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ABSTRACT: One of the central aims of the field of spintronics is the control
of individual electron spins to effectively manage the transmission of quantized
data. One well-known mechanism for controlling electronic spin transport is
the chiral-induced spin-selectivity (CISS) effect in which a helical
nanostructure imparts a preferential spin orientation on the electronic
transport. One potential application of the CISS effect is as a transduction
pathway between electronic spin and circularly polarized light within
nonreciprocal photonic devices. In this work, we identify and quantify the
degree of chiral-induced spin-selective electronic transport in helical polyani-
line films using magnetoconductive atomic force microscopy (mcAFM). We then induce circularly polarized quantum light
emission from CdSe/CdS core/shell quantum dots placed on these films, demonstrating a degree of circular polarization of up
to ∼21%. Utilizing time-resolved photoluminescence microscopy, we measure the radiative lifetime difference associated with
left- and right-handed circular polarizations of single emitters. These lifetime differences, in combination with Kelvin probe
mapping of the variation of surface potential with magnetization of the substrate, help establish an energy level diagram
describing the spin-dependent transport pathways that enable the circularly polarized photoluminescence.
KEYWORDS: chiral-induced spin selectivity (CISS), single-photon emission, quantum dots, magnetoconductive AFM, photoluminescence,
Kelvin probe force microscopy (KPFM)

Spin represents one of the best candidates as a carrier of
information in future solid-state quantum computing
and communications. As such, one of the primary goals

of the field of spintronics is harnessing the spin degree of
freedom of individual electrons as a means of manipulating and
controlling the transfer of quantized information.1 Coupling of
spin to chiral/circularly polarized light represents a key
mechanism for the transduction of spin information into
photonic devices. While a wealth of potential applications exist
for chiral quantum photonic devices,2,3 the techniques used to
generate chiral quantum light emitters (i.e., a regular stream of
single photons exhibiting sub-Poissonian statistics) with a
target spin polarization are typically bulky and complicated,
often employing sophisticated control mechanisms that require
low temperatures, high magnetic fields4,5 and/or engineered
metasurfaces.6−10 Recently, chiral organic molecules have
emerged as a promising platform for inducing and regulating
spin-dependent transport in solid-state systems.11,12 Here, we
advance the use of chiral organic conductive polymers as the
means for establishing spin-dependent charge transfer path-
ways in single, photoexcited colloidal quantum dot (QD)
emitters. We further demonstrate how variation of the
recombination dynamics within individual QDs for differing

electronic spin orientations can result in the generation of a
single photon stream with a well-defined circular polarization.

Chirality can be broadly defined as the inability to map a
structure onto its mirror image via rotations and translations
alone: i.e., left- and right-handed mirror images are non-
superimposable.13,14 While the importance of chiral molecules,
i.e. enantiomers, for determining chemical reactivity has long
been established in the fields of stereochemistry and
biochemistry, only recently have chiral organic materials
been applied for the realization of spin-dependent electronic
phenomena in spintronic devices.15−17 While spin-selective
electronic transport has more commonly been associated with
inorganic ferromagnetic materials,18 chiral organic materials
have recently been demonstrated as a pathway for regulating
spin transport through the strong coupling between helical
potentials and spin properties defined by the handedness of the
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molecular structure. Efficient spin-selective electronic transport
can be observed under ambient conditions, suggesting that
spin-based quantum information transport utilizing solid-state
chiral systems can operate at ambient temperatures.19

The primary mechanism for the spin-selective and
enantioselective electronic transport in chiral organic mole-
cules and polymers is known as the chiral-induced spin-
selectivity (CISS) effect.15,19,20 First observed in the enhance-
ment of photoelectron emission from metal surfaces coated
with chiral molecules,21 as depicted in Figure 1a the CISS

effect can be characterized as the preferential transport of an
electron with particular spin orientation with respect to the
direction of charge propagation along the axis of chirality of the
molecule. While fundamental theoretical descriptions of the
origins of CISS are actively being developed and re-
fined,11,22−27 and while notably quantitatively incorrect, to
visualize the relationship between the electron velocity,
chirality, and spin orientation, a qualitative model which
describes the preferential orientation of spin transport can be
made by describing the motion of an electron moving with
velocity v ⃗ along a chiral nanostructure. As the electron with
charge q = −1.602 × 10−19 coulomb and mass me = −9.109 ×
10−31 kg moves in a spiral trajectory with radius r, its velocity
can be described in terms of an in-plane component
perpendicular to the chiral axis, v⊥⃗, and an out-of-plane
component parallel to the chiral axis, v|⃗|. These velocity
components are depicted in Figure 1a using dashed lines for
electrons moving with upward (red) and downward (blue)
trajectories. To maintain chiral motion along the nanostruc-

ture, an electron must experience a centripetal force, F⃗C,
associated with v⊥⃗, the in-plane velocity of the electron around
the chiral axis. This centripetal force can, in turn, be expressed
in terms of a Lorentz force realized via the presence of an
effective magnetic field along the chiral axis, B⃗eff:

