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ZIM Laser: Zero-Index-Materials Laser
Yu Peng and Shaolin Liao , Senior Member, IEEE

Abstract—We present a novel type of erbium-doped silicon on-
chip 1550-nm C-band laser based on the three-dimensional (3-D)
zero-index material or ZIM laser. The underlying lasing physics of
the ZIM laser is the bound state in continuum or BiC of individual
erbium-doped silicon pillar element for gain achievement and zero
refractive indexes for interelement phase coherence achievement.
The BiC is the mixing of a monopole mode, a dipole mode, and
a longitudinal mode, greatly reducing the radiation loss. Through
careful multiphysics ZIM laser design, the 2-D erbium-doped sili-
con array can be tuned to near-zero permeability and permeability
at a specific lasing wavelength to achieve interelement phase coher-
ence. Such phase coherence mechanism of the ZIM laser differs
significantly from the cavity-based lasers, such as the Fabry–Perot
cavity laser. Because only a specifically designed wavelength can
achieve near-zero permeability and permeability, the ZIM laser
only works at single mode and multimodes competition disappears.
So, the length of the ZIM laser can be arbitrary long to achieve
the desired power, without the need of a filter at the lasing mode to
remove unnecessary lasing modes. In this paper, we have designed
and simulate the ZIM laser at the 1550-nm C-band. We obtained
the BiC field pattern, its radiation Q factor, transmission/reflection,
effective refractive index, and dispersion property of ZIM laser. At
last, we calculate the lasing threshold and slope coefficient of the
ZIM laser.

Index Terms—Laser, metamaterials, silicon, zero-index materi-
als (ZIM).

I. INTRODUCTION

BOUND states above the continuum threshold have
been shown by von Neumann and Wigner through the

Schrödinger’s equation [1]. These peculiar states, known as the
bound states in the continuum (BiC), exhibit a resonance at
the energy level inside the propagation continuum of the back-
ground medium and does not decay. Decades later, the idea
was dormant, primarily as a mathematical curiosity. In 1977,
when Herrick and Stillinger suggested that the BiC could be
observed in the semiconductor superlattice, BiC again attracted
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Fig. 1. Schematic of the novel ZIM laser structure without a Fabry–Perot
cavity: A 980-nm pump laser is used to excite the Er-doped ZIM-BiC structure,
and the 1550-nm laser is bounded in the z-direction due to the BiC design and
confined in the y-direction due to the photonics crystal (PhC) bandgap structure
on both sides, making the ZIM-BiC a one-dimensional (1-D) lasing structure.

their interest [2], [3]. On the other hand, nanostructured com-
posites including metamaterials are used to achieve new re-
fractive phenomena by adjusting the effective refractive index
of the medium. In extreme cases, the index can be close to
zero, resulting in waves propagating at infinite phase velocities
with infinite wavelengths [4], [5]. When integrated with on-chip
photonic circuits, zero refractive index provides unprecedented
phase control in the field of nonlinear and quantum optics [6].
Recently, metamaterials have been shown to have both the zero
index and bound states properties in the continuum at the cen-
ter of the Brillouin zone or the Γ-point, which can be used to
quench the radiative loss at Γ-point while its refractive index is
nearly zero [7], [8].

Here a Zero-Index Metamaterial BiC (ZIM-BiC) is proposed
to achieve phase coherence within the metamaterials and to
eliminate the radiation losses perpendicular to the wave propa-
gation direction by destructive interference of multiple radiation
channels, resulting in the BiC, even when the wave energy is
within those of the background medium propagation channels
[9], [12]. When such ZIM-BiC structure is doped with active
gain element such as erbium, it can be designed as a laser with-
out a cavity, as shown in Fig. 1, which is totally different from
the general laser, such as the Fabry–Perot laser. We use silica as
the substrate of silicon doped with Er3+ .

II. BOUND STATES AT THE DIRAC POINT

By adjusting the height of the silicon pillar array, we can
completely quench the out-of-plane radiation in z-direction, re-
sulting in a radiation-lossless zero-index metamaterial.

