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ABSTRACT: The quantum-confinement effect profoundly influ-
ences the exciton energy-level structures and recombination
dynamics of semiconductor nanostructures but remains largely
unexplored in traditional one-dimensional nanowires mainly due to
their poor optical qualities. Here, we show that in defect-tolerant
perovskite material of highly luminescent CsPbBr3 nanowires, the
exciton’s center-of-mass motion perpendicular to the axial
direction is severely confined. This is reflected in the two sets of
photoluminescence spectra emitted from a single CsPbBr3
nanowire, each of which consists of doublet peaks with linear
polarizations perpendicular and parallel to the axial direction.
Moreover, different exciton states can be mixed by the Rashba spin−orbit coupling effect, resulting in two single photoluminescence
peaks with linear polarizations both along the nanowire axis. The above findings mark the emergence of an ideal platform for the
exploration of intrinsic one-dimensional exciton photophysics and optoelectronics, thus bridging the long-missing research gap
between the well-studied two- and zero-dimensional semiconductor nanostructures.
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■ INTRODUCTION

In low-dimensional semiconductors of nanorods (NRs) and
nanowires (NWRs), the exciton motion along the axial
direction is essentially uninhibited whereas that in the
perpendicular direction is severely confined. Novel behaviors
of exciton generation, recombination, and transport, which are
critical for the efficient operations of relevant solar-cell and
photodetector devices,1 are thus anticipated from these one-
dimensional (1D) NRs and NWRs.2 In the model material
system of colloidal CdSe, various optical and electronic
properties have already been revealed from the NR structures,
which are significantly different from those of their counterpart
zero-dimensional (0D) quantum dots (QDs). These mainly
include but are not limited to linearly polarized emission along
the axial direction,3 symmetry crossing between the bright- and
dark-exciton states,4 transition from three- to two-particle
Auger recombination,5 and ease in manipulating the overlap of
electron−hole wave functions by external electric fields.6

When the rod length is further increased to surpass several
tens of nanometers, the as-formed CdSe NWRs are normally
associated with rampant defect sites to cause a significant
reduction of photoluminescence (PL) efficiencies.7−9 Con-
sequently, the 1D exciton features were vaguely observed only
in a limited number of previous optical studies, such as
synchronous PL blinking8 and efficient carrier transport10

spanning the entire length of a single CdSe NWR. Similar

issues of high defect concentrations and low PL efficiencies
have also plagued the single-walled carbon nanotubes
(SWCNTs),11,12 whose 1D exciton feature is mainly reflected
in the exciton−exciton annihilation effect.13,14 While recent
breakthroughs in material processing have promoted single-
photon emission from individual SWCNTs with superior PL
characteristics,15 the quasi-1D motion of excitons is inevitably
lost due to the formation of localized states.16−18 As such, the
exciton photophysics of 1D semiconductor NWRs remains
largely unexplored up to now. More appropriate material
systems, such as the newly emerged perovskite nanocrystals
with a strong defect-tolerance feature,19,20 are thus needed to
fulfill this challenging goal.
Here, we have synthesized highly luminescent perovskite

CsPbBr3 NWRs and characterized their single-particle optical
properties mainly at the cryogenic temperature. A single NWR
can emit one set of doublet PL peaks with linear polarizations
perpendicular and parallel to the axial direction, respectively,
which are reminiscent of the fine energy-level structures of X
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and Z excitons commonly observed in its counterpart 0D QDs.
Surprisingly, two sets of such doublet PL peaks can be
simultaneously observed in a single NWR, whose central-
energy separation is much larger than the exciton fine-structure
splitting due to long- and short-range exchange interactions.
We show that they are caused by the quantized motion of X
and Z excitons perpendicular to the axial direction of a single
NWR. In addition, some of the single NWRs exhibit two single
PL peaks with linear polarizations both along the axial
direction, which can be accounted for by the Rashba spin−
orbit coupling (SOC) effect that can effectively mix the
nonemissive Y and bright Z excitons.

