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Resonant laser spectroscopy is essential for the characterization, operation, and manipulation of single-
quantum systems such as semiconductor quantum dots. The separation of the weak resonance fluorescence
from the excitation laser is key for high-quality single- and entangled-photon sources. This is often
achieved by cross-polarization laser extinction, which is limited by the quality of the optical elements.
Recently, it was discovered that Fresnel-reflection birefringence in combination with single-mode filtering
counteracting spin-orbit-coupling effects enables a three-order-of-magnitude improvement of polariza-
tion extinction [Benelajla et al., Phys. Rev. X 11, 021007 (2021)]. Here, we demonstrate this method
for cross-polarization-extinction enhancement in cryogenic confocal microscopy of a resonantly excited
semiconductor quantum dot in a birefringent optical microcavity, and observe a 10× improvement of the
single-photon contrast.
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I. INTRODUCTION

Highly pure and indistinguishable single-photon sources
[1–7] and spin manipulation [8] often rely on resonant
excitation schemes and require a high degree of polar-
ization extinction of the excitation laser. Such experi-
ments are typically carried out in confocal microscope
setups having the required high spatial resolution [9,10]
to address individual quantum emitters, where the excita-
tion beam is directed onto the sample using mirrors and
beam splitters. Because all-dielectric (but also metallic)
polarization-preserving mirrors [11] do not exist, usually,
linearly polarized light with s or p polarization is used,
which, due to symmetry and in the plane-wave approxi-
mation, is preserved under reflection. Therefore, the max-
imal polarization-extinction ratios (PERs) are limited by
the quality of available polarizers to typically 105–106.
Now, experimentally, extinction ratios of up to 108 [12]
have been observed, but the precise origin of this high
ratio has only recently been clearly identified. Benelajla et
al. [13] found a three-order-of-magnitude PER improve-
ment by mirror-induced precompensation of the residual
ellipticity of linear polarizers, in combination with single-
mode filtering that eliminates detrimental effects caused by
spin-orbit coupling at optical reflection [14–16].
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Spin-orbit coupling of light leads to angular and spa-
tial beam-shift corrections to specular reflection [17,18],
known as Goos–Hänchen [19] and Imbert–Fedorov shifts
[20,21]. The latter effect is also referred to as the optical
spin Hall effect of light [22,23]. Here, both of the ellip-
tical eigenpolarizations [24] experience a small opposite
transverse shift, which leads to a variation in the degree
of the circular polarization over the beam cross section
[25]. Measuring in linear cross polarization, the unwanted
(leaked) polarization component of the beam adopts a
Hermite-Gaussian profile [13,26,27] with a nodal line in
the center, caused by linear polarization projection of the
two reflected and shifted beams with opposite helicity. In
combination with single-mode fiber detection, Benelajla
et al. [13] demonstrated above-three-orders-of-magnitude
extinction enhancement after a single optical reflection
compared to the bare or conventional polarizer extinc-
tion ratio with 90◦ between the polarizers. This shows
a new—only used serendipitously before—application of
beam shifts in addition to high-resolution sensing [28,
29] and corrections in astrophysical instruments [30],
but the effect has not been clearly identified in confocal
microscopy.

Here, we first demonstrate that the elimination of resid-
ual scattering from a Glan-type polarizer by propagation
or single-mode fiber filtering already enables extinction
ratios beyond 107. Then we investigate the effect of mul-
tiple in-plane reflections (under 45◦ angle of incidence)
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on the PER. We find that a single Fresnel reflection
is optimal, achieving a PER of nearly 108. Finally, we
demonstrate the PER enhancement effect by reflection in
a cryogenic confocal microscope. By careful characteriza-
tion and optimization of the polarizer rotation angles, we
achieve extinction ratios up to 107, two orders above the
bare polarizer limit, and can clearly attribute this effect
to ellipticity and spin-orbit-coupling compensation. With
this, we demonstrate an improvement of a quantum-dot
cavity-QED-based single-photon source.