In order to design a zero-index metamaterial, we adopt an
effective medium theory through matching the real scattering
problem with an effective background medium at a specific
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boundary surface, e.g., a cylindrical surface for cylinder geom-
etry for our Si pillars. Briefly, the array of cylinders is treated
as an effective medium with permittivity and permeability εeff
and μeff , respectively. We consider a single dielectric cylinder
surrounded by an annulus of background dielectric [10], [11].
We can solve for the Mie scattering coefficients correspond-
ing to the monopole and dipole modes under the assumption
that the operating wavelength in the effective medium is much
larger than the size of the cylinder and the annular coating. The
effective medium approximation is valid when both of these
scattering coefficients vanish. By enforcing this no-scattering
condition, we obtain at the effective medium parameters [13]
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where Dm (ω) is the ratio of incident and scattered fields in the
background medium for the mth Mie resonance
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with k0 being the wavevector in the background dielectric, r0
being the radius of the background dielectric, and rc being
the radius of the cylinder. Jm and Hm are Bessel and Hankel
functions. The refractive index within the cylinder and the back-
ground are nc and n0 , respectively. Ym is the Bessel function of
the second kind. For a given array of dielectric cylinders, (1) and
(2) give the frequency-dependent effective permittivity and per-
meability. Further, we may invert this process to determine the
metamaterial structure that achieves an effective index equal to
zero. Simplifying equations in the limit εeff → 0 and μeff → 0
results in a pair of conditions that must be satisfied in order to
achieve zero refractive index, i.e., n = 0

iJ ′
0 (k0r0)

Y ′
0 (k0r0)
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D0 (k0rc)

1 + D0 (k0rc)
(4)
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We note that the left-hand side of each condition is a function
of the size of the background region relative to the operating
wavelength k0r0 . Similarly, the right-hand side depends only
on the size of the cylinder relative to the operating wavelength
k0rc , as well as the refractive index of the cylinder nc . Therefore,
these two relations determine a family of solutions for the two
design parameters k0r0 and k0rc that will generate an effective
index equal to zero, which can be satisfied for cylinders with
sufficiently high index nc . High-index inclusions are necessary
to ensure that the dipole resonance is excited at the operating
wavelength, without which there can be no magnetic response.
The residual is minimized when the effective permittivity and

TABLE I
SIMULATION PARAMETERS

permeability are simultaneously zero. In this case, the magnitude
of the effective index is also zero.

When light passes through the medium, some part of it will
always decay. This can be easily taken into account by defin-
ing the complex refractive index, n = n′ + in′′. Here, the real
part n′ = 3.417 is the refractive index and represents the phase
velocity, while the imaginary part n′′ = 2.25 × 10−5 is called
the extinction coefficient [14]. Although n′′ can also refer to
the mass attenuation coefficient and indicate the attenuation
amount when the electromagnetic wave travels through the ma-
terial. The permittivity can be expressed as ε = ε′ + iε′′, where
the real part is ε′ = 11.675 and ε′′ = 0.00015.

By tuning the height of the pillar array, we can achieve
perfect confinement of the dipole mode. However, the height
of the pillar array also affects the resonant frequency, as pre-
dicted by the temporalcoupled-mode theory (tCMT) [14], [15].
The height simultaneously affects the confinement and fre-
quency of the dipole mode. The monopole mode, which does
not couple with the continuum, maintains a constant reso-
nant frequency. In order to support zero-index propagation,
the monopole and dipole modes must be degenerate, which
can only be achieved for a particular height of the pillar array.
Lossless zero-index propagation requires both degeneracy and
confinement for the same height. We may achieve accidental
degeneracy of both conditions by adjusting the geometry of the
pillar array (e.g., radius, pitch). The lossless ZIM design consists
of a square array of 1263-nm-tall silicon pillars, with a radius
r = 183.3 nm and pitch a = 924.8 nm. The dimensions of meta-
materials in Table I. In z-direction, the radiation can be quenched
because of BiC design. In y-direction, we add the bandgap struc-
ture on both sides to avoid radiation through y-direction where
the parameter of bandgap structure is shown in Table I. PhC is
designed for lasing wavelength 1570 nm, not pump wavelength
(see Appendix D for more details). In the case of our design, we
make sure the light propagates in x-direction.

