Excitonic polaritons in Fibonacci quasicrystals
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Abstract: The fabrication and characterization of light-emitting onedimensional photonic quasicrystals based on excitonic resonances is
reported. The structures consist of high-quality GaAs/AlGaAs quantum
wells grown by molecular-beam epitaxy with wavelength-scale spacings
satisfying a Fibonacci sequence. The polaritonic (resonant light-matter
coupling) effects and light emission originate from the quantum well
excitonic resonances. Measured reflectivity spectra as a function of
detuning between emission and Bragg wavelength are in good agreement
with excitonic polariton theory. Photoluminescence experiments show that
active photonic quasicrystals, unlike photonic crystals, can be good light
emitters: While their long-range order results in a stopband similar to that of
photonic crystals, the lack of periodicity results in strong emission.
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When Italian mathematician Leonardo da Pisa, called Fibonacci (1180-1240), came up with
his now famous sequence of numbers, it is not likely that he foresaw either quasicrystals or
the impact that quasicrystals would one day have as a new form of matter. Quasicrystals are
nonperiodic, yet they exhibit long-range order resulting from the underlying deterministic
construction principle [1,2]. In recent years, man-made quasicrystals with inter-atomic
spacings comparable to the wavelength of light, “photonic quasicrystals”, have become
available even in three dimensions [3-6]; so far these structures have been passive, i.e., they
do not emit light. In one dimension (1D), the Fibonacci sequence can be directly translated
into a layered quasicrystal structure (Fig. 1), which is amenable to atomic-precision growth
via molecular-beam epitaxy (MBE). Fibonacci-spaced semiconductor multilayer structures
have been grown and studied before; they differ from the present photonic structures by
having very thin layers for electron wavefunction interferences [7,8]. 1D passive photonic
quasicrystals and aperiodic structures have also been realized some years ago [9-15]; they
involve nonresonant dielectrics, quite different from the excitonic resonances studied here.
Active aperiodic Thue-Morse multilayer one-dimensional structures of nonresonant
dielectrics (SiNx/SiO2) have been fabricated with enhanced emission compared with
homogeneous SiNx dielectrics [16]. Quasicrystal lasers have also been reported [17,18]; these
utilize a 2D photonic quasicrystal slab. Highly localized modes occur when a few holes are
omitted, very much as for photonic crystal lasers; in contrast the eigenmodes of our photonic
quasicrystals are delocalized. Unlike photonic crystal slabs, lasing was also seen with no
missing holes in an extended but partly localized mode at the photonic gap edge [17].
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We chose to study the Fibonacci sequence because it is the most well-known example of
1D quasiperiodic structures, along with Thue-Morse structures and the Cantor structure
[13,16,19-25]; its distinctive feature is a dense quasi-continuous pure point Fourier spectrum
[19,2]. Another interesting property of Fibonacci structures is their direct connection with the
2D and 3D quasicrystals, the Penrose lattices [2,3].
To allow for a well-defined reference point for the novel active 1D quasicrystalline
structures to be discussed below, we first briefly review the well-known yet appealing physics
of a crystalline arrangement of N optically active QWs, periodically spaced by half the
exciton wavelength λ in the material (typically, N > 10 is sufficient), so that the period of the
structure d equals the Bragg value dBragg ≡ λ/2 = λ0/2n, where λ0 is the vacuum wavelength,
and n is the effective refractive index of the materials between the QW centers. In this
periodic case, the coupling of the N QWs via the electromagnetic field lifts the N-fold
degeneracy in a particular manner: While (N-1) subradiant modes experience only very little
coupling to the field, most of the oscillator strength is concentrated in a single superradiant
mode [26-30]. Approximately, the radiative damping of this superradiant mode increases
proportional to N. This increase makes competing nonradiative dephasing channels (e.g.,
disorder or phonon damping) irrelevant for large enough N. At first sight, this enhanced lightmatter coupling appears to be ideal for an efficient light-emitting structure. Yet, it is not. For

F1 =
F2 =
F3 =
F4 =
F5 =

A
B
B

A

B

A

B

B

A

B

B A

Fig. 1. An active quasicrystal of quantum wells. A QW Fibonacci chain has two distances
containing a QW: a small distance A and a large distance B. Fj+1 is formed by adding Fj-1 to the
end of Fj: BABBABABBABBA….

