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The polarized micro-photoluminescence spectrum was analyzed to investigate the anisotropic local-
ized states in a single GaAs quantum ring. An energy difference of ~0.1 meV was observed from the 
perpendicularly polarized spectrum measured by a pair of linear analyzers. Spectral dependence of the 
polarized emission was also characterized in terms of rotation and ellipticity angles using four Stokes 
parameters. While the rotation angle indicates the symmetric axis of an anisotropic quantum ring with 
a small variation (± 2°), the ellipticity angle varies from 7.4° down to –2.5°. We conclude that optical 
anisotropy and birefringence are induced by the crescent-like lateral shape of localized states. 
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I. INTRODUCTION

Lately, the droplet epitaxy technique enables growth of 
quantum rings (QRs) on a nanometer scale (~50 nm) [1–3]. 
Regarding the closed path of a rim, QRs were considered as 
a platform to observe the Aharaonov-Bohm (AB) effect. In 
mesoscopic ring systems (~1 μm), extremely low tempera-
ture (< 100 mK) is necessary to measure the AB effect due 
to the fragile quantum coherence. However, the small size 
of QRs (~50 nm) is beneficial for measuring the ABs effect 
up to tens of Kelvin [4–8].

Although the lateral image of QRs recalls an ideal ring, 
the height of QRs was known to be anisotropic. Due to 
the rim anisotropy of a volcano shape, the wavefunction 
is known to be localized with a crescent shape [9–11]. 
Regarding quantum dots (QDs) grown by the Stranski-
Krastanov method, the elliptical lateral shape is character-
ized with two perpendicular symmetric axes. However, the 
crescent-like localized state in a QR has a single symmetric 
axis. In this case, a different polarization dependence is ex-
pected compared to that of elliptical QDs. 

Recently, the rim anisotropy of a single quantum ring 
was studied in terms of linear polarization dependence of 
micro-photoluminescence (micro-PL) [11, 12], and the rim 
anisotropy was shown to give rise to localized states with 
a crescent shape. In this case, the polarization anisotropy 
is very different from that of elliptical QDs grown by the 
Stranski-Krastanov (SK) method, and the two eigenstates 
of elliptical QDs can be accessed through a pair of perpen-
dicular analyzers. However, linear polarization analysis 
is not enough to characterize the polarization states of 
the crescent-like localized states. In this work, we have 
analyzed the polarized micro-PL spectrum from a single 
quantum ring using four Stokes parameters, where the po-
larization states of the crescent-like localized states were 
characterized in terms of ellipticity and rotation angles.

II. METHODS

QRs were grown on GaAs (001) substrate by the droplet 
epitaxy method, then capped with 53 nm-thick AlGaAs 
barrier by migration enhanced epitaxy. The sample under-
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went an annealing step in the chamber and was subjected 
to the rapid thermal annealing process at 800 °C to enhance 
optical measurements. 404 nm-diode pulsed laser operat-
ing at 80 MHz repetition rate was used for excitation. For 
polarization analysis, a pair of linear polarizers and quarter-
waveplates were used. Sample was cooled down to 5 K in a 
helium flow cryostat, and time-integrated PL spectrum was 
measured by a charge-coupled device (CCD) camera. A 
long-pass filter (> 500 nm) was used in order to remove the 
second order laser peak (808 nm).

III. RESULTS AND DISCUSSION

In Fig. 1(a), uncapped ring structures were seen by a 
field emission scanning electron microscope (FESEM), 
whereby we found the density of QRs (~4 × 109 cm-2) is 
low enough to perform micro-PL. As shown schemati-
cally in Fig. 1(b), it was known that the anisotropy of rim 
height results in a pair of localized states with a crescent 
shape [6, 8, 12]. When the rim height anisotropy of QRs 
is considered, the adiabatic potential energy ε (r,ϕ) can be 
obtained theoretically, where r and ϕ are radius and azi-
muthal angle in the polar coordinates, respectively. For 
example, the adiabatic potential energy ε(r,ϕ = 0°) at ϕ = 0° 
has a deep energy valley compared to that at ϕ~30°. When 
the linearly polarized emission along a selected azimuthal 
angle ϕ appears at different spectrum energy. Therefore, the 
anisotropic energy structure of ε (r,ϕ) gives rise to a broad 

PL spectrum, where the confinement levels show different 
polarization over the large linewidth (~0.4 meV) .

In Fig. 1(c), polarization dependence of micro-PL spec-
trum was measured from a single QR for changing linear 
analyzer angle (θ). While θ  is decreased from 90° to 0°, the 
polarized PL intensity becomes decreased with a blueshift. 
The linearly polarized PL along θ  = 0° originates from the 
exciton dipoles confined parallel to the symmetric axis of a 
QR (ϕ = 0°). Comparing the two peak energy of the perpen-
dicularly polarized PL spectrum measured at θ = 0° (1.6258 
eV) and θ = 90° (1.6259 eV), an energy difference (Δ~0.1 
meV) was obtained. It is noticeable that micro-PL at a selected 
wavelength shows both horizontal (θ  = 0°) and vertical (θ  = 
90°) polarizations, whilst the linewidth at 0° (~0.25 meV) is 
less than that at 90° (~0.35 meV). 