We use COMSOL multiphysics software to scan the band
structure and get band structure around the Brillouin zone. A
Dirac cone is formed at the center of the Brillouin region, as
shown in Fig. 2.

The monopole and dipole modes become degenerate and loss-
less simultaneously at an operating wavelength of 1570 nm. This
behavior is predicted by tCMT and confirmed by finite-element
analysis. As a result, the optimized metamaterial supports a
zero-index mode at 1570 nm, which propagates without phase
advance or radiative loss.

The BiC condition depends on the free-space wavevector,
and therefore can only be satisfied for a single wavelength. As a
result, the radiative Q factor is finite and decreases as the operat-
ing frequency is detuned from the zeroindex. The weak-coupling
approximation is valid for resonators with a high-quality factor
Q = ω0τ0/2, where a resonant frequency is ω0 and lifetime is
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Fig. 2. Dispersion curves for three Bloch wave band diagrams. A Dirac cone
is formed at the center of the Brillouin zone by mixing of these three Bloch
wave modes with k = 0.

τ0 and Q factor scales as Q ∝ (1 − R)−1 (specifically here is
the Q factor for radiation inzdirection), in which R the reflection
on the inplane [17].

Importantly, the zero-index mode is isotropic and can be ex-
cited by incident waves from arbitrary directions. This is demon-
strated by the band structure in the reduced Brillouin zone, which
forms a Dirac cone at the Γ-point. The sharp cone in Fig. 2 at
the operating wavelength indicates that the modes are simulta-
neously degenerate and lossless [16].

The iso-frequency contours become circular in the vicinity
of the Dirac point. Similarly, the Iso-Q contours (loci of equal
quality factor) are also isotropic. This feature is uncommon in
BiC, which have so far been restricted to individual points in
the Brillouin zone [17], [18]. The isotropic BiC arises due to the
rotational symmetry of the lattice and is specific to the Γ -point.
The zero-index mode must include contributions from two de-
generate dipole modes with mutually orthogonal polarizations.
Each dipole couples to continuum modes (vertically propagat-
ing plane waves) whose electric field is polarized perpendicular
to the magnetic moment of the dipole mode. Thus, each dipole
accounts for two of four possible radiative channels, correspond-
ing to two orthogonal polarizations above and below the pillar
array. Since the BiC ZIM design retains the four-fold rotational
symmetry of the pillar array, the BiC condition is satisfied for
both dipole modes automatically. Therefore, all four loss chan-
nels are eliminated. Furthermore, Bloch modes near the Γ–point
can always be represented as a linear combination of the two
orthogonal BiC regardless of the propagation direction [19],
[20]. Thus, the zero-index mode is isotropically lossless, and
the metamaterial can be described as a homogeneous effective
medium [21].

The metamaterial consists of silicon pillars. Under in-plane
transverse Magnetic mode (TM) two main Bloch modes (ax-
ial electric monopole mode and transverse magnetic mode) are
supported by the pillars in the Brillouin zone. We can ensure
the degeneracy of these modes at a given operating wavelength

Fig. 3. (a) ZIM-BiC field profile of in-plane (x–y plane). The field profile
shows the real part of the vertical component of the electric field Ez through a
horizontal cross section at wavelength when zero refractive index n = 0 happens.
(b) ZIM-BiC field profile of out-plane (x–z plane). The field profile shows the
real part of the vertical component of the electric field Ez through a horizontal
cross section at wavelength when zero refractive index n = 0 happens.

