns and 2.5 s, respectively. Above threshold, the
spectral linewidth of this nondegenerate lasing mode becomes
spectrometer-limited at 0.55 nm. In order to identify the
lasing mode, the mode profile and polarization direction are
measured. In Fig. 9(b), the lasing mode with a central intensity
minimum and a donut-shaped intensity distribution is captured
by an IR camera. Here the white bar represents a 2- m ruler and
the white hexagon means region (II)/(III) interface in Fig. 3.
Also, no preferred polarization direction is observed from
the top [Fig. 9(c)]. This is one of the unique characteristics
expected from the monopole mode [10], [12]. The inset of
Fig. 9 shows a below-threshold spectrum measured at 200 A.
In the coarse resolution regime of the spectrometer, we can find
the other nonlasing resonant mode near 1491 nm as well. This
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Fig. 8. (a) EL spectrum measured from a fabricated mesa structure. (b) I–V
curve of the mesa structure operated by input peak-to-peak voltage of 2 V.

Fig. 9. (a) Lasing spectrum measured at 700 �A. In inset, the other nonlasing
resonant mode is found when the injected current is 200 �A and the slit-width
of the spectrometer becomes >5 times broader. (b) Near-field image of the
monopole mode captured by an IR camera. (c) Measured polarization state of
the monopole-mode laser. The direction is the same as that of the hexagon in
(b).

mode (the second quadrupole mode) did not lase because of the
low factor of 700 [12].

Experimental data are compared with the results computed
by the 3-D FDTD method. To remove any unnecessary argu-
ment about the validity and accuracy of this comparison, we
use the numerical data derived directly from the SEM image
as the structural input data file of our FDTD computation [32].
In this case, all the imperfections introduced during the fabri-
cation processes are included faithfully. We can divide inside
and outside the air holes according to the colors shown in SEM
image and separately add the pedestal structure in vertical direc-
tion. Fig. 10 shows the actual transformation process from the
SEM image to the structure for our calculation. The resonant fre-
quency and mode shape (Fig. 11) of the monopole mode agreed
well with the experimental results. In particular, Fig. 11(b)–(e),
vertical components of the Poynting vector calculated at various

Fig. 10. Transformation from a SEM picture to the structure employed in the
calculation domain.

Fig. 11. (a) Electric field intensity profile at the center of the slab (log scale).
For comparison, vertical components of Poynting vector are computed at various
vertical positions: (b) z = a; (c) z = 4 a; (d) z = 6 a; and (e) z = 8 a, where
the origin is the center of the slab and a is lattice constant (linear scale). The
white hexagon with the same size as that of Fig. 9(b) is shown as a scale bar.
Maximum intensity values of (b)–(d) are 100, 3, and 1.5 times larger than that
of (e), respectively.

vertical positions above the slab are obtained to be directly com-
pared with the experimental picture of Fig. 9(b). The intensity
profile of the monopole mode, which is confined in the slab, is
shown in Fig. 11(a) as a reference.

The measured factor of a cold cavity for the monopole
mode, as estimated from the spectral linewidth associated with
a transparent current of 225 A, is 2500. The transparent
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Fig. 12. (a) Q factor, (b) modal volume, and (c) Purcell factor computed by
the actual structural data of Fig. 3.

current is determined by solving the rate equation that will be
discussed later [10], [18]. To compare this factor with com-
puted one, the size of the diamond-like post is estimated from
the SEM image of Fig. 3. Let be the estimated post size
( in diagonal directions) and then factors are
calculated as a function of multiples of . In Fig. 12(a), the
factor at (3480) compares well with the experimental value.
In addition, the factor degrades rapidly when the post size be-
comes larger than . On the other hand, electrical and thermal
resistances will be increased more with the smaller post size
[38], [40]. Thus, the post size should be optimized to obtain a
stable lasing operation with better optical, electrical and thermal
properties. Fig. 12(b) and (c) shows the computed modal volume
and Purcell factor of the monopole mode as a function of the
post size, respectively. At , we obtain the small modal volume
of 0.68 and the large Purcell factor of 389, where is
a refractive index of the slab. Due to the large Purcell factor of

Fig. 13. (a) L–I curve of the monopole-mode laser. Soft turn-on near the
threshold is observed (inset). (b) Typical electrical characteristics of the laser.

the monopole mode, one could observe cavity quantum electro-
dynamics (CQED) effects in this electrically driven small and
high- cavity with the unique mode shape [4], [41].

