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Abstract
We describe the engineering of the electromagnetic vacuum in a 2D–3D photonic bandgap (PBG) hetero-structure. This

facilitates the development of novel active devices and the observation of novel quantum electrodynamic phenomena. We

consider a specific architecture suitable as an all-optical micro-transistor capable of novel ultra-fast response with low switching

power requirements. This relies on a unique collective atomic switching and population inversion achieved by coherent resonant

pumping in a suitably engineered vacuum. Specific waveguide architectures within the 3D PBG micro-chip provide local

density-of-states (LDOS) peaks near their cutoff frequency. These provide ‘‘building blocks’’ for electromagnetic vacuum

engineering without recourse to conventional high Q-factor micro-cavities. For the all-optical micro-transistor, a fork shape

LDOS within the micro-chip is desirable, using trimodal waveguide architecture. We delineate the functional robustness of these

architectures to disorder caused by manufacturing errors within the PBG micro-chip.
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1. Introduction

Photonic bandgap (PBG) materials [1,2] are artifi-

cial periodic dielectrics that enable the engineering of

the most fundamental properties of electromagnetic

waves. These properties include extraordinary optical

refraction [3], light flow without diffraction [4], fre-

quency selective control of spontaneous emission [5],

an engineered blackbody radiation spectrum [6], and
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other fundamental aspects of radiation–matter inter-

actions [7]. One of the most unique properties of PBG

materials is their ability to localize light [1]. This

novel confinement mechanism provides a basis for

practical applications such as guiding of light in the

air-core of structured fibers [8] and the micro-manip-

ulation of diffractionless light through air-waveguides

in a PBG micro-chip [4].

In this paper, we describe ways in which diffrac-

tionless flow of light in a 3D PBG micro-chip can be

combined with electromagnetic density-of-states

engineering. This facilitates the integration of novel

passive optical micro-circuit paths with microscopic
.
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active devices into an all-optical micro-chip. Unlike

electronic micro-circuits limited to a single ‘‘channel’’

of information transfer and processing, optical micro-

circuitry in a 2D–3D PBG heterostructure exhibits a

bandwidth (for single-mode waveguiding) of roughly

185 nm at a center wavelength of 1.5 mm [4,9]. This

facilitates hundreds of channels of data to be pro-

cessed in parallel from a wavelength division multi-

plexed (WDM) network. In this context, it is possible

to engineer the electromagnetic vacuum in order to

controllably alter atomic response to a radiation field.

For example, the modifications of the decay lifetime of

dye molecules in PCs without a PBG have been

observed in experiments [10]. When the atomic tran-

sition frequency is inside a PBG, a photon–atom

bound state is formed, leading to a total prohibition

of the decay of the atom by single photon emission

[11]. Alternatively, if the transition frequency of the

atom is near a LDOS discontinuity, a collection of

such atoms can be coherently driven by a pump laser

into a steady state population-inverted configuration

[12]. This is impossible in an ordinary vacuum, where

atomic response is governed by the Einstein rate

equations [13].

N atoms collective switching [14] is suitable for an

all-optical micro-transistor because it can greatly

improve the performance of the switching behavior

[15]. Near the threshold value, the modulation inten-

sity of the pump laser required to ‘‘switch’’ the atomic

population decreases linearly as 1=N. Collective

atomic response also makes the switching behavior

robust to dephasing interactions (which would even-

tually smear out the single-atom population inver-

sion). In comparison to other all-optical transistor

proposals [16–19], collective atomic switching in a

PBG is not constrained by the inverse relationship

between switching time and switching threshold[14].

This undesirable trade-off is usually associated with

any device involving a high Q-factor cavity such as a

nonlinear Fabry–Perot interferometer [16,17]

In practice, quantum dots (instead of the two-level

atoms) may be more suitable for an optical transistor

device because they can easily be grown and precisely

positioned on a structured semiconductor surface [20].

Usually, an ensemble of quantum dots will exhibit an

inhomogeneously broadened atomic resonance fre-

quency. In this case, a fork shaped LDOS is required

to realize atomic population inversion [21]. Atoms
detuned from the prescribed LDOS cannot couple to

either the external fields or the electromagnetic

(vacuum) reservoir and as a result the deleterious part

of the atomic distribution is quenched.