by adjusting the radius and pitch of the pillar array in this case
1570 nm. The Bloch wave transmission at the operating wave-
length has no spatial phase advancement (zero effective index),
but can have finite impedance by careful design of the effec-
tive permittivity εeff and the permeability μeff [4]–[6]. Although
monopole mode symmetry prevents the coupling of plane waves,
the dipole mode is compatible with plane waves, resulting in lim-
ited quality factors (i.e., leakage). The structure radiates to the
plane waves above and below. For real fabrication, we design
bandgap on the top and bottom sides in y direction to avoid radi-
ation through these two sides. But for the simplification, we use
5 × 5 pillars array to simulate the phenomenon with the sym-
metric boundary condition at Y-direction. The results are pretty
the same. For a particular height of the pillar array, the radiative
plane waves of the two resonant modes interfere destructively,
resulting in wave and energy localization within the Si pillars
of the metamaterial array, as shown in Fig. 3(a) and (b). This
behavior can be predicted by the tCMT [7] and confirmed by
our full-field simulation. In addition, it can be predicted that
this condition is satisfied for any wavevector, including k = 0.
To demonstrate this, we have designed a finite Si pillars array
structure that can support such zero-index hybrid mode without
any radiation loss. Near the center of the Brillouin zone, a Dirac
cone is formed indicating a finite impedance and zero index of
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Fig. 4. (a) Quality factor of the mode 1 is shown in color, which strongly
peaks near the Dirac point. (b) Quality factor of the mode 2 is shown in color,
which strongly peaks near the Dirac point. (c) Quality factor of the mode 3 is
shown in color, which strongly peaks near the Dirac point.

refraction at the Dirac point. The quality factor Q strongly peaks
near the zero-index wavelength and is also isotropic, as shown
in Fig. 4(a)–(c). The optimized design we can achieve shows a
quality factor of Q > 105, up to two orders of magnitude higher
than the previous design [6].

BiC at the Dirac-point with k = 0 propagates as a lossless
zero-index hybrid mode that consists of two destructively inter-
fering resonant modes who cancel each other in the radiation
channels. Such wave energy localization can exhibit exotic opti-

Fig. 5. (a) ZIM-unbound field profile of in-plane (x–y plane). The field profile
shows the real part of the vertical component of the electric field Ez through
a horizontal cross section at wavelength when zero refractive index n = 0
happens. (b) ZIM-unbound field profile of out-plane (x–z plane). The field
profile shows the real part of the vertical component of the electric field Ez

through a horizontal cross section at wavelength when zero refractive index
n = 0 happens.

cal phenomena in many important areas. In the past, these effects
have so far been limited to hypothetical bulk media or infinitely
tall metamaterial arrays. However, recent advancement in elec-
tromagnetic theory, photonics simulation, and nanofabrication
technique has made the realization of the ZIM-BiC structure
on Si platform to make planar devices that can be integrated
with other on-chip photonic devices. For example, we simulate
a ZIM-BiC plate that can be excited and monitored at two ends
through the planar silicon waveguides. As in the case of 3-D
metamaterials, the input wave is coupled to the zero refractive
index mode, which propagates through the slab without phase
advance or loss of radiation in z-direction.

For comparison, we also design a ZIM structure that is not
a BiC state. The ZIM condition is realized through careful de-
sign of the unit cell dimensions, which are altered to ensure the
degeneracy of monopole and dipole modes at the operating fre-
quency. However, the BiC condition is not realized. We can see
that the wave energy decays exponentially as the wave propa-
gates in x direction due to radiative loss in z direction, as shown
in Fig. 5(a) and (b), even though this “unbound” zero-index
mode presents the same phase-free propagation as the ZIM-BiC
structure as shown in Fig. 3(a) and (b).

In order to support zero-index propagation, the monopole and
dipole modes must be degenerate, which can only be achieved
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for a particular height of the pillar array. We may achieve acci-
dental degeneracy of both conditions by carefully adjusting the
geometry of the pillar array (e.g., radius, pitch). The ZIM design
consists of a 2-D square array of 850-nm-tall silicon pillars, with
a radius r = 240 nm and pitch a = 918 nm. The monopole and
dipole modes become degenerate at an operating wavelength of
1570 nm. As a result, the optimized metamaterial supports a
zero-index mode at 1570 nm, which propagates without phase
advance.

Importantly, the zero-index mode is isotropic and can be ex-
cited by incident waves from arbitrary directions. This is demon-
strated by the band structure in the reduced Brillouin zone, which
forms a Dirac cone at the Γ-point. Fig. 6(a)–(c) show the Q factor
of the three modes at each point in k-space.