The peak output intensity is shown as a function of the peak
input current in Fig. 13(a). In this – curve, we can determine
the threshold value of 260 A. This low threshold compares
favorably with those estimated from the optical pumping ex-
periment [12]. In Fig. 13(b), electrical characteristics, – and

– , curves of this single-cell photonic crystal laser are
measured. From these curves, relatively high electrical resis-
tance of 2.2 is obtained, which is mainly attributed to
the submicron size of the p-InP post. Noticeable current leakage
is also observed due to the nonradiative recombination at the
air/semiconductor interfaces of air holes and the mesa edge [38].
If this non-negligible leakage is reduced, the threshold current
could be smaller. Additionally, note that there is a clear kink
near the threshold in the – curve [42].

For comparison purposes, an electrically driven monopole-
mode laser is also optically pulse-pumped. Under similar pulse
conditions, we confirmed the monopole mode lasing at almost
an identical resonant frequency.
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TABLE I
EMPLOYED PARAMETERS IN THE RATE EQUATION

Fig. 14. Comparison of the measured L–I curves (dots) with those obtained
from the rate equations (lines) for the monopole mode.

C. Spontaneous Emission Factor

As shown in inset of Fig. 13(a), a soft turn-on near the
threshold implies a large value [12]. To quantify the value,
we employ the laser rate equations where various parameters
are required. Typical material parameters of InGaAsP QWs are
used [12], [36], [43]. In addition, several important parameters
are experimentally determined to reduce the ambiguity of the
estimation. Actually, the size of the light emitting region, one of
the critical parameters, is obtained directly from the EL profile
under the transparent condition [32]. All parameters used for
the computation are summarized in Table I. The spectrally
integrated experimental data points (dots) are plotted together
with those obtained from the rate equations (lines), for the
monopole mode, in the log-log graph of Fig. 14. The value
of 0.25 seems to fit the experimental value best. This is the
record-high value among those reported from the semicon-
ductor nanolasers [12], [36], [43], [44]. The large value
is ascribed to the effective carrier localization by electrical
pumping together with the nondegeneracy and the small mode
volume [1], [12], [45].

The reliability of this value estimation is examined as
we vary fitting parameters. First, the dependence of on
the Auger coefficient is considered as a function of the

Fig. 15. Linewidth of the monopole mode is measured as a function of the
injected current. In inset, three selected spectra are shown.

wafer temperature. The value of could increase 3 4
times when the wafer temperature increases up to 420 K
from room temperature [46]. This is the worst possible sce-
nario imaginable from a freestanding cavity by a pulsed
operation with larger duty cycle of 4% [47]. Even under
this harsh condition, changes only slightly from 0.25 to
0.23. Therefore, we argue that depends only very modestly
on the Auger recombination. Next, the value is com-
puted as we change the cavity value and found

, and . Here, the
computed value of 3480 by the 3-D FDTD method can be
considered as an upper bound. Actually, we obtain a factor
larger than 2500 from a measured linewidth in the estimated
range of transparency. Therefore, the actual value can be
larger than 0.25. In addition, the spatial distribution of carriers
by diffusion is indirectly considered in our simple rate equa-
tions. Slight variations of the parameters other than the surface
recombination are tolerable in the fitting of . Since the critical
parameters including the surface recombination are obtained
from experimental data, our estimation is believed to be not
very far from the real value.

The semiconductor microlaser with a very large value can
have a linewidth wider than those of typical lasers [48]. Also,
it was reported that lasing linewidth remains nearly constant as
the pumping level increases if the value of a laser mode is
above 0.05 [49]. In order to confirm this property in our laser,
the linewidth of the monopole mode is measured as a function
of injection current as shown in Fig. 15. Note that linewidth
drastically changes near the threshold 260 A and ap-
proached the resolution-limit of the spectrometer 0.55 nm.
Since the measured linewidth is immediately saturated above
the threshold, we cannot insist that this changing behavior of
the linewidth has the same origin as that of [49]. However, from
this experiment, we can clearly identify the position of the lasing
threshold again.