■ RESULTS AND DISCUSSION

Room-Temperature Structural and Optical Charac-
terizations. By means of ligand-regulated reactions at the
water−oil interface,21,22 two batches of CsPbBr3 nanocrystal
samples are chemically synthesized with the PL quantum yields
as high as ∼91% (see Experimental Section). From the
transmission electron microscopy image in Figure 1a (Figure
1c) and the statistical histogram in Figure S1a,b (Figure
S1c,d), a width of 13.8 ± 2.1 nm (10.9 ± 2.4 nm) and a length
of 51.3 ± 7.8 nm (124.0 ± 13.5 nm) can be averagely
estimated for the CsPbBr3 nanocrystals contained in the first
(second) sample. Because of the obvious length difference,
here below we will denote the nanocrystals in the first and
second samples as short and long CsPbBr3 NWRs, respectively.
As shown in Figure 1b (Figure 1d) from the solution ensemble
measurements, the band-edge absorption and PL peaks of the
short (long) CsPbBr3 NWRs are located at ∼2.402 (∼2.433)
eV and ∼2.386 (∼2.395) eV, respectively.
For the optical studies of single CsPbBr3 NWRs, we utilize a

picosecond 405 nm laser operated at 5 MHz with a power
density of ∼1 W/cm2 (see Experimental Section). As shown in
Figure 1e for a single short NWR (SNWR), the PL peak is

around ∼2.394 eV with a line width of ∼85.4 meV. The PL
decay curve measured for a single SNWR is plotted in Figure
1f, which can be fitted with a single-exponential lifetime of
∼8.62 ns. From the time-dependent measurement shown in
Figure 1g, the PL intensity of a single SNWR switches between
the high and medium levels drastically with the occasional
dropping to a nonemissive level corresponding to nonradiative
Auger recombination of charged excitons.23,24 Although the
above PL blinking effect confirms that a single SNWR is being
studied, it does not demonstrate the single-photon emission
feature from the second-order photon correlation measure-
ment with a large g(2)(0) value of ∼0.93 (Figure 1h). Because
the g(2)(0) value is proportional to the ratio between the PL
quantum yields of biexcitons and of single excitons,25,26 the
above observation suggests that nonradiative Auger recombi-
nation of biexcitons5 is significantly suppressed in a single
SNWR due to the weaker quantum confinement as compared
to that in 0D QDs. The PL characteristics measured for single
long NWRs (LNWRs) are presented in Figure S2, which are
similar to those of single SNWRs at room temperature.

Optical Studies of Single CsPbBr3 SNWRs at 4 K. At 4
K, three types of PL spectra can be resolved from the 32 single
CsPbBr3 SNWRs studied in our experiment. Fourteen of the
single SNWRs exhibit doublet PL peaks with an average energy
splitting of ∼1.10 meV (Figure 2a) and orthogonally linear
polarizations (Figure 2b). Thirteen of the single SNWRs also
possess doublet PL peaks but with an average energy splitting
of ∼2.33 meV (Figure 2c) and parallelly linear polarizations
(Figure 2d). For the remaining five of the single SNWRs, two
sets of doublet PL peaks are present (Figure 2e,f) with an
average central-energy separation of ∼11.7 meV. In Figure
S4a−f, we provide additional results to show that it is common
to observe the above three types of PL spectra from single
SNWRs. Statistical histograms for the central-energy and
energy-splitting distributions are provided in Figure S5a−c for
the single SNWRs emitting one set of doublet PL peaks. We

Figure 1. Structural and optical characterizations at room temperature. (a) Transmission electron microscopy image of CsPbBr3 SNWRs. (b)
Solution absorption and PL spectra of CsPbBr3 SNWRs. (c) Transmission electron microscopy image of CsPbBr3 LNWRs. (d) Solution absorption
and PL spectra of CsPbBr3 LNWRs. (e) PL spectrum of a single CsPbBr3 SNWR. (f) PL decay curve of a single CsPbBr3 SNWR fitted with the
single-exponential lifetime of ∼8.26 ns. (g) PL intensity time trace of a single CsPbBr3 SNWR plotted with a binning time of 100 ms. (h) Second-
order photon correlation measurement of a single CsPbBr3 SNWR with the g(2)(0) value of ∼0.93.
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have also performed second-order photon correlation measure-
ments on the single SNWRs to obtain an average g(2)(0) value
of ∼0.51 (see Figure S6), so that they can roughly serve as
single-photon emitters at the cryogenic temperature. More-
over, no significant difference is found in the exciton
recombination dynamics of the PL peaks such as those
shown in Figure 2a,c, which can each be fitted with a single-
exponential lifetime of ∼150−300 ps for the single SNWRs
studied here or the single LNWRs to be discussed next (see
Figure S7).
Optical Studies of Single CsPbBr3 LNWRs at 4 K. The

