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Abstract. Recently, the principle of flat focusing based on one-dimensionally chirped dielectric
mirrors has been proposed and experimentally demonstrated. The flat chirped mirror causes
anomalous diffraction of the beam during reflection, opposite to the normal diffraction in
free space propagation. The anomalous diffraction compensates the normal diffraction of the
beam resulting in focusing after reflection. For a better focusing performance and for a larger
near-field focal distance, a stronger anomalous diffraction is required. We show that the anoma-
lous diffraction can be enhanced by introducing a defect layer in the chirped mirror, as the struc-
ture becomes similar to a Gires—Tournois interferometer. The focal distance can be substantially
increased due to the defect layer. In our specific structure, the focal distance shows an increase
from 19 to 39 um, numerically. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE)
[DOI: 10.1117/1.JNP.9.093084]
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1 Introduction

One of the important properties of photonic crystals, apart from their well-known frequency
bandgaps,'* is their anomalous refraction/diffraction. The latter property allows designing a
flat focusing lens for near-field focusing/imaging of transmitted beams.®> One interesting pecu-
liarity of the flat focusing lens is its transversal invariance, i.e., the lack of an optical axis. Such a
transversally invariant lens with a flat interface had been first realized in the microwave fre-
quency range>* but recently also in the visible range.’ This kind of flat lensing has also been
demonstrated in acoustics by sonic crystals.® The flat lens focusing is a near-field focusing and is
principally different from the far-field focusing by conventional spherical or Fresnel lenses. For
instance, the focal length F of the near-field focusing follows the relation F = [gpject + limage
where [gyieee and iy, are the distances from a lens to an object and to an image, respectively.
In contrast to a near-field lens, the well-known relation of a far-field lens is 1/F =
1/lgpject + 1/ limage, as follows geometrical optics. The limitation of near-field focusing is
that the source and the image are usually close to the surface of the flat lens, and may only
be a few micrometers apart, so a near-field focusing device with a long focal distance is chal-
lenging. In this way, the challenges in the near-field focusing and the far-field focusing are to
increase or decrease the focal length F, respectively.

Recently, near-field focusing has also been proposed in reflections from flat mirrors. A beam
was shown to focus in the reflection from a one-dimensional (1-D) chirped dielectric mirror,” or
from an optimized 1-D dielectric structure.® By optimizing a chirped mirror, the focal length can
be increased from a few tens to hundreds of micrometers. The flat mirror effect has also been
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demonstrated in reflections from two-dimensionally modulated (2-D) sub-wavelength dielectric
gratings.”!” There are, in fact, other arrangements for focusing a beam in reflection with engi-
neered grating structures.'''> However, the latter cases pose the optical axes and the lateral
invariant is absent.

The principle of flat focusing mirrors’™ " also relies on anomalous diffraction, similar to the
principle of flat lensing in transmission. A beam diverges during propagation in homogeneous
dispersive media because of phase delays among different angular field components. The effec-
tive diffractive propagation length can be considered as the second derivative of the phase ¢ in an
angular space, Ly = —k - d*¢/dk> where k, is the wave vector component in the transversal
direction k = (ky, k,).” Therefore, if the beam experiences an anomalous phase delay during
reflection opposite to the phase delay that occurred during propagation in free space, the
beam will focus at some point where the normal and anomalous diffractions are compensated.
In this way, the focal length of the flat mirror can be calculated as F = —Lyyy, = k - d>¢p/dk?,
where ¢ is the phase shift of the angular component in reflection.

The focal length F or, respectively, the anomalous diffraction length —L 4, should be large
enough to observe the effect in measurements, both in transmission through the flat lenses or in
reflection from flat mirrors. For instance, focusing cannot be achieved if F' <l p;e. because the
anomalous diffraction undercompensates the phase delay accumulated during normal diffrac-
tion. Another important ingredient for effective focusing is the angular bandwidth of the anoma-
lous diffraction which determines the numerical aperture (NA) of a flat focusing lens or mirror.
Generally, the broader the angular focusing range and the larger the value of the anomalous
angular dispersion, the better focusing performance can be expected.