the exact Bragg condition and for emission normal to the layers of the Bragg stack, the
corresponding standing wave pattern has nodes at the QW positions in real space – obviously
leading to inefficient emission in this direction. Correspondingly, in the frequency domain,
the emission wavelength lies within the photonic crystal stopband. We will see that these
unfavorable conditions no longer exist in 1D quasicrystalline structures where the Bragg
condition can be effectively maintained, yet not all of the QWs are located at field-node
positions.
Such a 1D quasicrystal is illustrated in Fig. 1; the Fibonacci chain Fj contains QWs with
two different separations A and B between the centers of the wells. The ratio of the optical
pathlengths of B to A equals the golden mean (√5 + 1)/2; the Fibonacci recursion is illustrated
in Fig. 1. We chose the well established GaAs/AlGaAs material as a model system. The
Bragg condition for the Fibonacci structure of the smallest possible thickness can be presented
in the same form as for the periodic one, d = dBragg, where d = (5-√5)A/2 stands for the
mean period of the lattice, and dBragg = λ/2 [31]. The Fibonacci Bragg resonance results in a
superradiant mode with the radiative rate ηNΓ0, where η is close to unity and Γ0 is the
radiative decay rate of a single QW. Frequencies of the other (N-1) modes have much smaller
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but nonzero imaginary parts. These weakly radiating modes contribute to the fine structure of
the reflection spectrum in the vicinity of the exciton resonance frequency as shown below.
The QW samples were grown by molecular beam epitaxy on (001), zero-degree-cut GaAs
substrates. Each GaAs QW (nominally 22 nm thick) was grown between 5-nm-thick
Al0.3Ga0.7As barriers. The target lengths LA and LB for A and B of a Fibonacci chain sample
were then reached by growing Al0.04Ga0.96As superlattices. The physical thicknesses of A and
B are roughly 82 and 134 nm for the Bragg condition; the ratio of their optical thicknesses is
the golden mean value. The optical thickness of A is dQWnQW + (LA-dQW)nbarrier, where dQW is
the thickness of the QW; here the QW background index nQW is almost the same as nbarrier.
The samples were not anti-reflection coated; for the Bragg condition, the optical thickness
from the vacuum interface to the center of the first QW is λ/2.
The sample was placed in a continuous-flow helium cryostat with internal
nanopositioners. For photoluminescence (PL) measurements, the sample was pumped above
band by emission at 780 nm from a continuous-wave Titanium-sapphire ring laser. For a
reflectivity measurement, the sample was probed by the emission from a broad band tungsten
lamp spectrally filtered by an interference filter (FWHM 10 nm) centered at the wavelength of
the heavy hole. A reflecting microscope objective (NA = 0.5) was used to focus the excitation
beam onto the sample with a 1 μm spot size and to subsequently collect the PL or reflected
signal in reflection geometry. The signal was then dispersed by a spectrometer and detected
on a 2D silicon CCD array camera using a 0.1 s acquisition time. The spectral resolution of
this apparatus was 0.2 Å. The reflectivity data were normalized using a highly reflective
distributed-Bragg-reflector (DBR) sample placed in the cryostat adjacent to the Fibonacci
sample.

Fig. 2. Comparison of the thickness dependence of the
reflectivity. The spacing of the 21 QWs is either (a) a
Fibonacci sequence with optical thicknesses (at Bragg)
of A = 0.36λ0 and B = 0.59λ0 or (b) equidistant at λ0/2.
A reflectivity dip is present at the Bragg resonance
only in (a), indicating the larger absorption. Each curve
of larger d/dBragg is shifted up by one unit of reflectivity
from the preceding one.

Fig. 3. Comparison of photoluminescence intensities.
Conditions are the same as Fig. 2 with weak excitation
at 1.59 eV. The PL from light holes is weak because of
their rapid relaxation. The PL is strong at Bragg only in
the Fibonacci case. All PL spectra have the same
vertical scale, so relative comparisons are meaningful.
Equal vertical shifts separate the spectra of different
d/dBragg.

We grew and measured the reflectivity of Fibonacci QW samples with N = 21 (sample
FIB12) and 54 (FIB13) as well as a periodically spaced sample with N = 21 (FIB14). Figure 2
compares the reflectivity for the two samples with N = 21. A reflectivity maximum with broad
linewidth occurs at the Bragg condition for both samples for both the heavy-hole (HH) and
the light-hole (LH) resonances. This maximum is just the well known photonic stopband,
which is in agreement with previous work on active 1D photonic crystals using excitonic
resonances in QWs of other materials [32,30]. Notably, however, the stop band is smooth for
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the crystalline structure, whereas it reveals a pronounced fine structure (dips, see arrows) for
the Fibonacci quasicrystals. This fine structure is visible for both the heavy- and the light-hole
exciton resonances – strongly suggesting that this signature is a fingerprint of the quasicrystal.
Indeed, recent theoretical work on active 1D Fibonacci quasicrystals utilizing excitonic
resonances has predicted such fine structure [31].
One expects enhanced light-matter coupling for the frequencies corresponding to dips in
reflectivity, so we have performed additional PL experiments. We excite the structures offresonantly at low temperatures and detect the PL emerging from the sample normal to the
sample surface. Figure 3 shows corresponding results. Periodic structures are shown as well
in order to allow for a direct comparison. The behavior is very different for the periodic and
the quasiperiodic structures. For the reference periodic structure, the PL almost vanishes for
the Bragg condition – because every QW is at a node of the field. In sharp contrast to this, the
PL for the Fibonacci quasicrystal at around the effective Bragg condition is still strong and
quite narrow. This PL is spectrally centered at the dips in reflectivity (Fig. 2); this aspect is
particularly clear for the N = 54 QW sample, as shown in Fig. 4.