The engineering of the electromagnetic LDOS can

also be used to fabricate a one-atom micro-laser [22].

Here, one or more quantum dots are coupled strongly

to both a high Q micro-cavity and the engineered

electromagnetic reservoir of a photonic crystal micro-

chip. By suitably engineering this electromagnetic

LDOS, it is possible to controllably alter the quantum

statistics of photons emitted by the Q-dot into the

micro-cavity. The required LDOS here is a combina-

tion of a multi-waveguide mode and a cavity mode.

The multi-waveguide mode provides a channel for the

pumping laser beam and a big jump of LDOS for

atomic population inversion. The laser emits through

the cavity mode. We use waveguides as ‘‘building

blocks’’ to design the electromagnetic vacuum. Near

the cut-off frequency (vc), the group velocity of light

approaches zero, leading to a square-root divergence

in the DOS in an infinite sample. This divergence of

the DOS is interrupted by either the finite size of the

sample or the finite length of the engineered wave-

guide section, leading to a LDOS peak with a finite

height.

The paper is organized as follows. In Section 2, we

briefly review the 2D–3D PBG heterostructures. The

mechanism of atomic population inversion is briefly

reviewed in Section 3. In Section 4, the properties of

the LDOS of a waveguide in a 2D–3D heterostructure

is studied. Using 2D PCs, the desired LDOS for all-

optical transistor is designed in Section 5. In Section 6,

the robustness of the LDOS architecture to disorder is

studied. Finally, a summary is presented in Section 7.
2. Photonic bandgap micro-chips based on

2D–3D heterostructures

When light propagates in a 2D PC membrane,

attenuation of the guided optical signal may occur

due to leaky modes into the third dimension. Even

weak disorder can induce small angle forward scatter-

ing into the third dimension. However, a 3D PBG

heterostructure [4] can prevent light from leaking into

the third dimension, even in the presence of the devia-

tion from periodicity or unintentional forms of random
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disorder on the micro-chip layer. This is a great advan-

tage for integrated all-optical microcircuits. The clad-

ding 3D PC can be a square spiral [23], a woodpile [24],

a slanted pore [25], or an inverse opal [26], etc. A

pictorial illustration is given in Fig. 1 using a woodpile

as the 3D cladding material. In order to obtain single-

mode, broad-bandwidth diffractionless light propaga-

tion, it is important to match the field distributions in the

2D PC slab region with the 3D PBG over all wave

vectors available to the 2D micro-chip [9].

The 2D slab can be regarded as a planar defect

within the 3D PBG material, that introduces defect

modes into the 3D PBG. These defect modes will

occupy the upper fraction of the original 3D PBG, but

a complete on-chip 3D PBG is retained. The size of

this on-chip bandgap decreases with the thickness of

the 2D micro-chip layer, disappearing completely if

the layer is thick enough. Additional point and line
Fig. 1. The hetero-structure with woodpile structure as the upper

and lower 3D PBG cladding sections. The middle part is a W3

waveguide with highlighted rods in which quantum dots (or two-

level atoms) are integrated. The ends of the W3 waveguide are

connected by W1 waveguides. (a) Bird’s eye view with the upper

cladding section removed. (b) Side view with both upper and lower

cladding sections.
defects within the the 2D micro-chip layer may pro-

vide further circuit elements within the on-chip 3D

PBG. Removing one line (three lines) of rods or holes

in the 2D PC micro-chip layer will create a W1 (W3)

waveguide. We focus on the air-waveguides consisting

of a single row of missing dielectric rods in the 2D PC

micro-chip. Such air-waveguides are readily engi-

neered to be single-mode, while dielectric waveguides

with a single row of missing holes tend to be multi-

mode. Single-mode waveguide channels are more

robust (exhibit lower scattering losses) to imperfec-

tions in manufacturing than their multi-mode counter-

parts.

In this section, we use direct diamond:1-square

spirals [23,9] as the cladding materials to show the

properties of the heterostructures. This kind of square

spirals has already been synthesized using glancing

angle deposition techniques [27]. The parameters of

the optimized diamond:1 structure are ½L; c; r� ¼
½0:70; 1:35; 0:20�a, which correspond to a dielectric

volume fraction of � 31%. This structure possesses a

3D PBG of � 14.8%, which is rather modest compared

with � 23% in the case of inverse diamond:5. Remark-

ably, the direct diamond:1 structure is among the best to

support a large waveguide bandwidth of micro-circuitry

for diffractionless light flow.