We use parameter retrieval to obtain the effective index of
the metamaterial across a range of wavelengths. The zero-index
mode has linear dispersion near the design wavelength, sup-
porting both positive and negative index modes. However, the
imaginary part of the refractive index is nonzero for all wave-
lengths except the zero-index point, meaning that BiC forms
only at the zero-index Dirac Γ-point with k = 0.

III. CAVITYLESS LASER DESIGN

We get the reflection (R) and transmission (T) through simu-
lation with Lumerical FDTD, from which we can obtain the loss
as L = 1-R-T. Fig. 7 shows that there is the highest transmission
at the zero-index point because the reflection and loss are almost
lowest, where there is still over 40% loss just because there is
some radiation loss through the bandgap arrays on both sides of
metamaterials array in y-direction.

To achieve lasing condition, Erbium ion (Er3+ ) is used as
the active gain medium, which is a rare earth ion widely used
at 1550 nm wavelength [22]. It has eleven electrons in a 4f
orbit. It has a wide “gain-bandwidth”, resulting in transitions
between 4I15/2 and 4I13/2 states. When the silicon is placed in
the main medium, due to the adjacent oxygen ions in the silicon
dioxide, all (2J+1) components of the erbium ions are split and
uniformly enlarged (see Appendix A). Er doping concentration
is ∼1%. By using λ = 980 nm, the electrons are raised to the
upper state 4I11/2 , and population reversal can be obtained.

For the general laser design, as the light oscillates back and
forth in the laser cavity, the resonant phenomenon becomes a
factor of laser intensity amplification. Depending on the wave-
length of the stimulated emission and the length of the cavity,
the reflected wave from the end mirror may have a phase length
interference and be strongly amplified or interfered with de-
structive and eliminating laser activity. Because the waves in
the cavities are coherent, they remain in the same phase when
they are reflected in the mirror (see Appendix B). There are two
conditions for emitting a laser: One is the highest output at some
wavelength, and the second is that within the cavity photons are
all coherent and in phase.

The BiC plus ZIM in our case satisfied those two conditions
and therefore the laser is triggered and has the property of laser.
Fig. 8 shows how the laser spectrum evolves in the propagation

Fig. 6. (a) Color represents the quality factor of the mode 1. (b) Color repre-
sents the quality factor of the mode 2. (c) Color represents the quality factor of
the mode 3.

in metamaterials. Clearly, the spectrum is getting sharp and
sharp, which means the laser is forming.

For simple four-level laser gain media, we can use formulas
to calculate the threshold pump power [22]

Pth =
hνP AL

ηP τ2σem
, (6)

where Lis the trip power loss of the laser (taking into account
the output coupler loss), τ2 represents the upper-state lifetime
and σem is the emission cross section.hνP is the photon energy
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Fig. 7. Reflection, transmission and loss of BiC ZIM metamaterials.

Fig. 8. Optical spectrum at the beginning (blue) of propagation, mid-
dle(green), end (red) of the metamaterial.

of the pump source, A is the beam area in the laser crystal,
and ηP is the pump efficiency. The total trip loss is calculated
by L = 1-R-T, which includes radiation and the loss of silicon.
The equation can be used to calculate the pump threshold and
the pump efficiency. An important characteristic of the optical
pumping laser is its slope efficiency, which is defined as the slope
of the curve obtained by drawing the laser output and pumping
power. Typically, the curve is almost linear, so it makes sense to
use the specification of the slope efficiency as a single number.
We found that the threshold pump power is about 8.05 mW and
the slope efficiency is about 6%, as shown in Fig. 9. The output
of the metamaterials has Gaussian a profile (see Fig. 10), which
is the same as the general laser. The parameters of the laser are
shown in Table II.

The output power of this laser is associated with the Slope
efficiency, pump power, saturation of the inverse population
according to Einstein coefficient B21 , and the size of pillars array.
First, if we change the pump style, like pumping from the top or

Fig. 9. Curve shows the output and the input power of an optically pumped
laser. The threshold pump power is 8.05 mW, and the slope efficiency is 6%.

Fig. 10. Profile of the laser mode.

