PRL 106, 057402 (2011)

PHYSICAL REVIEW LETTERS

week ending
4 FEBRUARY 2011

Circularly Polarized Light Emission from Semiconductor Planar Chiral Nanostructures
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We demonstrate circularly polarized light emission from InAs quantum dots embedded in the
waveguide region of a GaAs-based chiral nanostructure. The observed phenomenon originates due to a
strong imbalance between left- and right-circularly polarized components of the vacuum field and results
in a degree of polarization as high as 26% at room temperature. A strong circular anisotropy of the vacuum
field modes inside the chiral nanostructure is visualized using numerical simulation. The results of the

simulation agree well with experimental results.
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The polarization and intensity of the light emitted from a
material depends on the internal structure of the source as
well as on the symmetry and density of environmentally
allowed electromagnetic modes. The role of the environ-
ment in light emission can be visualized by placing a light
emitter in a microcavity [1-5]. The modification of the
mode structure in the microcavity relative to that in free
space affects the spontaneous emission rate. Similarly,
the modification of the mode structure can also affect the
radiation pattern and direction [6,7] of the emitted light.
The polarization sensitivity of the spontaneous emission
enables the polarization plane azimuth of a surface-
emitting device to be controlled [8,9], and also offers
important fundamental insights.

In particular, broken time-reversal symmetry results in
different emission efficiencies for left- and right-circularly
polarized photons in the presence of a static magnetic
field [10-14]. A similar imbalance between the left- and
right-circularly polarized photons may be expected in chi-
ral media when left- and right-circularly polarized electro-
magnetic modes of the vacuum field are not equivalent.
For example, it has been reported that spontaneous emis-
sion from dyes in chiral liquid crystals shows strong
circular anisotropy [15-17].

Such spontaneous emission control can contribute to the
development of circularly polarized light sources, which are
important for applications such as circular dichroism spec-
troscopy [18] and chiral synthesis [19,20] in biology and
chemistry, spin state control in quantum information tech-
nology [21,22], and ultrafast magnetization control [23,24].
Control of the circularly polarized spontaneous emission in
conventional achiral semiconductor materials by using a
chiral morphology effect enables the creation of novel
solid-state circularly polarized light-emitting devices by
using state-of-the-art semiconductor fabrication processes.
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In this study, we present a method to develop a circularly
polarized light emitter based on control of balance between
left- and right-circularly polarized vacuum electromag-
netic modes in semiconductor periodic nanostructures.
These nanostructures are composed of unit cells having
chiral morphology, which we call a ““chiral photonic crys-
tal” [25,26]. We design and fabricate a GaAs-based semi-
conductor chiral photonic crystal with an incorporated
InAs quantum dot (QD) layer that produces circularly
polarized photoluminescence (PL) at room temperature.
A numerical simulation allows us to visualize the asym-
metry of the vacuum modes coupled with circularly
polarized light propagating along the surface normal.
These results indicate that strong circularly polarized vac-
uum modes can be induced inside intrinsically achiral
materials by fabricating chiral structures.

As shown in Fig. 1(a), a chiral photonic crystal consists
of a GaAs gammadion layer, a GaAs waveguide-core layer
incorporating an emitter layer with InAs QDs, and an
Al ;Gaj;As clad layer on a GaAs substrate. The gamma-
dion layer acts as a clad layer with lower effective refrac-
tive index than GaAs, and a waveguide is formed [25,26].
The thickness of the gammadion, waveguide-core, and
clad layers are 460 nm, 260 nm, and 1 pm, respectively.
The GaAs gammadion layer consists of structures that have
no in-plane mirror symmetry but possess a fourfold rota-
tional axis. Such on-waveguide planar chiral structures
possess strong optical activity [25-27]. The period of
the gammadion array is 1290 nm X 1290 nm. We prepared
three samples with different linewidths («, ) of (146 nm,
610 nm), (177 nm, 626 nm), and (200 nm, 638 nm), as
shown in Fig. 1(a) [28].

We visualize chirality of the manufactured structures by
measuring the polarization plane azimuth rotation 6 and
ellipticity ¢ of the transmitted light wave at normal
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FIG. 1 (color online). (a) Schematic of designed chiral nano-
structure. Gammadion and waveguide-core layers are fabricated
of GaAs. Typical scanning electron microscopy image of a chiral
photonic crystal with a left-twisted gammadion is also shown.
Length of white scale bar corresponds to 1 wm. Values of the
indicated structural parameters are given in the text.
(b) Measured ellipticity spectra in the zero-order transmitted
light of the chiral photonic crystals. Gray (red) [black (blue)]
line indicates the result obtained with the left- [right-]Jtwisted
gammadion sample.

incidence using a conventional polarization modulation
technique [29]. The transmission spectra for left- and
right-twisted gammadion structures are nearly identical,
and the signs of both 6 and ¢ are opposite at all
wavelengths. Figure 1(b) shows ellipticity spectra for
left- and right-twisted gammadion structures. As we have
reported in Ref. [25], optical activity is enhanced at the
wavelengths of waveguide resonances depending on the
period of arrayed structures, which are clearly observed at
approximately 1260 and 1150 nm. In particular, greater
optical activity is observed at shorter wavelengths where
several higher-order waveguide modes, which correspond
to m; + mj = 16,17, 18 [30], overlap between 950 and
1100 nm. The fluctuations observed in this region are
considered to arise due to interference between waveguide
resonances and resonances inside the gammadion
structure.