Usually, a thinner 2D layer creates a large on-chip

PBG. Unfortunately, in this case, the waveguide dis-

persion relation is so flat that it does not span the whole

on-chip PBG, resulting in a small single-mode band-

width. On the other hand, a thicker 2D layer provides a

waveguide mode of a large frequency range, but the

on-chip PBG is small. Optimization of the waveguide

bandwidth requires the balance between the size of the

on-chip PBG and the resulting waveguide dispersion.

When the thickness of the 2D layer is h ¼ 0:55a

and the radius of the rods in the 2D slab is

r ¼ 0:16a, the 2D–3D photonic crystal heterostructure

has an optimized single-mode waveguide bandwidth

of � 185 nm, as depicted in Fig. 2.
3. Atomic population inversion in an

engineered vacuum

An intriguing application of LDOS engineering is

related to the possibility of coherently switching a

collection of two-level system into a population-
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Fig. 2. Dispersion relation for an air-waveguide channel in the

diamond:1 heterostructure.
inverted state by coherent resonant pumping. Such an

effect is strictly forbidden in an ordinary vacuum,

where the absorption and emission of light from atoms

is governed by the Einstein rate equation [13]. Popu-

lation inversion in conventional lasers is achieved by

utilizing an additional level structure in the atom [28].

For instance, by pumping to a third atomic level that

then relaxes (incoherently) to a target excited state,

population inversion is achieved on the (target) second

level. Here, we describe PBG architectures in which

population inversion is achieved without recourse to a

third level and without incoherent processes. This

leads to the possibility of collective ‘‘atomic switch-

ing’’ [14] and the further possibility of all-optical

transistor action [15] with micro-Watt power level

and without the usual trade-off between switching

time and switching power [29].

We briefly review the mechanism of the atomic

population inversion here, the details can be found in

[15] and [21]. When a coherent laser beam interacts

with a two-level atom, the Hamiltonian of the system

has the form H ¼ H0 þ HAR þ HAL. The non-inter-

acting Hamiltonian of the bare atomic and the photo-

nic reservoir is H0 ¼ �hDALs3 þ
P

l �hDla
y
lal, where

DAL ¼ vA � vL, Dl ¼ vl � vL, vA is the transition

frequency of the two-level atom, vL is the frequency

of the laser field, and vlg the frequency of a mode l.

The interaction between atom and photonic reservoir

is HAR ¼ i�h
P

l glðayls12 � s21alÞ and the interac-

tion between the atomic system and laser field is

HAL ¼ �heðs12 þ s21Þ. Here, sij ¼ jiihjjði; j ¼ 1; 2Þ
are the atomic excitation and de-excitation operators,

and s3 ¼ s22 � s11 is the atomic inversion operator.

The coupling constant (glg) describes the coupling

between the atom and the reservoir l-mode. The

resonant Rabi frequency e ¼ m�E=�h describes the

interaction between the atom and the laser field, where

m is the dipole moment of the atom and E is the

applied laser field amplitude.

The Hamiltonian can be simplified by introducing

the dressed atomic states { j1̃i, j2̃i}, defined by j1̃i ¼
cj1i þ sj2i and j2̃i ¼ �sj1i þ cj2i, that diagonalize

H0 þ HAL. Here, c2 � cos2ðfÞ� ½1 þ signðDALÞ
jDALj=ð2VÞ�=2 and s2 � sin2ðfÞ� ½1 � signðDALÞ
jDALj=ð2VÞ�=2, where the generalized Rabi fre-

quency is defined by V�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2 þD2

AL=4

q
. In the

dressed state basis, the total Hamiltonian becomes

H ¼ H̃0 þ H̃I . Here, H̃0 ¼
P

l �hDla
y
lal þ �hVs̃3,

and H̃I ¼ i�h
P

l gl½aylðcss̃3 þ c2s̃12 � s2s̃21Þ� þ h:c:,

where s̃ij ¼ jĩ ih j̃jði; j ¼ 1; 2Þ are the dressed atomic

excitation and de-excitation operators, and s̃3 ¼ s̃22 �
s̃11 is the dressed inversion operator. Then, we introduce

the time-dependent interaction picture generated by the

unitary operator U � expð�iH̃0tÞ. The interaction

Hamiltonian becomes H̃IðtÞ�UH̃IUy, where

H̃IðtÞ ¼ i�h
X
l

gl½aylðcss̃3 eiDlt þ c2s̃12 eiðDl�2VÞt

� s2s̃21 eiðDlþ2VÞtÞ� þ h:c:

When the laser field amplitude (described by �he) is

strong enough so that the Mollow frequencies vL,

vL � 2V, and vL þ 2V are pushed away from the

DOS discontinuities, the Mollow spectral components

at vL � 2V experience very different density-of-states

and can be described by spontaneous emission decay

rates g� ¼ 2p
P

l g2
ldðvl � vL � 2VÞ.

The steady state solution of the expectation value of

the inversion operator is (see [15] for details)

< s̃3 >
st ¼ ðg�s4 � gþc4Þ=ðg�s4 þ gþc4Þ. For the

case DAL > 0, coefficient c2 > s2. The dressed state

j2̃i is mostly comprised of the bare excited state j2i.
When g�s4 > gþc4, the dressed state j2̃i is more

populated in the steady state regime, which corre-

sponds to an accumulation of atomic population on the

bare excited state j2i. In other words, at a pump

intensity threshold, ethr, defined by the condition
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tan4 f ¼ gþ=g�, the atom switches from being in an

absorptive state on the lower Mollow side-band at

frequency vL � 2V to one that provides gain to an

optical pulse at the same frequency. In the absence of

any LDOS jump (i.e., gþ ¼ g�), we recapture the

atomic population behavior predicted by the Einstein

rate equations. Namely, it is impossible to achieve

population inversion by coherent resonant pumping.

Unlike population inversion in conventional lasers,

achieved by incorporating additional level structure

into the atom (i.e., three- or four-level atoms), popula-

tion inversion in the context of our two-level atom is

achieved by incorporating a nontrivial structure into

the vacuum. Moreover, the steady state atomic switch-

ing occurs through entirely coherent processes. The

larger the LDOS jump (as determined by the ratio

gþ=g�), the lower the switching threshold.

The inversion process can also be understood by the

schematic energy level of the bare atom and the

dressed atom state depicted in Fig. 3. The state

ji; ni corresponds to the state in which the atom is

in its ith state (i ¼ 1; 2) and there are n photons in the

background. The splitting between the states j1; n þ 1i
and j2; ni is given by the detuning between the atomic

and laser frequencies, DAL. If DAL and the Rabi

frequency e�h2; njHALj1; n þ 1i=�h are small com-

pared to vL, we can neglect all the coupling between

different atom � laser manifolds. If the ‘‘atom’’ is in

the state j2̃; ni (j1̃; ni), it can only decay by emitting a

‘‘high’’ or ‘‘medium’’ (‘‘medium’’ or ‘‘low’’) photon,

where ‘‘high’’, ‘‘medium’’, and ‘‘low’’ photon have a

frequency of vL þ 2V, vL, and vL � 2V, respec-
Fig. 3. Bare atom and dressed atom state diagram.
tively. The decay rate of the dressed atom g� is

proportional to the LDOS at the corresponding photon

frequency. In a steady state, the dressed atomic decay

through emitting a ‘‘medium’’ photon will be com-

pensated by absorbing a ‘‘medium’’ photon from the

pumping laser. When the dressed atom experiences

different decay rates at the Mollow sidebands, it will

accumulate at the state associated with a slow decay

rate. The bigger the LDOS jump, the faster the accu-

mulation process. Within some parameter range, the

accumulated dressed state corresponds to the excited

state of the bare atom. Thus, the atomic population

inversion of bare atomic states is achieved.
4. LDOS of a single waveguide in a 3D PBG

hetero-structure

To achieve atomic population inversion with micro-

Watt pump laser fields requires stringent conditions on

the electromagnetic LDOS. In particular, a jump in the

LDOS by a factor of 100 or more is required over a

frequency interval that is 10�4 or less than the frequency

where the LDOS jump occurs. In this section, we study

the LDOS of suitable air-waveguides in a 3D PBG

hetero-structure. Near the cutoff frequency of a wave-

guide mode, the dispersion relation can be approxi-

mated by v ¼ vc � Aðky � kcÞ2, where kc is the

wave vector corresponding to vc and A is a fitting

constant. Consequently, the photon DOS will be

r1ðvÞ ¼ ð1=2ÞAðvc � vÞ�1=2, which is divergent at

vc. However, in practice, the size of the hetero-structure

(and length of the corresponding waveguide) is always

finite. As a result, the LDOS divergence is replaced by a

large but finite discontinuity near the cut-off frequency.