TABLE II
LASER PARAMETERS

bottom, the pumping efficiency may be improved and the Slope
efficiency will be increased. Second by increasing the pumping
power, the power of laser will be higher correspondingly. Third
stimulated emission (also known as an induced emission) is the
process by which an electron is induced to jump from a higher
energy level to a lower one by the presence of electromagnetic
radiation at (or near) the frequency of the transition. From the
thermodynamic viewpoint, this process must be regarded as
negative absorption. The process is described by the Einstein
coefficient B21 (J−1 m3 s−2). Stimulated emission is one of the
fundamental processes that led to the development of the laser.
Laser radiation is, however, very far from the present case of
isotropic radiation. Finally, it also depends on the length of the
pillar array. Longer the length of doped pillars is, more power
the laser output. For example, if the length of the pillar array
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Fig. 11. (a) Transmission and the absolute value of the effective refractive index around 1572.8 nm. The bottom plot is the zoom-in around zero index area.
(b) Transmission and the absolute value of the effective refractive index around 1573.6 nm after delta T. The bottom plot is the zoom-in around zero index area.

is enlarged from 20 pillars to 50 pillars, the output of the laser
will be higher. But, the length cannot be increased unlimitedly
because of the nanofabrication technique. Currently, the size of
50 pillars is mature.

The ZIM-BiC metamaterials satisfy both conditions and can
be used for generating a compact on-chip Si laser. We use pa-
rameter retrieval to obtain the effective index of the metamaterial
across a range of wavelengths. The zero-index mode has linear
dispersion near the design wavelength, supporting both positive
and negative refractive index modes.

However, the imaginary index is nonzero for all wavelengths
except the zero-index point. The BiC condition depends on
the free-space wavevector, and therefore can only be satis-
fied for a single wavelength. As a result, the Q factor is finite
and decreases as the operating frequency is detuned from the
zeroindex.

The tunability of this laser is achieved with temperature.
When the package temperature changes, heat is transferred back
from the package to the active layer of the metamaterial.

During this time range, the temperature rise of the active
layer is almost constant, and the coefficient is estimated to be
approximately 0.004 nm/°C (for more details, see Appendix C).
At 300 K, the lossless ZIM design consists of a square array
of 1263-nm-tall silicon pillars, with a radius r = 183.3 nm and
pitch a = 924.8 nm. Fig. 11(a) shows the transmission and
the effective refractive index around 1572.8 nm. At 500 K, the
lossless ZIM design consists of a square array of 1263-nm-tall
silicon pillars, with a radius r = 183.3 nm and pitch a = 925.3
nm. Fig. 11(b) is transmission and the absolute value of the
effective refractive index of a zero-index waveguide attains a
value near zero at 1573.6 nm. Totally it has 121 GHz tuning
range without hip-hop which is better than current lasers.

The dispersion coefficient D(λ) determines velocities differ-
ence at different wavelengths and thus the temporal broadening
of the pulse after the passage of metamaterials [24]–[27]

D ≈ λ

c

d2n

dλ2 . (7)
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Fig. 12. Dispersion coefficient versus wavelength.

The material dispersion coefficient, D(λ), characterizes the
amount of pulse broadening by material dispersion per unit
length and per unit of spectral width. As shown in Fig. 12,
D(λ) is close to zero at a specific wavelength λ = 1572.8 nm.
At wavelengths shorter than λ = 1572.8 nm, D (λ) is negative
and increases with wavelength; at wavelengths longer than λ =
1572.8 nm, Using the product of D (λ) and the spectral width
(Δλ), the pulse broadening due to material dispersion per unit
length is given.

IV. CONCLUSION

A novel erbium-doped silicon on-chip ZIM laser working at
the 1550-nm C-band has been proposed. The ZIM laser consists
of a 2-D array of BiC resonators, i.e., the erbium-doped silicon
pillars. Through exploring the degenerated BiC that consists of a
monopole mode, a dipole mode, and a longitudinal mode, Dirac-
cones type dispersion can be achieved to have zero refractive
index a specifically designed wavelength. We have performed
multiphysics study of the ZIM laser and obtain the field patterns,
the radiation Q factor, effective refractive index, the dispersion
coefficient, as well as the lasing threshold and slope coefficient
of the ZIM laser. We find that when the diameter, length of the
pillar and the pitch of the pillar array are carefully designed,
a ZIM laser can be realized. The advantage of the ZIM laser
is that, due to the zero-index condition, phase coherence can
be obtained for an arbitrary length of the ZIM laser, allowing
high power laser design and single-mode laser operation with-
out multimode hip-hop phenomena of the general cavity-based
lasers. We have also calculated the 980-nm threshold pump
power to be about 8.05 mW and the lasing slope efficiency to
be about 6%. Higher lasing slope efficiency can be achieved
through other substrate materials to reduce the absorption loss.
At last, we have shown that the ZIM laser can be tuned through
temperature.