three types of PL spectra mentioned above are similarly
observed in the 53 single CsPbBr3 LNWRs studied in our
experiment. Thirty of the single LNWRs exhibit doublet PL
peaks with an average energy splitting of ∼1.21 meV (Figure
3a) and orthogonally linear polarizations (Figure 3b).
Nineteen of the single LNWRs possess doublet PL peaks

with an average energy splitting of ∼2.14 meV (Figure 3c) and
parallelly linear polarizations (Figure 3d). For the remaining
four of the single LNWRs, two sets of doublet PL peaks can be
observed with an average central-energy separation of ∼8.9
meV. As can be seen in Figure 3e from the spectral image
measured for such a single LNWR, the two sets of doublet PL
peaks are quite stable during the measurement time, allowing
us to reliably extract their intensity variations as a function of
the detection polarizer angle. From the polar plot demon-
strated in Figure 3f, the doublet PL peaks contained in either
set are orthogonally and linearly polarized, while the higher or
lower energy PL peaks taken from both sets have the same
linear polarizations. In Figure S8a−f, we provide additional
examples for the three types of PL spectra commonly observed
in single LNWRs. Statistical histograms for the central-energy
and energy-splitting distributions are provided in Figure S5d−f
for the single LNWRs emitting one set of doublet PL peaks.

Figure 2. PL spectra and polarization properties of single CsPbBr3 SNWRs at 4 K. (a) PL spectrum measured for a single SNWR with doublet
peaks denoted by A and B, respectively. (b) Polar plot showing PL intensities of the A and B peaks of this single SNWR as a function of the
detection polarizer angle. See Figure S3a for the PL spectra measured at 0° and 90°, respectively. (c) PL spectrum measured for a single SNWR
with doublet peaks denoted by C and D, respectively. (d) Polar plot showing PL intensities of the C and D peaks of this single SNWR as a function
of the detection polarizer angle. See Figure S3b for the PL spectra measured at 30° and 120°, respectively. (e) Time-dependent spectral image
measured for a single SNWR with anticorrelated PL intensity variations between the lower (denoted by A′ and B′) and higher (denoted by A and
B) energy doublet peaks. (f) PL spectrum of this single SNWR extracted from panel e at 51 s.
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Although the PL spectra of single LNWRs are similar to those
of single SNWRs except an increased stability, the average
g(2)(0) value is significantly increased to ∼0.95 (see Figure S9),
implying that nonradiative Auger interactions among multiple
excitons are further reduced due to the more elongated axial
length.
Excitation Polarizations of Single CsPbBr3 LNWRs at

4 K. In Figure 4a,b, we provide a spectral image and the
associated polar plot measured for a single CsPbBr3 LNWR to
show that the doublet PL peaks have orthogonally linear
polarizations. Then with unpolarized detection for this single
LNWR, we vary the laser linear polarization in Figure 4c,d to
demonstrate that the PL intensities of its doublet peaks acquire
maximums and minimums synchronously. As shown in Figure
4b, the linear polarization of ∼150° (∼60°) measured for the
lower (higher) energy peak is parallel (perpendicular) to the
maximum excitation direction of the linearly polarized laser in

Figure 4d. The above observations suggest that after light
absorption along the axial direction of a single NWR,27 the
doublet PL states can both be populated by the photo-
generated excitons. In Figure 4e,f, we additionally provide a
spectral image and the associated polar plot measured for a
single LNWR emitting one set of doublet PL peaks with
parallelly linear polarizations. Then with unpolarized detection,
the laser linear polarization is varied in Figure 4g,h to show
that the doublet PL peaks are both linearly polarized along the
axial direction. After the linear polarization of each PL peak
emitted by a single LNWR has been determined with respect
to its axial direction, which can be extended to the SNWR case
(see Figure S10), we move on to discuss possible origins for
the three types of PL spectra observed in our experiment.