The LDOS is obtained by calculating the energy

flux from a dipole inside the structure [30–32]. For

concreteness, an inverse diamond:5 square spiral [23]

with the parameters ½L; c; r� ¼ ½1:5; 1:7; 0:33� is used

as 3D PBG cladding materials. We emphasize, how-

ever, that this serves only as a concrete illustration.

The finite structure has three layers of cladding mate-

rial above and below the 2D slab, and the thickness of

the 2D slab h ¼ 0:4a. There are five lines of rods on

each side of the waveguide. The length of the wave-

guide is varied to determine its influence on the LDOS,

for example, 7a (denoted as y7), 9a (denoted as y9),

etc.
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Fig. 4. The LDOS of the finite hetero-structure with different

lengths in the waveguide direction. The dipole is placed at

r ¼ ð�0:7; 0:3; 0Þa. The origin of the coordinate is the center of

the structure.
Fig. 5. Analytic functions fitted for (a) peak value and (b) peak

width.
The LDOS of the hetero-structure is shown

in Fig. 4. Near the cutoff frequency (vc),

vc � 0:38ð2pc=aÞ, there is a peak in the LDOS that

becomes more pronounced as the waveguide becomes

longer. As the length of the waveguide increases, the

peak value (rmax) of the LDOS increases rapidly. At

the same time, the peak width decreases. When the

length of the waveguide goes to infinity, the peak in the

LDOS will be eventually divergent at vc. Below vc,

the lowest value of the LDOS, rmin, is almost the same

for all the waveguides, which corresponds to the linear

dispersion part of the waveguide mode. Besides the

peak near vc, there are some smaller fringes in the

LDOS when v<vc, due to finite-size effects. This is a

Fabry–Perot effect arising from the photonic crystal to

free space boundary at the edges of our sample [29].

We now consider in greater detail the properties of

the dominant peak arising from the waveguide cutoff.

If the frequency of the peak LDOS, rmax, is vm, and

the frequency at 0.5 rmax (bigger than vm) is vr, the

peak width is simply defined as Dv ¼ vr � vm. For

waveguides with different lengths, the peak value and

peak width can be fitted to analytic functions, as

shown in Fig. 5. The peak value varies as

rmaxðLÞ=rmin ¼ a0 þ a1L þ a2L2 and the peak width

varies as DvðLÞ=vc ¼ be�aL. Here, a0, a1, a2, b, and

a are fitting parameters and vc is chosen to be

0:38ð2pc=aÞ.
Since the evaluation of the LDOS of a long wave-

guide by FDTD methods is very time consuming, it is

useful to infer the desired properties by extrapolation.

The ratio rmax=rmin (shown in Fig. 5(a)), describes the

ratio of the peak LDOS arising from a mode cutoff to

the background LDOS of a linear dispersion mode.
When the length of the waveguide is 20a, the ratio

rmax=rmin is about 100. Meanwhile, the LDOS peak

width decreases rapidly with waveguide length. In

particular, the ratio Dv=vc is as small as 10�4 when

the waveguide length is 20a. Consequently, the LDOS

peak of the waveguide in a 3D heterostructure is

suitable to act as a ‘‘building block’’ in the engineering

of electromagnetic LDOS.