=
| |

= [ × ]F r v B
m v

r
qC

e
2

eff (1)

Here, right (left)-handed chiral nanostructures exhibit an
effective magnetic field that is oriented parallel/(antiparallel)
to v|⃗|, the component of the electron velocity oriented along the
chiral axis. Using the cyclotron motion model allows for the
magnitude of the effective magnetic field to be expressed as15

| | =B
m v

qreff
e

(2)

Schematically depicted by the upper inset of Figure 1a, the
energy splitting associated with the spin−orbit coupling
Hamiltonian in the presence of this effective magnetic field,
HSOC, can further be expressed as

= | | =
·

H
g
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g m v

qr2 2SOC
B

eff
B e

(3)

where μB is the Bohr magneton and g is the Lande g factor of
the electron.15 Under the assumption that the electron has a
kinetic energy in the ∼eV range and the molecule/
nanostructure has a nanometer length-scale radius, the energy
splitting associated with spin−orbit coupling can range in the
10s to 100s of meV. As a result of this spin−orbit coupling,
electron spins are preferentially aligned parallel/(antiparallel)
with v ⃗|| for right (left)-handed chiral nanostructures,
respectively. For the right-handed chiral nanostructure
depicted in Figure 1, the presence of an effective magnetic
field results in a parallel alignment of the electron spin and the
electron velocity.

CISS has been observed across a variety of chiral material
platforms and leveraged as a means of controlling the spin
dependence of electronic transfer for biological, chemical, and
spintronic applications.3,19,20,22,28−30 For applications involving
photoemitters/absorbers, the CISS effect has been utilized to
demonstrate spin-selective photoinduced charge transfer in
ensembles of emitters mediated through the presence of chiral
substrates and ligands.31 Recently, for example, attempts to
induce asymmetry in the circular polarization of light emission
through the utilization of the CISS effect have been
demonstrated through the incorporation of chiral materials
within organic light emitting diode (OLED) devices. With
chiral organic ligands as spacers, 2D perovskites acting as a
charge recombination medium in an OLED device have
demonstrated electroluminescent photoemission with a DCP
(degree of circular polarization) of ∼3%.16 Further, OLED
devices for which a block copolymer is bonded with fluorene,
which itself is a light emitting chiral system, have shown
around 30% excess of one orientation of light at constant
voltage.32

While spin-selective charge transfer and photoluminescence
following photoexcitation have been demonstrated in a variety
of classical systems,31,33−35 the effect has yet to be realized at
the level of individual quantum light emitters, which are
capable of emitting a photon stream displaying antibunched,
sub-Poissonian statistics (i.e., single photons). The CISS

Figure 1. (a) Schematic depiction of chiral-structure-induced
forces and magnetic fields associated with electronic motion along
a right-handed chiral structure. The velocity components of
electrons moving upward (v|| > 0) are depicted by red arrows while
those with downward trajectories (v|| < 0) are shown in blue.
Displayed by the overhead inset, the CISS effect can qualitatively
be understood as the splitting of a nonchiral energy level, ENC,
resulting from a spin−orbit coupling Hamiltonian term, HSOC,
associated with the direction of electronic motion along the chiral
nanostructure. For right-handed chiral nanostructures, this results
in an effective magnetic field that is oriented parallel to the
component of the electron velocity oriented along the chiral axis.
The presence of this effective magnetic field results in parallel
alignment of the electron spin and the electron velocity. (b) Model
diagram of circularly polarized photoluminescence from an
individual quantum light emitter tethered to an out-of-plane
magnetized Ni surface via a right-handed PANI chiral molecule.
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electronic transfer effect inducing a preferential circular
polarization to such single photons offers an exciting possibility
for realizing the on-demand chiral quantum light source�a
key component for nonreciprocal quantum nanophotonic
devices and chiral quantum sensing applications.6 Among the
range of quantum light emitters that are actively investigated
for quantum technologies,36 colloidal quantum dots stand out
as an ideal candidate to explore this exciting potential, since
their surface chemistry can be modified for optimal synergy
with chiral molecules, e.g., surface ligands with matching
chirality. Furthermore, demonstrations of high-quality, room-
temperature single-photon emission in a wide variety of
colloidal QDs, spanning visible to technologically important
telecommunications wavelengths,37 aids the realization of
chiral quantum light sources with the characteristics of tunable,
room-temperature emission.
Here, as an initial step toward realizing these exciting