Origins for the Three Types of PL Spectra. If we set the
axial direction of a single CsPbBr3 NWR along the z-axis,
according to previous optical studies of single perovskite
QDs,28−30 the energy-level structure of band-edge excitons is
composed of in-plane X and Y orthogonal states, out-of-plane
Z state, and dark D state (see theoretical discussions in the
Supporting Information). Although the X, Y, and Z states
should be all emissive due to their bright-exciton feature, it was
quite common to observe only doublet PL peaks from a single
perovskite QD with orthogonally linear polarizations.28−30 The
missing bright-exciton state might have the highest energy to
prevent its thermal population, a weak oscillator strength or an
emission dipole parallel to the PL collection axis.30−32 For the
single NWRs studied here with a flat-lying configuration on the
sample substrate (Figure 1a,c), the emission dipoles of X/Y
and Z excitons should be distributed within the cross-sectional
plane and along the axial direction, respectively.33,34 Because of
the strong anisotropy of depolarization field in a single NWR,2

luminescence polarized along the long axis (Z-state) is strong
whereas the electric fields of light within the cross-sectional
plane (X and Y states) are reduced by 2ε/(ε + εNWR) with ε
and εNWR being dielectric constants of the environment and
the NWR, respectively.
When assuming that our PL collection is along the y-axis, the

Y exciton would be nonemissive since its electric field is also
polarized along the same direction. This explains the first type
of PL spectrum observed in our experiment from single NWRs
(Figure 2a,b and Figure 3a,b), wherein the higher and lower
energy ones of the doublet PL peaks should be contributed by
the X and Z excitons whose linear polarizations are parallel to
the x- and z-axes, respectively. As for the second type of PL
spectrum consisting of doublet PL peaks with parallelly linear
polarizations (Figure 2c,d and Figure 3c,d), we notice that in a
noncentrosymmetric NWR the Rashba effects in the
conduction and valence bands can give rise to a SOC between
the exciton’s center-of-mass momentum and spin, which would
in turn mix the bright Z and the “dark” Y excitons (see
theoretical discussions in the Supporting Information). This
SOC-induced mixing would spread the strong oscillator
strength of the Z exciton into the Y exciton, making the latter
one visible to our PL collection with a linear polarization
parallel to the z axis. The absent emission of X exciton in this
case might be caused by its low population. It was postulated
previously that the Rashba effect could be triggered in 0D
perovskite QDs to place the dark-exciton state higher in energy
than those of the bright-exciton states.30 As revealed from
recent magneto-optical studies of single perovskite QDs,34,35

the lowest exciton state is in fact dark and the exciton fine
structures should be determined mainly by the electron−hole

Figure 3. PL spectra and polarization properties of single CsPbBr3
LNWRs at 4 K. (a) PL spectrum measured for a single LNWR with
doublet peaks denoted by A and B, respectively. (b) Polar plot
showing PL intensities of the A and B peaks of this single LNWR as a
function of the detection polarizer angle. See Figure S3c for the PL
spectra measured at 120° and 210°, respectively. (c) PL spectrum
measured for a single LNWR with doublet peaks denoted by C and D,
respectively. (d) Polar plot showing PL intensities of the C and D
peaks of this single LNWR as a function of the detection polarizer
angle. See Figure S3d for the PL spectra measured at 60° and 150°,
respectively. (e) Time-dependent spectral image measured for a single
LNWR, where the doublet peaks on the lower (higher) energy side
are denoted by A′ and B′ (A and B), respectively. (f) Polar plot
showing PL intensities of the A′, B′, A, and B peaks of this single
LNWR as a function of the detection polarizer angle.
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exchange interaction instead of the Rashba effect. Nevertheless,
the Rashba effect could be still important in the perovskite
nanostructures with weak quantum confinement,36 such as the
single NWRs studied here. In particular, our measurements
indicate that the Rashba effect can manifest itself in the
polarization patterns of PL peaks in perovskite NWRs.
Compared to the first and second types of PL spectra