In this paper, a chirped Bragg mirror composed of dielectric Bragg mirrors with the local peri-
ods (layer thickness) varying along the mirror structure is proposed to provide the anomalous angu-
lar dispersion to observe the near-field focusing effect in reflection. It is well known that the chirped
mirrors are used to compensate the chromatic dispersion of ultra-short pulses.'® In the case of
positively (negatively) chirped mirrors, the wave components at larger frequencies penetrate deeper
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Fig. 1 lllustrations of the back mirror of a Gires—Tournois interferometer (GTI) structure substi-
tuted for chirped mirror. (a) A linearly chirped mirror allows the angular components at a smaller
angle to penetrate deeper, which causes the larger lateral shift. A focusing orimaging effect can be
observed. The dashed line is the beam reflecting from the metallic mirror as a reference. (b) A
defect layer introduced at the fifth layer in the chirped mirror is framed with the red dashed
line. (c) The defect in the chirped mirror can be considered as a GTI structure for different angular
components.
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(shallower) into the structure during reflection. The penetration depth or group delay dispersion is
frequency dependent, so it allows for compensating the chromatic dispersion of a pulse.

The idea of a flat focusing mirror for a narrow monochromatic beam is similar to the principle
of compensating chromatic dispersion for a dispersive pulse. Figure 1(a) illustrates that normally,
the propagation of each plane wave components of a beam follows Snell’s law, and thus expe-
riences zero or positive lateral shift. A beam reflecting from such an interface spreads because the
lateral shift is proportional to the incidence angles, as illustrated by the dashed lines in Fig. 1(a).
Next, a positively chirped mirror is introduced to obtain the opposite situation. The plane wave
component at a larger incidence angle penetrates shallower than the components at a smaller
angle which means that the plane wave component at a larger incidence angle experiences a
smaller lateral shift. This effect leads to the anomalous slope of the lateral shift on the incidence
angles which eventually can modulate or suppress the normal diffraction to obtain focus or
image in reflection as indicated in Fig. 1(a) with solid lines.

2 Idea of One-Dimensional Chirped Mirror with a Defect Layer

Flat focusing in a chirped mirror was first demonstrated in Ref. 7. The angular dependence of the
phase shift, however, was not monotonic as was initially expected. For instance, the slope of
lateral shift on the incidence angles is not anomalous for all ranges of incidence angles, but is
separated by areas with normal slopes. The peaks of negative diffraction appear as the slope
changes from positive to negative and they result in fringes of dispersion curves. These fringes
correspond to high values of anomalous diffractions in narrow angular ranges. Several solutions
to eliminate the oscillations such as double-chirping'* and anti-reflection coating'® have been
proposed. Although a broader and smoother dispersion can be obtained by partially eliminating
these fringes of dispersion, the magnitudes of anomalous diffractions are simultaneously
reduced. This makes the focusing performance even worse. On the other hand, the several
peaks of anomalous diffraction can even enhance the focusing performance. One possibility
for enhancing the peaks of anomalous diffractions is to introduce a defect into the structure
as depicted in Fig. 1(b). For instance, a Gires—Tournois interferometer (GTI) is composed of
a defect layer in between two mirrors: the front mirror is partially reflective and the back mirror
is highly reflective.'® This could introduce a large, narrow peak of anomalous dispersion in chro-
matic or angular spectra. The large anomalous dispersion appears in a very narrow spectral
(angular) range; therefore, focusing is practically absent for a simple GTI structure. On the
other hand, a chirped mirror with a defect layer is proposed in this paper to provide a larger
anomalous diffraction in a broader angular bandwidth to give a larger focal length.

In order to manipulate fringes, the analysis of the fringes is first explored. The condition of
the fringes is k, - 2] = 2zm (m = 1,2,3...) where k, is the longitudinal component of the wave
vector and !/ is the linear cavity length. This condition is, however, valid when both mirrors are
similar, i.e., both do or both do not impose the z phase shift of the reflecting wave. This happens
when the defect layer (serving the role of mirror) is the layer with a low refractive index. On the
other hand, if the defect layer is the layer with a high index, a # shift occurs, which results in the
modification of the resonance condition m’ = m — 1/2 (m/ = 0.5,1.5,2.5...). When the defect
layer is introduced into the chirped mirror, the cavity length / can be estimated to be the distance
between the defect layers and the reflecting point of the chirped mirror. Therefore, we simply
obtain the relation between the resonant incidence angle a and the cavity length /.