Fig. 4. PL and reflectivity of QW Fibonacci chain. The optical
thicknesses (at Bragg) are A = 0.36λ0 and B = 0.59λ0; N = 54.
The PL HH and LH peaks coincide with the dips in reflectivity.

So far, we have focused our discussion of the PL data on the resonant and low-excitation
case. As a function of detuning from the Bragg thickness, the emission becomes more
complex due to light-matter coupling interferences, as was shown for periodic QWs [30,33].
With increasing excitation level and hence higher carrier densities (not shown), the excitonic
resonances are broadened, resulting in less structured PL spectra. Because of excitonic
nonlinearities the polaritonic effects leading to the reflectivity dips are reduced as the
excitation level is increased.
Finally, we compare the experiment to the recently developed theory of 1D active
Fibonacci quasicrystals utilizing excitonic polaritons [31]. Here, the optical spectra are
calculated based on a transfer-matrix approach, with parameters corresponding to our
experiments. Clearly, the choice of the appropriate optical susceptibility χ(ω) of an individual
QW is crucial. Thus, we start by fitting the reflectivity of a single QW to experiment (Fig.
5(a) & (b)) using a Lorentzian form: χ(ω) = Γ0HH/(ωHH - ω - iΓHH) + Γ0LH/(ωLH - ω - iΓLH),
where ωHH is the radial frequency of the resonance, Γ0HH is the radiative HWHM linewidth,
and ΓHH is the nonradiative HWHM of the heavy hole, etc. Next, this susceptibility is used for
calculating the optical spectra of the Fibonacci structure FIB13 (N = 54) in Fig. 5(d). Given
the complexity of the optical spectra and the simplicity of the assumed susceptibility, the
agreement has to be considered as very good. In particular, this comparison gives us
additional confidence that the discussed fine structure in the optical spectra is actually due to
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the 1D Fibonacci photonic quasicrystal. That the field overlap with QWs is much better for
the Fibonacci spacings than for periodic is shown in Fig. 6; this explains the much stronger
PL in the Fibonacci case.

Fig. 5. Comparison between reflectivity measurements
and transfer matrix computations. (a) Measured
reflectivity for an uncoated GaAs/AlGaAs QW half a
wavelength beneath the GaAs/vacuum interface
(sample FIB10). (b) Corresponding computed
reflectivity with the QW susceptibility approximated
by Lorentzians with the following parameters: for the
heavy hole, nonradiative half width ΓHH = 180 μeV and
radiative width Γ0HH = 25 μeV; for the light hole, Γ LH =
115 μeV and Γ0LH = 10 μeV. (c) Measured reflectivity
for a 54 QW Fibonacci chain versus layer thickness.
(d) Corresponding computed reflectivity using the
same parameters as in (a). In (c) and (d) each curve of
larger d/dBragg is shifted up by one unit of reflectivity
from the preceding one. The vertical scales and d/dBragg
values are the same for the data and computations.

Fig. 6. Calculated distribution of the squared electric
field in the periodic (a) and Fibonacci (b) QW
structures with 21 wells with a plane wave incident
from the left (at the HH exciton resonance frequency
and for the Bragg condition). The thin blue lines
indicate the QW positions while the green line
separates the vacuum region from the sample. Values
of |E0|2 for z > 0 were multiplied by the background
refractive index nbarrier = 3.59 for a better presentation.
The incident, reflected, and transmitted waves are
shown by horizontal lines I I, IR, and I T.

In conclusion, we have fabricated active one-dimensional Fibonacci photonic
quasicrystals using the excitonic resonance of high-quality GaAs/AlGaAs quantum wells. The
quasicrystal long-range order results in an excitonic polariton stopband similar to that of
photonic crystals. Yet, the lack of periodicity in the quasicrystal results in efficient
photoluminescence emission in the direction normal to the layer planes, unlike the crystalline
case.
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