possibilities, we show that individual QDs placed on a helical
polymer film exhibit a degree of circularly polarized photo-
luminescence up to >21.8%. Through further systematic
studies of the relative electronic energy levels of the core/
shell structure of colloidal QDs, the spin-dependent states of
chiral polymer films, and magnetic and nonmagnetic
substrates, we establish a description of how the CISS effect
can be utilized to create distinct spin-dependent recombination
pathways following photoexcitation that result in circularly
polarized photoluminescence from individual quantum light
emitters.
Significantly, while there are extensive examples of room-

temperature chiral classical light-emitting devices, as well as
some chiral single-photon sources operating at ultralow
temperature, there remains a lack of chiral quantum-light
sources operating at ambient conditions.2,5,38,39 Future
optimization of the revealed mechanisms may present a viable
means of realizing the on-demand generation of single photons
with a known circular polarization�a key component for
nonreciprocal quantum nanophotonic devices and chiral
quantum sensing applications.6

RESULTS AND DISCUSSION
CISS has been demonstrated across a wide range of organic
materials including DNA/proteins,28,40,41 polymers,29,42,43 2D
perovskites with chiral ligands,16,44−47 and 2D van der Waals
materials intercalated with chiral molecules.48,49 To assess the
ability of chiral organic materials to induce circularly polarized
quantum light emission, chiral polyaniline (PANI) was
selected as a polymer previously shown as capable of
supporting a spin selectivity >50% in electronic transport.42,43

In this work, thin films of PANI fibrils with average thickness
ranging from 10 to 60 nm were grown using electrochemical
deposition on conductive surfaces (Ni unless otherwise noted),
with a chiral structure induced during fibril growth in the
presence of a chiral dopant, camphorsulfonic acid (see
Methods/Supporting Information (SI) S.ii). These PANI
fibrils are supramolecular chiral polymer structures with a
pitch of ∼700 nm and a radius of <50 nm that are densely
packed standing out of the surface plane.42,43 The spin
selectivity of electronic transport through as-grown films was
characterized by magnetoconductive atomic force microscopy
(mcAFM).45,50,51 This entailed recording I−V curves from
hundreds of different locations on the PANI surface for out-of-
plane and into-plane magnetization directions of the Ni
substrate. As pictured in Figure 2, by comparing the current

magnitude at a set voltage the average degree of spin
polarization or spin selectivity, S, through the chiral PANI
surface was determined according to the relation

=
+

×S
I I
I I

100
(4)

In accordance with previous observations,28 with increasing
polymer length, we observe an increased degree of spin
selectivity saturating at ∼29% for PANI films with lengths
greater than 30 nm. Following previous measurements of chiral
films,52 spin selectivity was measured in the nonlinear transport
regime (bias voltage 2 V) where the measured currents are
sensitive to the spin orientation of conduction electrons.

Colloidal CdSe/CdS core/shell QDs were employed as the
quantum light emitter. A technique known as successive ionic
layer adsorption and reaction (SILAR) was used to grow the
CdS shell onto the emissive CdSe core. SILAR allows precise
control over shell thickness, which we employed here to assess
the effect of the shell on QD-PANI coupling. Furthermore,
thick-shell (>10 monolayers, MLs) or “giant” CdSe/CdS QDs
are known for their nonblinking/nonphotobleaching behavior
at room temperature.53 The QDs emitted at energies centered
at ∼1.9 eV, as a function of shell thickness from thin to thick
shell (3−16 MLs). The QDs were uniformly spin-cast across
PANI surfaces from ultradilute solutions to give an average
concentration of ∼1 QD per 3.5 μm2. As schematically
depicted in Figure 3a, individual quantum light emitters were
photoexcited well above their bandgap using a pulsed laser
source operating at ∼3 eV (405 nm). CdSe/CdS colloidal QDs
were identified by imaging the sample under wide-field
illumination, after which the laser position was centered on
individual emitters. Photoluminescence was subsequently
collected and analyzed to determine the DCP. The variation
of the DCP of photoluminescence from single emitters was
further collected and analyzed with the variation of the