In the case of elliptical quantum dots grown by the 
Stranski-Krastanov(SK) method, the exciton ground states 
were known to show two separate PL spectra, where their 
polarizations are perpendicular to each other, and the two 
eigenstates are determined by not only the anisotropic 
electron-hole exchange interaction but also the geometric 
asymmetry of elliptical QDs. Therefore, one of the polar-
ized doublet spectrum can be selected with a linear polar-
izer parallel to the symmetric axis of an elliptical QD. 
However, the symmetry of QRs is reduced further when the 
crescent shape of the localized states is considered. In this 
case, linear polarization analysis is limited to characterize 
the localized states of QRs. 

FIG. 1. Polarization dependence of a single quantum ring. (a) FESEM image of uncapped GaAs quantum rings. (b) Due to the 
anisotropy of the adiabatic potential of a single quantum, the confinement states are likely localized with a crescent-like shape. (c) 
Micro-PL spectra were observed for three analyzer angles (θ = 0°, 45°, 90°), where an energy difference (∆~0.1 meV) was observed 
between the perpendicular polarizations (θ = 0° and  90°) , the degree of linear polarization was plotted for spectrum energy, and (d) 
Polarization dependence of normalized PL intensity at different PL energy was plotted for analyzer angle (θ).
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As shown in Fig. 1(c), a distinct doublet is not seen in 
the PL spectrum for changing analyzer angle. When PL 
intensity at a certain spectrum energy is plotted for analyzer 
angle, a peanut shape is obtained in Fig. 1(d). However, 
the PL intensity is not suppressed completely when the 
analyzer angle is rotated from θ  = 90° to θ  = 0°. The angle 
dependent PL intensity can be evaluated in terms of degree 
of linear polarization (DLP). In Fig. 1(c), the DLP ranges 
from 0.55 and up to 0.67. The spectral dependence of the 
DLP suggests a shape variation of the localized states for 
a subtle change of confinement energy, i.e. the ellipticity 
of the crescent shape localized states is enhanced as con-
finement is enhanced. As a result, the DLP becomes also 
enhanced for increased spectrum energy. Additionally, a 
large spectral difference (Δ~0.1 meV) was obtained with a 
perpendicular analyzer pair. Compared with that of ellipti-
cal SK-QDs (~tens of μeV), this value is larger by an order 
of magnitude. Therefore, the reduced symmetry of the cres-
cent shape localized states possibly gives rise to an ellipti-
cal polarization with a phase retardation. 

When a phase retardation is also involved, the polariza-
tion state should be considered elliptical. In this case, a pair 
of linear analyzers are not enough to characterize the phase 
retardation of an elliptical polarization, and wave-plates are 
also necessary. In general, an arbitrary elliptical polariza-
tion state can be characterized by four Stokes parameters 
[13]. Suppose electric fields of Ex and Ey are defined along 
the horizontal (θ  = 0°) and vertical (θ  = 90°) axes, the four 
Stokes parameters are determined as
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where both Ex and Ey are complex numbers. In order to ob-
tain the Stokes parameters through optical measurements, 
a linear polarizer and a wave-plate are positioned before 
the detector. First, the polarized PL is transmitted through 
a wave-plate to induce a phase retardation angle (φ), then 
detected by a linear polarizer with an analyzer angle (θ). As 
a result, the detected intensity I(θ ,φ) can be obtained from 
the four Stokes parameters as
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which is the so-called Stokes’ intensity formula. 
In Fig. 2(a), micro-PL spectrum were measured at four 

different polarization configurations of I(θ ,φ). While either 
φ = 90° or φ = 0° was selected for phase retardation angle, 
three angles (θ  = 0°, 45°, 90°) were used for analyzer angle. 
As a result, four spectra of the Stokes parameters were ob-

tained from the four different spectra of I(θ ,φ), 
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FIG. 2. Stokes parameter spectrum. (a) Micro-PL spectra were 
obtained for changing linear analyzer angle (θ) and phase re-
tardation angle (ϕ), whereby the four spectra of Stokes param-
eters (S0, S1, S2, and S3) were also obtained (b), and (c) Coher-
ent spectrum was analyzed in terms of normalized spectra of 
S1, S2, and S3.
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where p2 is the absorption factor of analyzers. Although 
the absorption factor affects the magnitude of detected in-
tensity, but contributes as a denominator in the four Stokes 
parameters. However, it is cancelled out when the ratio of 
two Stokes parameters is considered. 