II. SCATTERING ELIMINATION

We start with a simple optical setup shown in the
insets of Fig. 1. A narrow-linewidth continuous-wave laser
with wavelength λ = 935.5 nm is attenuated with a cal-
ibrated set of neutral density filters, mode-filtered with a
polarization-maintaining single-mode fiber (PMF) and col-
limated by an aspheric lens into a Gaussian beam with
0.75 mm beam waist. It is sent to the two polarizers
P1 (which is approximately aligned to the incident-light
polarization) and P2, which are here two antireflection-
coated calcite Glan-Thompson polarizers, placed 15 cm
from each other and mounted in motorized rotation stages
with resolution of 10−2 and 10−3 degrees, respectively.
To analyze the polarizer extinction, the light transmitted
through both polarizers is focused with a lens onto a fem-
towatt photoreceiver (FWR) that is placed at an adjustable
distance d from the analyzer P2; see Fig. 1(c). To subtract
background light, we use laser modulation and a lock-in
amplifier. We determine the polarization-extinction ratio
PER = Icopol/Ixpol from the co- and cross-polarized trans-
mitted intensities Icopol and Ixpol. The front polarizer is kept
at a fixed angle β aligned roughly to the polarization of the
laser source and Ixpol is minimized by rotation of P2.

We measure PER for various distances d up to 8.5 m,
collecting in all cases over 90% of the beam area. The
data presented in Fig. 1(a) show a gradual increase of the
measured PER with distance, ranging from 103 at few-
centimeter distances to 1.4 × 107 at 8.5 m. Our observed
dependence on distance can be explained by scatter-
ing including Rayleigh scattering [31]. We model the
unwanted light in cross polarization by (i) residual ellip-
ticity of the polarizers [32], which is limiting the bare
extinction ratio to 1/b2 [13], and (ii) (Rayleigh) scat-
tered light, which is quadratically decreasing with distance
[33], resulting in Ixpol = b2 + b2

scat/d2. We fit our data and
obtain b = (2.1 ± 0.2) × 10−4 and bscat = (12.6 ± 1.2) ×
10−5 m−1, limiting the bare extinction measured after scat-
tering elimination to 2.1 × 107. This value is very close to
the extinction of 1.4 × 107 that we achieve by single-mode
fiber (SMF) filtering shown in Fig. 1(c). We repeat the
SMF-filtered experiment at two distances from P2, includ-
ing at d = 4.5 cm where scattering is dominant without
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FIG. 1. The effect of scattered light on the cross-polarization-
extinction ratio. (a) Black symbols: free-space detected PER for
increasing detector distance d from the analyzing polarizer [inset
(b) shows a sketch of the experimental configuration]. Blue sym-
bols: extinction measured using single-mode fiber filtering [inset
(c) shows the setup]. The black curve is a model fit as described
in the main text.

fiber filtering, and observe a constant PER. As expected, a
single-mode fiber efficiently removes scattered light.

We operate our photodetector close to the dark-current
limit, and the signal fluctuated by 5% for the highest
PERs. Therefore, we repeated the experiments with fiber
filtering with a fiber-coupled single-photon avalanche pho-
ton detector (SPAPD, 25% detection efficiency, 200 s−1

dark count rate), where the measured PER is limited by
dark counts to 6 × 1011. We obtain a polarization extinc-
tion of 1.5 × 107, confirming our previous results. This is
more than two orders of magnitude higher than specified.
We have also repeated the same experiment with different
pairs of the Glan-Thompson polarizers, and always found
extinction ratios above 107. This agrees with earlier studies
[31,32], only surpassed by dedicated studies using rota-
tion stages with resolution of 10−4 degrees, resulting in
extinction ratios up to ∼ 3 × 109 [34–36]. In Appendix
A, we present additional measurements for various ana-
lyzers, and show the effect of the antireflection coating of
Glan-Thompson polarizers, and compare Glan-Thompson
polarizers with nanoparticle polarizers.

III. VECTOR-BEAM EFFECTS UPON MULTIPLE
REFLECTIONS

Now we investigate the influence of (multiple) in-plane
reflections on the achievable polarization-extinction ratio
using experimental setups with zero, one, and two reflec-
tions between the polarizers, as shown schematically in
Fig. 2(a)–(c). All mirrors are dielectric thin-film mirrors
placed approximately under 45◦ of incidence, and the last
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FIG. 2. Polarization extinction and spin-orbit coupling upon
multiple reflections. (a)–(c) A series of setups with a different
number of optical reflections between the polarizers, (d) the max-
imum achievable polarization extinction, and (e)–(g) the residual
unwanted light pattern measured in cross polarization before
coupling into the single-mode fiber, wherein the dashed circle
shows the fiber mode before the collimation lens. In (d), the PER
as a function of the analyzing polarizer angle α relative to the
conventional cross-polarization angle α0 = β ± π/2 is shown.
The maximal PER for each configuration with n reflections is
indicated.