1
cos(a) Am’

I

3 Numerical Calculations

The chirped mirror in our calculations is composed of layers of alternating high and low refrac-
tive index materials with ny = 2.17 and n; = 1.49 for the wavelength 4 = 532 nm, just as the
structure considered in Ref. 7. The thickness of the defect layer is supposed to be double that of
the original layer. Figure 2(a) shows the numerical focal length, calculated as the second-order
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Fig. 2 Properties of the chirped mirror with a defect. (a) The focal length depends on different
incidence angles for different locations of defect layer from the second to eighth layers. The sec-
ond to eighth layer thicknesses of the chirped mirror are 88, 116, 87, 115, 86, 113, and 85 nm. The
defect layers are the double thicknesses of their local layers. (b) The comparison of the focal
length between the chirped mirrors (blue), GTI structure (green), and the chirped mirror with a
defect located at the fifth layer (red). (c) The inner field distribution at 44.37 deg as the defect
layer is placed at the fifth layer with a thickness of 230 nm (green lines). The red and black
lines show the electric fields of the chirped structure with and without a defect layer. (d) The effec-
tive cavity length depends on the incidence angle a. Triangles represent the calculations’ results.
The dots show the expectation from Eq. (1). The two dashed lines show different mode numbers.

derivative of the phase of the refractive coefficient with respect to incidence angles, for different
positions of the defect from the second to eighth layers of the chirped mirror structure.

The largest numerical focal length was obtained when the defect was positioned on the fifth
layer in our specific case where the reflectance of the front mirror of GTI is optimal. The defect
layer can be regarded as a low reflecting front mirror of GTI and the chirped mirror plays the role
of a highly reflective back mirror of GTI. Importantly, after introducing a defect layer in the
chirped mirror, the angular ranges for the positive focal length remain nearly the same, but
the value of the diffractive length is largely enhanced as shown in Fig. 2(b). It is also noted
that the angular variance of this proposed structure is broader than the one of a simple GTI
structure (green line) because the layers behind the defect layer act as a chirped mirror reflecting
a broad range of angular components.

It is observed that the peaks of the focal length shift to the small angles as the defect layer is
introduced at deeper layers. This can be simply explained from Eq. (1) where the cavity length /
is proportional to the resonant angles a. The cavity length [/ can be calculated by the distance
between the defect layer and the reflecting point. The reflecting point cannot be precisely found
and it is roughly estimated to coincide with the position of the maximum of the field.

The inner field distribution can indicate the position of the reflecting point. For example,
Fig. 2(c) shows the inner field distribution at resonant angle 44.37 deg defined at the maximum
value of the fringe [the red line in Fig. 2(a)] with and without the defect layer as shown with red
and black lines. The reflecting point is around the 11th layer where the higher electric envelope
appears. The effective cavity length can be calculated between the reflecting point (11th layer)
and the defect layer (5th layer). Here, it is assumed that the front mirror is at the defect layer (the
5th layer) because we notice the electric field in the defect layer [red line in Fig. 2(c)] is slightly
enhanced. It is assumed that the field reflects between the defect layer (the lower electric
envelope) and the reflecting point (the higher electric envelope). On the other hand, the electric
field from the chirped mirror without a defect layer [black line in Fig. 2(c)] shows only an
envelope at the 10th layer where the reflecting point is. The effective cavity length /. is calcu-
lated around 652 nm and the cavity length / calculated by Eq. (1) is 634 nm at 44.37 deg, marked
as the purple dot in Fig. 2(d). There is only an 18 nm difference. Although these values are not
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Fig. 3 The two-dimensional (2-D) map of field inside the mirror structures depending on the inci-
dence angle for (a) the chirped mirror and (b) the chirped mirror with a defect at the fifth layer. The
interface between air and the structure is at z = 1 um. Each black line indicates the boundary of
each layer. The position of the defect layer is marked in red lines.

exactly the same, they are still in agreement with the expected tendency from Eq. (1). The varia-
tion may be mainly caused by the definition of incidence angles from Fig. 2(a). For example,
with a slightly different incidence angle of 2 deg, the maximum peak of inner field can shift
over 50 nm.