APPENDIX A
ERBIUM-DOPED SILICON

The Erbium (Er3+) is a rare earth ion that has eleven elec-
trons in a 4f orbit. It has a wide “gain-bandwidth” that can
generate transitions between 4I15/2 and 4I13/2 states. When
it is placed in the main medium, due to neighboring oxygen
ions, all (2J+1) components of the cerium ions are split and
uniformly widened in the silica glass. Therefore, due to uneven
widening, all sub-levels are further extended, resulting in a wide
“gain-bandwidth”, which is useful for wideband optical com-
munication applications. The level of absorption section, 4I15/2
→ 4I11/2 (λ = 1.48 μm) and horizontal 4I15/2 → 4I13/2 (λ =
0.98 μm) produce two strong peaks. The 4I15/2 level is divided
into sixteen sub-levels (2J+1, with J = 15/2), and the 4I13/2
level is divided into 14 sublevels (2J+1, with J = 13/2). By
using λ = 0.98 μm, the electrons rise to the upper state 4I11/2 ,
and the group reversal can be obtained. Electrons in this state
have a lifetime of 1 μ s and then decay to an intermediate state
of 4I11/2 . Another intermediate state, 4I13/2 , is metastable, with
a lifespan of t = 10−3 s.

APPENDIX B
GENERAL LASER

As the light oscillates back and forth in the laser cavity, the
resonance phenomenon becomes a factor of laser intensity am-
plification. Depending on the wavelength of the excitation shot
and the length of the cavity, the waves reflecting from the end
mirror can produce constructive interference and strongly am-
plify or disrupt the damage and cancel the laser activity. Because
the waves in the cavities are coherent, and in phase, they remain
in phase in the mirror. If the cavity length is equal to an integer
wavelength, the wave will be in phase when it reaches the op-
posite mirror. Thus, after a complete oscillation is formed in the
cavity, the path length of the light wave is equal to the length of
two cavities. If the distance is an integer multiple of the wave-
length, the wave will increase the amplitude by constructing the
interference. When the cavity is not a precise multiple of the
laser wavelength, destructive interference can occur, damaging
the laser’s effect. The laser beam has a certain commonality, but
the beam diameter, divergence, and light distribution also have
a great difference.

APPENDIX C
TUNABILITY THROUGH TEMPERATURE

The temperature rise of the active layer is nearly constant
during the time range, and the coefficient is estimated to be
about 0.004 nm/°C. At 300 K, the lossless ZIM design consists
of a square array of 1263-nm-tall silicon pillars, with a radius
r = 183.3 nm and pitch a = 924.8 nm. Fig. 11(a) of this paper is
the transmission and the absolute value of the effective refractive
index of the zero-refracting waveguide reaches a value close to
zero at λ = 1572.8 nm. Linear expansion

ΔL

L0
= aΔT. (8)
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Fig. 13. Band diagram of band gap PhC of 3-D.

Fig. 14. Band diagram of band gap PhC of 2-D in the Γ − K direction.

The linear expansion coefficient α at 300 K of silicon is 2.6 ×
10−6 K−1 at 500 K, the lossless ZIM design consists of a square
array of 1263-nm-tall silicon pillars, with a radius r = 183.3 nm
and pitch a = 925.3 nm.

APPENDIX D
BAND DIAGRAM OF BAND GAP

Here are band diagrams of bandgap PhC in 3-D (see Fig. 13)
and 2-D (see Fig. 14) in the Γ − K direction, respectively. The
band gap is between 1520 and 1580 nm.
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