mirror in combination with a translation of the fiber colli-
mation lens is used to optimize coupling into the single-
mode fiber, where we achieve a coupling efficiency of
80% in all cases. The single-mode fiber removes scattered
light as investigated in the previous section. The initial
beam is approximately s polarized by P1, and both P1
and P2 are Glan-Thompson polarizers. We show similar
results for p polarization in Appendix B. For each config-
uration, the polarizer angles α and β are finely adjusted
iteratively around the conventional cross-polarization con-
dition (|α0 − β| = π/2) to optimize the PER. Note that
even a small deviation of about 0.03◦ from the optimal set-
tings of P1 leads to a reduction of PER by one order of
magnitude.

First, we discuss the single-reflection case as shown in
Fig. 2(b), where we reliably reach an extinction ratio of
6.2 × 107. This extinction ratio is by a factor 3 higher
compared to the zero-reflection configuration shown in
Fig. 2(a). The enhancement is due to compensation of
the residual polarizer ellipticities by the small Fresnel-
reflection birefringence if the light incident on the mirror
is not exactly s or p polarized; and possibly a stress-
induced birefringence of the mirror coating. In any case,
this birefringence enables compensation of residual ellip-
ticities of the used polarizers and thus improves the PER
[13] compared to the zero-reflection case. As mentioned
by Benelajla et al. [13], this can be explained in the plane-
wave picture because vector-beam effects and spin-orbit
coupling result in higher-order modes, in our case mainly
in the first-order Hermite-Gaussian mode [13,27,37,38].
This mode has a nodal line in the center and is shown in
Fig. 2(f), and it can largely be filtered out by the detection

single-mode fiber and therefore does not degrade the PER
much.

To further investigate this argument, we have also tested
two [Fig. 2(c)] and three reflections, each time optimized
the polarizer angles, and we observe a reduced PER com-
pared to a single reflection, 6 × 106 after two reflections
and 1 × 106 after three reflections. We also observe an
increase of the intensity in the first-order Hermite-Gauss
mode as shown in Fig. 2(g), suggesting that imperfect
single-mode filtering can explain the reduction of the PER
for multiple reflections.

IV. SINGLE-EMITTER
POLARIZATION-EXTINCTION IMPROVEMENT

Now we investigate whether the method to improve the
polarization-extinction ratio can also be applied in more
complex experimental setups, for which we investigate
resonant optical spectroscopy of a single self-assembled
InGaAs/GaAs quantum dot (QD) embedded at the antin-
ode of a high-quality micropillar cavity [6,39,40], using
various setups shown in the insets of Fig. 3. Instead of the
mirror reflection and to independently vary the excitation
(P1) and detection polarization (P2), we use a nonpolar-
izing beam splitter (BS) with 90:10 (reflected:transmitted)
splitting ratio to separate excitation and detection paths.
The polarization of the excitation narrow-linewidth laser
light (λ = 935.5 nm, FWHM = 200 kHz, beam waist
0.75 mm) is controlled with a Glan-Thompson polarizer
mounted in a rotation stage with an angular resolution of
0.01◦. The detection polarization selection is done with
a nanoparticle polarizer which is less sensitive to align-
ment, mounted in a 0.001◦-resolution motorized stage; this
polarizer has a bare extinction of 1.9 × 105. The trans-
mitted light is coupled into a single-mode fiber (coupling
efficiency ∼85%) and detected with a SPAPD.

First, we reflect the incident light from a plane dielec-
tric mirror under normal incidence placed below the beam
splitter, as sketched in Fig. 3(a). We optimize the PER
close to s polarization (at the beam splitter) and obtain a
PER of 1.6 × 108. This is nearly three orders of magni-
tude higher compared to bare extinction measured with the
nanoparticle polarizer in conventional cross polarization,
reproducing our previous results.