We measure the PL of the chiral nanostructures along
the sample normal (numerical aperture ~0.03) [28] for
details of the measurement). Figure 2(a) shows that the
PL spectra of the InAs QDs incorporated into the chiral
nanostructure differ considerably for left- (/; cp) and right-
circularly polarized (Izxcp) components. For comparison,
the PL spectra of InAs QDs without chiral nanostructures
are shown in the inset of Fig. 2(a). Strong left-right PL
asymmetry is observed between 1000 and 1060 nm. Large
ellipticity is also observed in the transmission measure-
ment in this region [Fig. 1(b)]. The PL spectrum of the
left- (right-)circularly polarized component from the
left-twisted gammadion sample matches that of the right-
(left-)circularly polarized component from the right-
twisted sample. This shows that helicity of the emitted
light depends on whether the chiral nanostructures are left
or right twisted. The wavelength dependence of
the degree of polarization (DOP) of the emitted light
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FIG. 2 (color online). Left- (/;cp) and right-circularly polar-
ized (Ixcp) components of PL spectra from left-twisted (top) and
right-twisted (bottom) chiral photonic crystals with a linewidth
a = 146 nm. Inset shows PL spectra without nanostructures.
(b) Spectra of the DOP of chiral photonic crystals with left-
gray (red) line] and right-twisted [black (blue) line] gammadions
with a linewidth @ = 146 nm. (c) Spectra of the DOP of chiral
photonic crystals with different linewidths. Broken line indicates
wavelength of 1004 nm.

P = (I cp — Iycp)/Urcp + Ixcp) from left- and right-
twisted samples is shown in Fig. 2(b). Figure 2(c) shows
P = —26.4% at 1004 nm for the left-twisted sample with a
linewidth & = 146 nm, whereas the DOP spectra depend
strongly on the gammadion linewidth.

Note that the DOP spectra [Fig. 2(b)] and transmission
polarization spectra [Fig. 1(b)] clearly differ. This indicates
that the observed circularly polarized emission is not sim-
ply explained as a result of polarization-dependent propa-
gation of photons radiated from the QDs through the
gammadion layer. The observed left-right asymmetry of
the PL can be explained in terms of the strong left-right
imbalance of the vacuum electromagnetic field due to the
presence of the chiral nanostructure. Spontaneous emission
can be seen as radiative transition induced by the vacuum
electromagnetic fields. In the framework of this approach,
quantum electrodynamics effects, which modify spontane-
ous emissions in the nanostructures, can be considered as a
result of renormalization of the allowed field modes. We
now consider a light emitter placed in a lossless dielectric
microstructure; the emission signal is observed far from the
structure. We can decompose the electromagnetic field in
the system, consisting of a chiral nanostructure, a GaAs
substrate, and free space, into orthogonal modes that can
be described by electric field Ey,(r), where k is the wave
vector in the free-space region, subscript A =L or R
denotes light- or right-circular polarizations, respectively,
and r is the position. The vacuum field amplitude of each
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mode |Ey,(r)| = \/(E,t A(P)E)(r))y,e determines the rate
14 (r) of spontaneous emission into a free-space propaga-
tion mode with wave vector k and polarization A :
Nir(r) = FZ I PIE(r)*8(0) — wi,), where p is the
in-plane dipole moment of a radiation source assuming
random orientation, w, is the resonance frequency, and
wy, 1s the frequency of the vacuum field mode. In the PL
experiment, we measured the intensity of the DOP of
spontaneous emission along the normal to the substrate,
which is proportional to the difference between 1, (r) and
Nxr(r). Thus, the obtained value of P is a quantitative
measure of the left-right asymmetry of the vacuum field
in the chiral nanostructure.

In linear optics, the electric field of a light wave at a
frequency w at a point r near the nanostructure E'(r) is a
linear function of the amplitude of the incident plane wave
E™(r) = Ae™o, given as

Ei(r) = 1;;(r, ko)A e*o, (1)

where k, is the wave vector of the incident plane wave,
subscripts indicate Cartesian coordinates, and /;;(r, k) is a
tensorial function that depends on the structure’s material
properties and geometry. Because plane waves are eigen-
modes of free space, this equation can be employed to
visualize how the inhomogeneity modifies the mode struc-
ture of the medium. In particular, if we consider a mode
that connects to a plane wave which propagates with a
wave vector ky and has vacuum field amplitude of free
space at large distance from the structure, the tensorial
function /;;(r, ko) can be considered to be a measure of
the enhancement or suppression of the spontaneous emis-
sion rate of that mode at the point .