discussed above, the third type is most intriguing as it is
contributed by two sets of doublet PL peaks each with
orthogonally linear polarizations (Figure 2e,f and Figure 3e,f).
The central-energy separation between the two sets (∼9−12
meV) is much greater than the exciton fine-structure splitting
due to long- and short-range exchanges (<0.5ℏωLT, ∼3
meV)37 and it is also significantly smaller than the energy
separation between the first (1s) and second (2s) exciton
excited states with a value of 0.75Eb (∼30 meV).38 As such,
both the fine structure (spin) and relative electron−hole
motion of excitons can be safely ruled out as the sources for
the two sets of doublet PL peaks. We note, however, the
exciton should have another degree of freedom dictated by the
center-of-mass motion of its composing electron and hole.
Since the dimensions of CsPbBr3 NWRs synthesized by us are
larger than the exciton Bohr diameter of ∼7 nm,39 the relative
motion of electron and hole is little influenced by the
quantum-confinement effect. However, the exciton’s center-of-
mass motion within the cross-sectional plane of the NWRs
becomes quantized, just as the motion of an electron or a hole
would be. In the x−y plane perpendicular to the NWR axis, the
center-of-mass momentum for the X or Y exciton can be
written as Kx,y = nπ/Lx,y (n = 1, 2, . . .) with Lx,y being the NWR
dimension along the x- or y-axis. The recombination energy of
X or Y exciton would be likewise quantized with the

neighboring splitting being proportional to h
MLx y

2

,
2 , where h is

the Planck constant and M is the exciton’s mass. The lower-

and higher-energy doublet PL peaks should correspond to the
X and Z excitons recombining from the first and second
excited states, respectively, with the center-of-mass quantized
motions. According to our theoretical calculations detailed in
the Supporting Information, the estimated energy separation
between these quantized center-of-mass states matches well
with that extracted from our experiment for the two sets of
doublet PL peaks.
On the basis of the observation that two sets of doublet PL

peaks can be simultaneously detected, we speculate that the
relaxation process between the quantized center-of-mass states
should be slow (see Figure S11 for the PL decay measure-
ments), which might be caused by the mismatch between their
central-energy separation and the optical phonon energy. As
can be seen from Figure S12 for a representative single LNWR,
the lower-energy doublet peaks get saturated at higher laser
power densities with the accompanied intensity increase of the
higher-energy ones. This band-filling effect further confirms
that there does exist an exciton relaxation process from the
second to the first quantized center-of-mass states. Moreover,
the exciton−phonon coupling strength of low-dimensional
perovskites is positively correlated with the degree of quantum-
confinement,40 implying that the weak quantum confinement
in single CsPbBr3 NWRs with reduced exciton−phonon
coupling could serve as another important factor to make
the exciton relaxation process inefficient.41 This is consistent
with the fact that the optical phonon replicas can be readily
observed in previous optical studies of single CsPbBr3 QDs,

34

while they are completely missing in the single CsPbBr3 NWRs
studied here (see Figure 2a,c and Figure 3a,c). As such, the
anticorrelated intensity variations of the two sets of doublet PL
peaks in Figure 2e strongly suggests that there exists a dynamic
relaxation channel connecting the higher- and lower-energy
doublet peaks, which renders the higher-energy doublet peaks
sometimes nonemissive. Compared to single LNWRs, the

Figure 4. Excitation polarizations of single CsPbBr3 LNWRs at 4 K. (a) PL spectral image and (b) the associated polar plot measured for a single
LNWR, showing anticorrelated intensity variations of the doublet PL peaks with the detection polarizer angles. (c) PL spectral image and (d) the
associated polar plot measured for this single LNWR, showing synchronous intensity variations of the doublet PL peaks with the linear polarization
angles of the excitation laser. (e) PL spectral image and (f) the associated polar plot measured for a single LNWR, showing synchronous intensity
variations of the doublet PL peaks with the detection polarizer angles. (g) PL spectral image and (h) the associated polar plot measured for this
single LNWR, showing synchronous intensity variations of the doublet PL peaks with the linear polarization angles of the excitation laser. In panels
b, d, f, or h, the blue (red) data points and fitted lines correspond to the lower (higher) energy peak of the PL doublet emitted by a single LNWR.
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single SNWRs possess a larger surface-to-volume ratio to make
them more vulnerable to environmental charge fluctuations,
which could affect the crystal structure and the strength of
exciton−phonon coupling.42−44