Now, we use a long-working-distance plan apochro-
mat objective (0.4 NA, infinity-corrected), focusing the
light through two silica-glass windows into a close-cycle
cryostat cooled to 4.8 K. The light is reflected from the
top GaAs/AlAs thin-film Bragg mirror of our QD-cavity
device. We repeat the optimization of the polarizer angles
which are different due to polarization changes caused by
the objective and the two silica windows. As shown in
Fig. 3(b), even in this complex configuration, we reach
an extinction ratio of 2 × 107, a factor 100 above the bare
polarization-extinction ratio.
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FIG. 3. Polarization-extinction improvement (blue symbols)
by reflection in a nonpolarizing beam splitter in a cryogenic
microscope. Shown is the PER as a function of the angle of
the analyzing polarizer α relative to the conventional cross-
polarization angle α0. (a) First, the case is shown where the
cryostat is replaced by a flat mirror, where beyond-108 improve-
ment is obtained. (b) Then the beam is focused into the cryostat
and reflected there, and we obtain beyond 107 contrast. (c)
Finally, the case is shown where a half-wave plate is added before
the objective in order to align the linearly polarized cavity modes
of the device in the cryostat to the polarization frame of the
optical setup.

Now we perform single-emitter spectroscopy of a single
quantum dot in a Fabry-Perot microcavity at around 935.5
nm. The fundamental cavity mode is split by shape- and
strain-induced birefringence [41,42] by ∼28 GHz into two
orthogonal linearly polarized modes (V and H ). In order
to align the polarization frame of reference of the confocal
microscope to the frame of the cavity, while avoiding the
need to rotate either of them, we use an extra half-wave
plate (HWP) below the beam splitter as shown in Fig. 3(c).
We again optimize the angles of P1 and P2 and reach a
PER of 4 × 106 away from the cavity resonances; this is
still more than one order of magnitude higher than the bare
polarizer extinction ratio. At the same time, as shown in
Fig. 3(d), we observe in cross polarization again the typical
Hermite-Gauss mode. This suggests that we have demon-
strated polarization-extinction improvement in a complex
cryogenic confocal microscope, despite detrimental effects
of the microscope objective and of the focused beam
through two cryostat windows, reaching similar extinction
ratios as with in-cryostat focusing optics [10].

Finally, we demonstrate that the method is also com-
patible with gigahertz-scale tuning of the laser. We now
show resonant spectroscopy of the negatively charged trion
transition X − of the quantum dot. The dot is embedded in
the intrinsic region of a p-i-n diode that allows Stark-shift
tuning of the quantum-dot resonance through the linearly
polarized cavity resonances; see Refs. [40–42]. Under an
in-plane (Voigt geometry) magnetic field of 500 mT, we
observe in Fig. 4 the expected transition doublet [43].
Each plot shows the normalized single-photon detection

cavity mode: excitation cavity mode: excitation

cavity mode cavity mode

Conven�onal cross-polariza�on Op�mized case

other QD

− −

(a) (b)

FIG. 4. Resonant cross-polarized single-quantum-dot spec-
troscopy for (a) the conventional cross-polarization configuration
and (b) the optimized case. Shown is the cross-polarized reso-
nance fluorescence of a negatively charged trion tuned through
the cavity resonances by the quantum-confined Stark effect, as
a function of laser detuning �fl and gate voltage VG. The inci-
dent laser light is polarized along the V cavity axis. Dashed lines
indicate both cavity resonance frequencies determined by fits of
a semiclassical model [41].

rate acquired under an identical excitation configuration.
Compared to the conventional cross-polarization condition
shown in Fig. 4(a), we see a clear improvement by the opti-
mization polarization condition in Fig. 4(b). The ratio of
the single photons emitted by the quantum dot to back-
ground laser light increases from ∼2 to ∼25, which is a
significant improvement if used as a single-photon source.
Note that both the single-photon purity and also indistin-
guishability [1] benefit from this improved laser extinction.
Additionally, the presented technique can be combined
with other methods used for purity and indistinguishability
optimization based on spectral filtering [44] or nonresonant
excitation [45].