Figure 2(d) also shows another case as the defect layer is introduced at the chirped mirror
from the second to the seventh layers. The dashed line is calculated from Eq. (1) as the mode
number m is supposed to be m = 3 or m = 3.5 depending on whether the defect layer has a low/
high refractive index. The tendency of the effective cavity length matches the expectation from
Eq. (1) with a variation of +30 nm. It is also proven that the effective cavity length is from the
defect layer (front mirror) to the higher electric envelope (back mirror) just as we proposed.

Figure 3 shows the field distribution inside the structure depending on the incidence angles. It
shows that: (1) the smaller incidence angles can penetrate deeper and the larger one reflect in
advance. (2) The incidence angles of the inner field peaks in Fig. 3 correspond to the ones of the
focal length peaks in Fig. 2(b). For instance, both the peaks of the focal length and the field
enhancement in the defect case appear at incidence angles of 29 deg and 45 deg. The stronger
focal length at 45 deg contributes a stronger field enhancement. (3) The effective cavity length
l.; of a chirped mirror with a defect is reduced so all patterns shift to smaller angles as expected.

4 Focusing Performance

The focal length cannot be directly obtained from the equation F = —L g = k - d*¢p/dk? which
is used in Fig. 2(b). This is because the different plane wave components of the beam located
inside the positive peak of the focal length in Fig. 2(b) experience different negative diffraction
lengths. The peak value of the numerical focal length does not represent the focusing distance
from the mirror. Nevertheless, it can indicate the focusing angle at 45 deg where the slope of the
lateral shift (the first derivation) of angles is negative or the numerical focal length (the secondary
derivation) is positive. It should be also noted that when the incident angle is slightly smaller or
larger than the focusing angle, the plane wave components of the beam simultaneously expe-
rience normal and anomalous diffractions which results in beam splitting. Figure 4(b) shows
some indication of beam splitting, however, not all of the plane wave components of the
beam are located inside the positive peak of the focal length [Fig. 2(b)].

Figure 4 shows that the focusing performance is calculated by the paraxial model at the
incidence angle a = 45 deg. Figures 4(a) and 4(b) show the focusing effect after introducing
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Fig. 4 The performance of three flat mirrors. The beam propagation in reflection for (a) chirped
mirror, (b) chirped mirror with a defect, and (c) the metallic mirror (as a reference beam) at the
angle a = 45 deg for TE polarization.

the defect in the chirped mirror. The diverging reflected beam from the conventional metallic
mirror is shown in Fig. 4(c). The source is positioned at [opje; = 5 pm in front of the mirror and
the width of the source beam is 8 ym. The wavelength of the source is A = 532 nm and trans-
verse electric (TE) polarization (Ey) characterized by its electric field being perpendicular to the
plane of incidence (xz-plane) is considered.

The focal distance in reflection can be increased from liyee = 14 um 10 lipyee = 34 pm as
expected as the source is fixed at [opje; = 5 pm. The focal length F of near-field focusing F =
limage T lobject 18 increased from 19 to 39 um. We note that the focal distance F = 39 pm is
within the near-field area, as the distance is smaller than the Rayleigh range of our beam source,
Z, = W?/1=82/0.532 = 120 ym.

5 Conclusion

In conclusion, we demonstrate that a defect, introduced at the position close to the front face of
the chirped mirror, can act as a front mirror of the GTI structure. An enhancement of the fringes
of angular dispersion is obtained due to the defect layer, which increases the focal length in
reflection from a flat focusing mirror, whereas the angular range of the focal length F' remains
unaltered. In our specific calculations, the focal length F increased from 19 to 39 ym due to the
defect layer in the chirped mirror structure.
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