Figure 2(b) shows the spectrum of four Stokes param-
eters (S0, S1, S2, and S3), where the first Stokes parameter S0 
is the total intensity of light, and the positive/negative mag-
nitude of S1, S2, and S3 represent a degree of horizontal/ver-
tical linear polarization, diagonal/anti-diagonal linear polar-
ization, and left/right circular polarization, respectively. It is 
noticeable that the polarized intensity S = (S1

2 + S2
2 + S3

2)1⁄2 

is less than S0, which is the radius of the Poincaré sphere. 
In order to evaluate the emission coherence, a degree of co-
herence polarization (P) can be obtained by
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We obtained P ~ 0.6, which implies 40% of the PL spec-
trum is incoherent. Recently, we have also observed ~25 ps 
of coherence time from a single QR [14]. This value is short 
by an order of magnitude compared to that of SK QDs, and 
suggests the presence of decoherent scatterings between the 
various confinement levels of the localized states. It is no-
ticeable that the degree of coherence polarization (P) is not 
equivalent to the degree of linear polarization (DLP). While 
DLP shows an asymmetry of the localized states in terms 
of linear polarization, P provides the portion of coherence 
emission to observed in PL. 

In Fig. 2(c), the three Stokes parameters of S1, S2, and S3 
were normalized by S, i.e. S1’ = S1/S, S2’ = S2/S, S3’ = S3/S. It 
is clear that the polarization state of coherent PL consists of 
not only linear polarizations but also phase retardations. As 
a result, the linearly polarized components are aligned with 
an angle between θ  = 0° and θ  = 45°, but elliptical polariza-
tion components are also present with a phase retardation φ < 
90°.

As inset shows schematically in Fig. 3(a), an arbitrary 
polarization state can be specified in terms of rotation angle 
(ψ) and ellipticity angle (χ). With two perpendicular axes of 
x and y, the rotation angle (ψ) of an elliptical polarization is 
given by an angle between the x-axis and the major axis of 
an ellipse. If a phase retardation is involved, the ellipticity 
angle (χ) is also determined by the major and minor axes of 
an ellipse. Given the normalized Stokes parameters (S1’, S2’, 
S3’), where S1, S2, and S3 were divided by (S1

2 + S2
2 + S3

2)1⁄2, 
we obtained ψ and χ by
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In Fig. 3(a), the spectrum of ψ and χ were compared 
with polarization independent PL intensity, which was 

measured without any analyzer. In Fig. 3(b), various ellipti-
cal polarizations near the dominant PL spectrum were also 
plotted in term of the Jones vector components (Ex, Ey), and 
each polarization state was also mapped in Poincaré space 
as shown in Fig. 3(c). Interestingly, ψ was observed to be 
nearly constant (~13°) at both the spectral wing sides, but 
a relatively drastic change was seen near the dominant PL 
spectrum. Provided that the electron-hole pair confined 

(a)

(b)

(c)

FIG. 3. Polarization ellipticity of a single quantum ring. (a) 
Spectrum of rotation (ψ) and ellipticity (χ) angles, whereby 
elliptical polarization can be specified. (b) Various elliptical 
polarizations at different energy were shown with two perpen-
dicular normalized electric fields (Ex and Ey), and (c) Normal-
ized Stokes parameters at different spectrum energy were plot-
ted in a Poincaré sphere.
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along a certain orientation in the crescent-like structure 
gives rise to a linear polarization along the dipole oscilla-
tion direction at a specific spectrum energy, the constant ro-
tation angle (ψ~13°) corresponds to the symmetric axis of a 
QR (θ  = 90° and ϕ = 90°). As it depends on the position of 
sample, rotation in the lateral plane gives a different value. 

The large confinement size along the symmetric axis 
is also expected to have a large oscillator strength. There-
fore, the low-energy PL near θ = 90° dominates while 
the high-energy PL polarized along θ = 0° becomes sup-
pressed. However, the anisotropy of crescent-like localized 
structures results in a variation of ψ (16.8°–11.5°) near the 
dominant PL spectrum. Additionally, the asymmetry of the 
localized structure gives rise to a birefringence. Although a 
confinement energy level is given by the anisotropic poten-
tial structure of ε(r,ϕ) in Fig. 1(b), the exciton wavelengths 
in the crescent-like localized structure change the orienta-
tion ϕ. Consequently, the anisotropy of ε(r,ϕ) leads to an op-
tical phase retardation. As shown in Fig. 3(a), χ varies from 
–2.5° up to 7.3° near the dominant PL spectrum. When 
PL spectrum is determined from the confinement levels of 
ε (r,ϕ), the optical asymmetry still remains within the line-
width. Therefore, a spectrum of χ represents the asymmetry 
of the lateral wavefunction. 

IV. CONCLUSION

We have analyzed the polarization of the micro-PL 
spectrum from a single quantum ring, where rotation and 
ellipticity angles were obtained for spectrum energy. Those 
results have confirmed the presence of anisotropic localized 
states, and we conclude that the crescent-like lateral shape 
induces a birefringence, resulting in various elliptical polar-
ization states for spectrum energy.
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