If the planar structure is isotropic in the XY plane,
symmetry yields /;;(r, ko) = I(r)5;;. The magnitudes of
the left- and right-circularly polarized vacuum modes
coupled with light propagating along the structure normal
are given by Ej (r) = I g(r)A; g. In an isotropic chiral
layer, the counter-circularly polarized vacuum modes will
be modified differently. Thus, if a dipole oscillator emits
left- and right-circularly polarized photons equally in a
homogeneous medium (i.e., |A;| = |A|), the same dipole
embedded in the chiral slab at point  emits radiation with
a finite DOP given by

_ e O = I v EL ()1 — | ER ()P
[k, (O] + e, ()] |EL () + |EL(r)]?
1P — )P
[, (> + [Ir(P)]*

&(r)

(2)

Thus, circular anisotropy of the vacuum field £(r) in the
chiral photonic structure can be visualized by comparing
the light intensity at point r when the structure is irradiated
by left- and right-circularly polarized plane waves with
the same amplitude at normal incidence. When the QDs are

homogeneously distributed in the XY plane at a given z,
forming a two-dimensional emitter layer, the far-field
plane wave emission normal to the surface shows a DOP
characterized by

_ JUL@)P = lig(r)*ldxdy
FG) JULL ()12 + |1x(r)*1dxdy” 3)

Figure 3(a) shows the calculated induced electric field
distribution for left- and right-circularly polarized light
with the same amplitude incident normally at a wavelength
of 1004 nm, which features a large DOP [Fig. 2(b)]. We
used the rigorous coupled-wave analysis method [31].
Figure 3(a) shows a drastic difference in the light intensity
distribution for counter-circularly polarized incident waves
|1, (r)|> and |lx(r)|>. At this wavelength, only |l5x(r)|* is
strongly enhanced inside the waveguide-core and gamma-
dion layers. This difference represents the sensitivity of the
vacuum field modes to the handedness of circularly polar-
ized light. Figure 3(b) shows the in-plane distributions of
I; r(r) at z =570 nm (corresponding to the position of
the emitter layer); the calculated value of P(z) is —27.4%.
We also performed the same calculation for the different
linewidth structures as shown in Figs. 3(b)-3(d). The cal-
culated values of P(z) agree well with the experimental
data shown in Fig. 2(c). These figures show that the field
distributions of only right-circularly polarized components
are strongly enhanced and are sensitive to the linewidth
of the gammadion patterns. Fourier transformed images of
Fig. 3(b) (not shown) show dominant contribution of
the waveguide mode, (m,, m,) = (3,3) [30]. As shown
in Fig. 3(e), P(z) is enhanced in the gammadion and
waveguide-core layers, and the largest DOP can be
achieved when the emitter layer is placed in the middle
of the waveguide-core layer, where the electric field is
strongly enhanced, as shown in Fig. 3(a).

Our analysis shows that the DOP of light emitted by a
QD can be controlled by selecting its position in the
structure. For example, if we place a single emitter in the
center of the gammadion, as indicated by the white arrows
in Fig. 3(a), the DOP of the emitted light will be as large as
91%. This indicates that this new method can realize a
circularly polarized emitter with thinner structures than
conventional liquid crystal systems, which are typically
several microns thick. In our system, such precise control
of the structure and position of the radiation source should
be possible because the structures are fabricated using a
top-down approach in semiconductor fabrication technol-
ogies, unlike a conventional system of dyes in chiral liquid
crystals. Thus, this method possesses a new degree of
freedom for designing circularly polarized emitters, which
suggests applications such as a novel circularly polarized
single photon source and a surface-emitting circularly
polarized laser.

In conclusion, we demonstrate a system that possesses
left-right circular polarization asymmetry of the vacuum
electromagnetic modes and observe a pronounced
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FIG. 3 (color). (a) Distribution of electric field intensity in-
duced by left- and right-circularly polarized light with the same
amplitude (|E%|*> and |E%|?, respectively) at normal incidence
tuned to 1004 nm, sliced on the xz plane including the center of
the sample with a 146 nm linewidth. Substrate is modeled as a
semi-infinite slab of GaAs. White lines indicate interfaces of the
GaAs layer. (b)—(d) In-plane distribution of electric field intensity
induced in samples with linewidths « of (b) 146 nm, (c¢) 177 nm,
and (d) 200 nm by left- (left-hand side) and right-polarized (right-
hand side) light at normal incidence. Vertical position of the
calculated planes is 570 nm, as indicated by red lines in (a).
Calculated and experimentally determined degrees of polarization
are shown on the right. (e¢) Dependence of the DOP of sample
with linewidth @ = 146 nm on the z position. Red line indicates
position of emitter layer. Blue, red, and green areas indicate the
gammadion, waveguide-core, and clad layers, respectively.

imbalance between left- and right-circular polarization in
light emitted by QDs embedded in a chiral photonic crys-
tal. The obtained DOP of the PL spectra is as large as 26%.
This optimal control of the DOP by introducing left-right

asymmetry in the vacuum field is important for various
applications, including quantum information technology.
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