We estimate the power of the pump laser

beam passing through the waveguide to realize

atomic population inversion. The Rabi frequency

can be obtained by the formula jVj ¼ 2:2�
108

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I½W= cm2�

q
jd�ej=ðea0Þ[33], where I � c=8pjEj2

is the intensity of laser beam in the unit of W/cm2,

jEj is the electric field amplitude, jd�ej is the projec-

tion of the dipole moments in the electric field

direction, e is the electron charge, and a0 is the Bohr

radius. Usually, jd�ej � 0:1�10ðea0Þ. When jd�ej ¼
10ðea0Þ and the light wavelength is 1.5 mm, 1 nm

shift (133 GHz shift) of a Mollow sideband from the

central frequency of the Mollow spectrum requires an

electric amplitude of about 104 V/cm at the location

of the atom (quantum dot). If a jump within 10�4vc is

achieved in the DOS (0.15 nm or 20 GHz shift for

l ¼ 1:5 mm), the laser electric amplitude required

for atomic switching in the simple model (the single

two-level atom case) of Section 2 is about

1:6 � 103 V= cm. Although the electric field ampli-

tudes required for atomic switching are moderate, the

total energy and power requirement for switching are

very small, due to the submicron-scale confinement of

the optical fields within a typical photonic bandgap



S. John, R. Wang / Photonics and Nanostructures – Fundamentals and Applications 2 (2004) 137–147 143

Fig. 6. Architecture for an LDOS filter for switching in an inho-

mogeneously broadened ‘‘atomic system.’’ The two-level atoms or

quantum dots are placed at point P and other equivalent points.
waveguide geometry. For a PBG centered near 1.5

mm, the required photonic crystal lattice constant

a� 0:4l� 600 nm. One unit volume of the wave-

guide direction is about 5a � 0:3a � 1a� 0:3
mm3. The energy stored along one unit cell of the

waveguide channel, at the atomic switching thresh-

old, is about 1 � 10�11 nJ. and the required power for

switching is about 1 mW. When a large (� 1000)

number of quantum dots responds collectively, the

amplitude of the switching laser is about 5% of the

holding field amplitude. In this case, the power of the

modulating pump laser passing through the high

group velocity (linear dispersion) waveguide mode

can be 3 nW, provided that the steady holding laser

intensity is just below the switching threshold.
Fig. 7. The band structure of the 2D photonic crystal with

three waveguide modes. Mode 1 (solid line) and mode 3 (dashed

line) exhibit cutoffs within the PBG and contribute to sharp LDOS

peaks, whereas mode 2 (dotted line) exhibits nearly linear dispersion

in the same vicinity. The probe laser frequency (position of lower

Mollow sideband) is indicated as v2, the pump laser frequency is

indicated as v3, and the position of upper Mollow sideband is

indicated as v1.

Fig. 8. The dependence of the cutoff frequencies on the radius, r1.
5. Waveguide structure for a LDOS filter

In this section, we introduce a new micro-chip

architecture that provides an LDOS filter (fork-like

shape) for switching in an inhomogeneously broa-

dened atomic distribution [29]. From the discussion

in Section 3, atomic switching to a population-

inverted state depends sensitively on the detuning of

the atomic transition from the LDOS jump. Impro-

perly detuned atoms in an inhomogeneously broa-

dened ensemble will cause absorption, offsetting the

gain provided by properly detuned atoms. Accord-

ingly, we design an LDOS filter architecture, which

selects correctly detuned atoms and disables incor-

rectly detuned atoms. We consider a 2D square lattice

with circular rods and consider only the E-polarization

mode (electric field parallel to the rods), because the

field pattern in the 3D hetero-structures closely resem-

bles the E-polarization mode in a 2D photonic crystal.

The lattice constant is a and the radius of rods is

r0 ¼ 0:2a, providing a full stop gap from 0.308 to

0.453 ð2pc=aÞ for the E-polarization mode. As plotted

in Fig. 6, three rows of rods are modified to create a

trimodal waveguide, leading to a filter architecture of

the LDOS. By completely removing two lines of rods,

two air-waveguide modes are created. One (mode 3)

has a lower-cutoff frequency (v3) near the center of

the gap. The other (mode 2) has a linear dispersion

relation near this frequency range. By reducing the

radius (r1) of one line of rods, another waveguide

mode (mode 1) is created with the upper-cutoff fre-
quency (v1) near the center of the gap. The group

velocity of mode 2 near the cutoff frequencies (of

modes 1 and 3) is 0:76c, where c is the light velocity in

a vacuum. The corresponding band structure is plotted

in Fig. 7, in which r0 ¼ 0:2a and r1 ¼ 0:116a.