V. CONCLUSIONS

In conclusion, we have clearly identified the polarization-
extinction improvement effect by optical reflection and
spin-orbit coupling of Benelajla et al. [13] in a complex
cryogenic confocal microscope setup and obtained more
than one-order-of-magnitude improvement of a quantum-
dot-based single-photon source. We have shown that
single-mode fiber detection is important for the reduction
of both unwanted scattered light as well as higher-order
modes that appear unavoidably by spin-orbit coupling at
the mirror or beam splitter. Only with this mode filter-
ing can the polarization-extinction-ratio enhancement be
described in a plane-wave picture as a reflection-induced
birefringence compensation of the residual elliptical polar-
ization of linear polarizers. We have demonstrated that this
extinction enhancement has a direct impact on the single-
photon contrast in resonant quantum-dot spectroscopy,
which we have demonstrated with a single quantum dot
in a polarization nondegenerate optical microcavity. To
obtain even higher polarization-extinction ratios than those
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Single-

-
-

mode fiber filtering

FIG. 5. Maximum conventional (without mirror reflection)
polarization-extinction ratio for various analyzer types and con-
ditions. The dashed horizontal lines show the PER using a
single-mode fiber; the symbols show the PER using a free-space
photodetector at various distances d behind P2. As analyzing
polarizer, we used a nanoparticle polarizer (red), and a Glan-
Thompson polarizer without (black) and with (gray) AR coating.
Solid lines show the model fit.

reported here (4 × 106), one should rotate the cavity device
and remove the half-wave plate since this wave plate most
likely also leads to spin-orbit-coupling-induced modal
changes [46] similar to multiple reflections that we have
investigated here.

ACKNOWLEDGMENTS

We thank Harmen van der Meer and Martin van
Exter for discussions and support. We acknowledge fund-
ing from the European Union’s Horizon 2020 research
and innovation programme under grant agreement No.
862035 (QLUSTER), from FOM-NWO (08QIP6-2), from
NWO/OCW as part of the Frontiers of Nanoscience pro-
gram and the Quantum Software Consortium, and from the
National Science Foundation (NSF) (0901886, 0960331).

APPENDIX A: SCATTERING ELIMINATION
WITH VARIOUS ANALYZERS

In Sec. II of the main text, we have discussed the impor-
tance of the elimination of scattered light for maximal

(b)(a) pol

Nanoparticle 
analyzer

pol

Glan-Thompson
analyzer

FIG. 6. Polarization-extinction ratio for a different number of
reflections for (a) s-polarized and (b) p-polarized incident light,
for a Glan-Thompson analyzer (triangles) and a nanoparticle
analyzer (squares).

PER. Here we show results (Fig. 5) for a wider range
of analyzing polarizers P2. We compare Glan-Thompson
analyzing polarizers with and without antireflection (AR)
coating, and a nanoparticle polarizer; the polarizer P1 is an
AR-coated Glan-type polarizer in all cases.

As in the main text, we model the distance-dependent
PER and fit to the data, and we show the fit results of the
cross-polarization intensity Ixpol = b2 + b2

scat/d2 in Table
I. As expected [32], our data show that AR coating leads
to (i) additional scattering captured as an increase in bscat
and (ii) extra residual ellipticity of the polarizer reducing
the maximal bare extinction. The maximal bare extinction
ratio achieved with the nanoparticle polarizer is strongly
reduced, most likely due to residual birefringence of its
glass support [32].

APPENDIX B: MAXIMAL POLARIZATION
EXTINCTION UPON MULTIPLE REFLECTIONS

In this section we show additional data for multiple
reflections for different polarizer types, and also for s polar-
ization. As reported by Benelajla et al. [13] and shown in
Fig. 6, this PER improvement is achieved for both s- and

TABLE I. Fit parameters of the measurements shown in Fig. 5.

Analyzer type b bscat Bare extinction SMF measured
(10−4) (10−4 m−1) 1/b2 PER

Glan-Thompson polarizer
(w/o AR coating) 1.35 ± 0.03 2.3 ± 0.1 (5.45 ± 0.2) × 107 7.50 × 107

Glan-Thompson polarizer
(with AR coating) 2.1 ± 0.2 12.6 ± 1.2 (2.1 ± 0.3) × 107 1.38 × 107

Nanoparticle polarizer 23.0 ± 0.3 9.8 ± 0.3 (1.88 ± 0.04) × 105 1.76 × 105
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p-polarized light. While the observation of the enhance-
ment is not polarizer-type-specific, the absolute value of
the maximal PER is a function of the detrimental elliptic-
ity of the polarizers; thus it can vary between individual
polarizers.
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