Properties of another monopole-mode laser fabricated with
different lattice parameters are measured and shown in Fig. 16.
In this laser structure, the radius of the nearest neighbor air holes
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Fig. 16. L–I curve of another monopole-mode laser with different lattice
parameters. In inset, the lasing spectrum taken at 510�A is shown. The intensity
of the lasing peak is >30 dB larger than that of the background.

around the cavity is slightly reduced to from while
the other parameters are unchanged. Compared to the previous
monopole-mode laser, the threshold current of this laser is al-
most identical and the value ( 0.15) is somewhat smaller.

V. THREE-CELL LASERS

The three-cell photonic crystal cavity allows a central post
somewhat larger than that of the single-cell cavity, and the
fabrication of a larger post by the wet etching process becomes
less delicate. In fact, we fabricated a three-cell laser cavity first
to observe lasing action [50]. Using the same wafer structure
of Fig. 1(b), various photonic crystal cavities are fabricated
and tried. We begin measurement with the three-cell cavity of
Fig. 17(a) where only the nearest air holes around the cavity
are modified. At the center of the cavity, the central post (white
shadow region) is shown. Structural parameters are as follows:
lattice constant is 455 nm and the radii of the each of
the air holes are and , respectively. Experimental
characteristics of this structure are shown in Fig. 17(b). In
the inset of this figure, several nonlasing resonance peaks are
observed owing to its large cavity size. Also, the peak output
intensity is plotted as a function of the peak input current. Here
the threshold current is 600 A, which is somewhat larger
than that of the single-cell laser. Since the wider area around
the cavity needs to be pumped, the threshold value increases
naturally. The lasing mode is linearly polarized.

Interestingly, even from the three-cell cavity with an off-cen-
tered post, lasing action is observed as shown in Fig. 18. The
threshold current is 650 A, and the off-centered post leads
to a linear polarization state whose direction is determined by
the position of the post.

The effect of the size of the central post is also studied. From
Fig. 19(a)–(d), etching times are increased and post sizes are
reduced gradually. The etching time of each figure differs by
several tens of seconds. We cannot obtain lasing action in the
case of (a) due to the serious optical loss through a large central
post. On the other hand, as the size decreases [(b) and (c)], a few
nonlasing additional resonant modes begin to show up in the

Fig. 17. (a) Top view of a three-cell laser cavity. (b) Measured L–I curve,
above-threshold spectrum and mode profile (inset).

Fig. 18. SEM image of the three-cell cavity with an off-centered post.

gain spectrum. Finally, lasing action is observed in the opti-
mized post size of (d). All measurements are performed under
the same conditions.
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Fig. 19. (a)–(d) EL spectra obtained by various wet etching times in a three-cell cavity. The etching time of (a) is �6 min and each one of (a)–(d) differs by
several tens of seconds.

VI. SUMMARY

We successfully fabricated an electrically driven, low-
threshold, single-cell photonic bandgap laser at room tem-
perature. This laser shows extremely small mode volume
5.87 10 m , low threshold current 260 A , and

large spontaneous emission factor ( 0.25). By measuring its
lasing spectrum, near-field image and polarization state, we
confirm that our lasing mode is the high- , nondegenerate
monopole mode with central node. Additionally, we inves-
tigated the other photonic crystal laser structures and their
characteristics.

The threshold of our laser is slightly larger than our expec-
tation. From the rate equations, the single-cell photonic crystal
laser with very high- factor and small modal volume can have
ultralow threshold less than 100 A, as reported in microdisk
lasers [43]. The main origin of this large threshold is the nonra-
diative recombination at surfaces of lots of air holes. To reduce
this effect, some passivation process can be added in the fabri-
cation [38] or quantum dots (QDs) can be employed as an ac-
tive material [25]. In particular, injection of a single QD into the
small cavity will be a meaningful step to observe CQED effects
by a large Purcell factor and to realize the thresholdless laser.
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