The lower-cutoff frequency, v3, of the air-wave-

guide (mode 3) is mainly determined by r0. When

r0 ¼ 0:2a, v3 is near the center of the gap. The upper-

cutoff frequency, v1, of the waveguide (mode 1) can

be adjusted by changing the rod radius r1, as depicted

in Fig. 8. When r1 increases, v3 is almost invariant

(actually decreases very, very slowly), while the v1
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Fig. 9. The local density-of-states for 2D photonic crystal wave-

guides with the length 15a. The dipole is placed at the point P in

Fig. 6.
decreases noticeably. This makes the relative position

between these two cutoff frequencies adjustable by

changing r1. The waveguide (mode 2), which carries

the probing laser, has a high group velocity enabling a

quick response for ultrafast switching.

The LDOS of the waveguide architecture is plotted

in Fig. 9. When r1 ¼ 0:116a, the peak near

0:355ð2pc=aÞ corresponds to the cutoff frequency

of the air-waveguide. The peak near 0:358ð2pc=aÞ
corresponds to the cutoff frequency of the waveguide

(mode 1). The steady state pumping laser frequency is

adjusted to the left LDOS peak (mode 3), and the

higher frequency peak (mode 1) is chosen to coincide

with the upper Mollow sideband of the atomic reso-

nances fluorescence spectrum. The probing laser is

adjusted to the lower Mollow sideband. This archi-

tecture selects those atoms whose central and upper

Mollow components coincide with the two LDOS
Fig. 10. The LDOS of waveguides with random radius (10% randomness, �
are the LDOS without disorder. The color lines represent various random co

y21 air-waveguide; and (d) y21 dielectric waveguide. Length of the wave
peaks, while suppressing the deleterious effect of

otherwise detuned atoms.
6. Robustness of vacuum engineering

to disorder

The highly frequency selective control of sponta-

neous emission provided by the LDOS architectures,

described above, requires high precision microfabri-

cation of the relevant micro-chip waveguides. Here,

we consider the effect of unintentional disorder on the

LDOS characteristics. We first consider the W1 wave-

guides in a 2D PC to study the influence of random rod

radius disorder. Two kinds of waveguides are studied.

One is the air-waveguide, which has one line of rods

removed. The other is the dielectric waveguide, which

has the radius of one line of rods modified instead of

removed. The 2D PC has a square lattice with circular

rods, whose radius is 0:25a and the dielectric constant

is 11.9. The radius of the defect rods in the dielectric

waveguide is 0:16a.

We study the case that the radius of the rod is

distributed evenly, but randomly, within a range of

radii. When the radius randomness is 10%, i.e., the rod

radius is randomly distributed between 95 and 105%

of its original size (� 22 nm diameter randomness for

operation at l ¼ 1:5 mm), the LDOS of the wave-

guide with various random configurations is depicted

in Fig. 10. For both kinds of waveguides, disorder

shifts the LDOS peaks, leading to a distribution of the
22 nm diameter randomness for rod r0). The black lines with circles

nfigurations. (a) y15 air-waveguide; (b) y15 dielectric waveguide; (c)

guide is 15a for (a) and (b), 21a for (c) and (d), respectively.
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Fig. 11. The LDOS of waveguides with random radius (4% randomness, � 9 nm diameter randomness for rod r0). The black lines with circles

are the LDOS without disorder. The color lines represent various random configurations. (a) y15 air-waveguide; (b) y15 dielectric waveguide; (c)

y21 air-waveguide; and (d) y21 dielectric waveguide. Length of the waveguide is 15a for (a) and (b), 21a for (c) and (d), respectively.
peak positions for various randomness configurations.

The shape of the LDOS peak remains the same for air-

waveguides, but the height of the peak fluctuates. For

the dielectric waveguides, the LDOS peak becomes

very broad in a few cases. The height of the peak also

changes substantially for the dielectric waveguides.

air-waveguides are more robust to disorder than

dielectric waveguides.

The distribution range of the LDOS peak is almost

the same for the waveguide of 15a and 21a in length.

However, the height of the LDOS changes more in

longer waveguides than in shorter waveguides. More-

over, dielectric waveguides are more vulnerable than

air-waveguides in regard to LDOS height variations.
Fig. 12. The LDOS of dielectric waveguides (21 a in length) with

random radius (4% randomness). The black lines with circles are the

LDOS without disorder. The color lines represent various random

configurations. (a) Only rods outside the defect line have a random

distribution. (b) Only rods in the defect line have a random dis-

tribution.
When the radius randomness is 4% (� 9 nm dia-

meter randomness for a waveguide operating at

l ¼ 1:5 mm), the influence of disorder is greatly

reduced for both kinds of waveguides (see Fig. 11).