■ CONCLUSION

To summarize, we have synthesized perovskite CsPbBr3
NWRs, whose emission energies (see Figure S5a,d) are
located between those of 0D CsPbBr3 QDs28 and bulk
CsPbBr3 crystals,45 and characterized their single-particle
optical properties mainly at 4 K. Compared to perovskite
NWRs studied previously with much larger dimensions,46−48

the CsPbBr3 NWRs focused here fall within the weak
quantum-confinement regime, which allows us to reveal
novel quantum-optical and atomic-like photophysics of this
important 1D material. Consistent with the 0D QDs, a single
NWR can emit one set of doublet PL peaks from the X and Z
excitons with orthogonally linear polarizations, and their
energy splitting of several millielectronvolts is caused primarily
by the long-range exchange interaction. One set of doublet PL
peaks with parallelly linear polarizations can also be observed
from some other single NWRs, suggesting an effective mixing
of the Y and Z excitons via the Rashba effect. Interestingly, two
sets of doublet PL peaks can also be observed from a single
NWR with a central-energy separation of ∼10 meV, which is
attributed to the quantized center-of-mass motion of excitons
perpendicular to the axial direction (see Supporting
Information for a unified description of the three types of
PL spectra). The above findings have thus provided a
comprehensive view on the intrinsic energy-level structures
and recombination dynamics of excitons in 1D semiconductor
nanostructures. These single NWRs can then serve as an ideal
platform for further explorations of fascinating 1D photo-
physics, thus complementing their well-studied 2D32,49,50 and
0D20,28−31,34,35 counterparts in terms of both fundamental
studies and practical applications.

■ EXPERIMENTAL SECTION

Chemical Synthesis of CsPbBr3 NWRs. The CsPbBr3
NWRs are chemically transformed from Cs4PbBr6 nano-
polyhedrons at the water−oil interface with the assistance of
ligand regulation.21,22 To prepare Cs4PbBr6 nanopolyhedrons,
1 mL of oleylamine (OAm), 1 mL of oleic acid (OA), 10 mL
of 1-octadecene (ODE), and 0.2 mmol of PbBr2 are first
loaded into a 50 mL three-neck flask. The mixture is degassed
next for 0.5 h at 120 °C, and then heated to 150 °C under the
N2 flow. A 4.4 mL sample of Cs-oleate solution (prepared by
dissolving 0.16 g of Cs2CO3 in 16 mL of ODE and 1 mL of
OA) is injected rapidly into the above PbBr2 solution, and the
reaction is stopped after 10 s with an ice−water bath. With a
volume ratio of 1:1, acetone is added to the above solution to
precipitate Cs4PbBr6 nanopolyhedrons. The product is
centrifuged next at 8000 rpm for 3 min, after which the
supernatant is discarded and the precipitate is redispersed in
10 mL of cyclohexane.
To prepare the CsPbBr3 NWRs, 4 mL of the Cs4PbBr6

nanopolyhedrons solution is contained inside a 15 mL
centrifuge tube to which different amounts of tetraoctylammo-
nium bromide (TOAB) solution (0.01 M dissolved in 3 mL of
toluene) are added. After 0.2 mL of water is injected, the
mixture is shaken vigorously for 20 s to form the desired
CsPbBr3 NWRs. The length of the CsPbBr3 NWRs is tuned by

the added amounts of TOAB solution, which are typically 10
and 30 μL for the formation of CsPbBr3 SNWRs and LNWRs,
respectively. Without the addition of TOAB solution, the
Cs4PbBr6 nanopolyhedrons are simply transformed into the
CsPbBr3 nanocubes at the water−oil interface featuring an
almost symmetric cross section.21

Optical Measurements. One drop of the diluted solution
of colloidal CsPbBr3 NWRs is spin-coated onto a fused silica
substrate to form a solid film for the single-particle optical
characterizations. The sample substrate is attached to the
coldfinger of a helium-free cryostat operated at either room or
4 K temperature. The output beam from a 405 nm picosecond
diode laser operated at a repetition rate of 5 MHz is focused
onto the sample substrate by a dry objective with a numerical
aperture of 0.82. Unless otherwise specified in the text, the
laser power density of ∼1 W/cm2 is utilized to set ⟨N⟩ = 0.1
for a single CsPbBr3 NWR with ⟨N⟩ being the number of
excitons generated per pulse in a single CsPbBr3 QD with a
similar edge width.20 The PL signal of a single NWR is
collected by the same objective and sent through a 0.5 m
spectrometer to a CCD camera for the PL spectral measure-
ment with an integration time of 1 s. The PL signal of a single
NWR can be alternatively sent through a nonpolarizing 50/50
beam splitter to two avalanche photodiodes for the PL decay
and second-order photon correlation measurements with a
time resolution of ∼100 ps. Whenever it is necessary, a half
waveplate and a linear polarizer would be added to the optical
path for the polarization-dependent optical measurements.
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