The LDOS peak shapes are preserved in almost all

random configurations for the dielectric waveguides,

even for waveguides with 21a in length. To determine

which dielectric rods contribute most to LDOS fluc-

tuations, two random cases are studied further. In the

first case, all rods have a random radius, except the

rods in the defect line (Fig. 12a). In the second case,

only the rods in the defect line have a random radius

(Fig. 12b). Clearly, disorder of the rods in the defect

line plays a dominant role. This suggests that within

the ‘‘active region’’ (the defect line), precise control of

the fabrication process (nanometer scale resolution)

may prove advantageous. Outside this limited active

region, the PBG micro-chip can sustain substantial

disorder without degradation of functionality.

A more delicate question arises in the case of the

multimode LDOS filter architecture described in Fig. 6.

Here, disorder can, in principle, cause scattering

between modes, thereby smearing out the sharp LDOS

features and the associated filter function. Below, we

study the effect of rod radius randomness on the tri-

modal waveguide used for switching in an inhomogen-

eously broadened collection of quantum dots. In Fig.

13(a) and (c), where the radius randomness is 4%, no

mode mixing can be found, when the original (with no

disorder) LDOS peak separation at 1.5 mm wavelength

is � 4 nm. The system behaves like two independent
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Fig. 13. The LDOS of three mode waveguides with random radius:

(a) 4% randomness, 15a long; (b) 10% randomness, 15a long; (c)

4% randomness, 21a long; and (d) 10% randomness, 21a long. All

figures have 10 random configurations and the corresponding LDOS

are plotted by color lines.
waveguides, and the LDOS is just a simple sum of two

waveguides with radius disorder. Increasing the wave-

guide length only increases the LDOS height variations

caused by the randomness. In Fig. 13(b) and (d), with

10% radius randomness, mode mixing is weak. How-

ever, the variation in the LDOS peak position (with

disorder) exceeds the original peak separation (in the

case of no disorder). This would lead to an LDOS filter

device whose operating characteristics lack sufficient

predictability. To compensate this unpredictability, it

may be useful to introduce some refractive index tuning

mechanism to ‘‘re-configure’’ the device to operate with

prescribed characteristics [34].

We estimate that in order to achieve well-defined

LDOS peaks separated by 1 nm, the diameter random-

ness should be no more than 4 nm. This estimation is

based upon the apparent (approximate) linear depen-

dence of the LDOS peak position variance on the

degree of rod randomness. An analogous linear fre-

quency shift with the rod radius (in the absence of

disorder) is seen in Fig. 8. A detailed and precise

relationship between the rod randomness distribution

and the LDOS peak position distribution requires

further study. For collective atomic switching to occur

for low power pump fields, a small peak separation is

desirable [29].
7. Conclusion

In summary, we have illustrated the utility of

electromagnetic vacuum engineering for coherent
all-optical atomic switching. Other illustrations of

sculpting the vacuum include a novel one-atom laser

with engineered photon output statistics [22]. This

suggests that a number of quantum electrodynamic

model Hamiltonians, leading to novel quantum

effects, can be realized within a PBG micro-chip by

careful design and synthesis of dielectric microstruc-

ture. Waveguides and cavities in a hetero-structure

consisting of a 2D photonic crystal micro-chip

embedded in a 3D PBG material are used as ‘‘building

blocks’’ to create LDOS peaks inside the PBG. Unlike

commonly studied high-Q optical microcavity-based

LDOS peaks, this waveguide based LDOS structure

can co-exist with high group velocity waveguide

modes for high speed data processing and transfer.

The fundamental challenge is one of ultra-high pre-

cision microfabrication in the immediate vicinity of

the active region of device architectures. While the

background PBG cladding structure can accommodate

substantial disorder without compromising device

functionality, nearly nanometer scale structure preci-

sion may be desirable for a small number of dielectric

rods in the core of the active device. This architectural

precision may be a requirement for ultra-low-thresh-

old all-optical switching and transistor functionality.
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