Figure 2. (a) Schematic of magnetoconductive AFM for the
characterization of spin-selective electronic transport through
chiral PANI molecules. (b) Averaged I−V transport curves
measured from ∼150 locations on a 30 nm thick R-PANI thin
film exhibiting an ∼27% degree of spin-selective transport. The
standard deviation of the measured current at spatial locations
across the sample is displayed by the error bars. (c, d) Images of
the AFM topography and correlated current distribution through
the R-PANI film at +1.5 V, respectively.
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magnetization of the Ni substrate for orientations both into
and out of the surface plane.
Figure 3b,c displays a representative photoluminescence

spectrum recorded from an individual CdSe/CdS QD with a
shell thickness of 9 MLs, placed on an R-PANI film with a
thickness of 30 nm. Pictured for an out-of-plane surface
magnetization of the Ni surface, Figure 3b shows a
representative observation of a QD preferentially emitting
into right-handed (σ+) polarized photoluminescence with a
DCP of 21.8%. Switching the direction of the surface
magnetization into the surface plane, we observe that the
preferential right-handed DCP of the photoluminescence
remains (Supporting Information), and the photoluminescence
intensity is reduced by ∼15% (Figure 3c). This observation is
consistent with previous reports showing photoluminescence
quenching in photosystems tethered to CISS surfaces.31,33−35

Several control measurements were performed to confirm
the presence of a preferred handedness in the photo-
luminescence from multiple CdSe/CdS QDs (SI Figure S7).
On reversing the handedness of the chiral film to S-PANI,
quantum light emitters were found to correspondingly
preferentially emit with a left-handed (σ−) circular polarization
with an approximately equivalent DCP. To demonstrate that
the observed DCP does not rely on the presence of a magnetic
surface, Ni was exchanged with Au surface thin films as the
substrate support for the R-PANI films. The preferential right-
handed photoluminescence remained with a DCP of ∼12%,
with the difference in DCP attributable to the variation of the
DCP associated with the magnetization direction of the Ni
surface (SI Figure S7). Control measurements of photo-
luminescence from CdSe/CdS colloidal QDs on a glass
coverslip in the absence of chiral polymers exhibited no

preference in the handedness of photoluminescence (SI Figure
S6). As expected, bare PANI films exhibited an absence of
strong photoluminescence or a preferred DCP.

To study how the preferential transport of electrons with a
particular chirality of photoluminescence from quantum light
emitters depends on the relationship between the emitter and
the chiral surface upon which it is placed, photoluminescence
DCP for individual dots was assessed as a function of both
shell thickness and the thickness of the R-PANI films. As
depicted in Figure 3d, the degree of spin selectivity as
determined by mcAFM was found to increase with increasing
PANI film thickness, eventually saturating near 30% for
thicknesses greater than 40 nm. Monitoring the DCP of
photoluminescence of CdSe/CdS colloidal QDs placed on
these films, the average DCP was found to increase with film
thickness and peak at ∼17% for a thickness of 30 nm. Films
thicker than 30 nm were found to have reduced DCP. As
thicker films maintain the same degree of spin selectivity, a
possible explanation of the observed reduction of DCP is that
the increased resistance associated with thicker films reduces
the ability of the surface to nonradiatively quench photoexcited
carriers. Exploring the effect of the CdS shell thickness on the
DCP of photoluminescence (Figure 3e), CdSe/CdS QDs with
medium shell thicknesses of 8 and 9 monolayers exhibited the
highest DCP in their photoluminescence while QDs with
thicker and thinner shells of 3 and 16 monolayers exhibited a
reduced DCP. As a result, optimized QD shell thicknesses of
8−9 ML and PANI film thicknesses of 30 nm were found to
yield the highest DCP of photoluminescence emission.

Using the optimal conditions for spin-dependent charge
transfer obtained from ensemble experiments, time-resolved
and time-correlated photon counting measurements were

Figure 3. (a) Schematic of circular polarization resolved photoluminescence of colloidal CdSe/CdS QDs. (b) Photoluminescence spectra of
a 9 ML individual QD recorded for an into-plane surface magnetization showing a preferred right-handed (purple) circular polarization. (c)
Total photoluminescence intensity observed from the same QD for magnetization directions into (blue) and out of (red) the surface plane.
(d) Variation of spin-selective electronic transport and the observed DCP of QD photoluminescence as a function of the thickness of chiral
R-PANI films. Spin-selective electronic transport increases with increasing film thicknesses, saturating at ∼30% for film thicknesses >40 nm.
The ensemble 9 ML sample where DCP of QD photoluminescence peaks near 16% for R-PANI film thicknesses of 30 nm. (e) Variation of
the DCP of single QD photoluminescence as a function of shell thickness. The DCP is found to peak for colloidal CdSe/CdS shell
thicknesses of ∼8−9 MLs. Error bars in (d) and (e) depict the standard deviation of each respective measurement while trend lines have
been added as a guide to the eye for (d) and (e).
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employed to study the single-photon emission properties of
individual CdSe/CdS QDs. First, time-resolved photolumi-
nescence lifetime measurements were performed to investigate
the variation of photoluminescence dynamics as a function of
the surface chirality, the degree of CISS present in the PANI
thin film, and the magnetization orientation of the Ni
substrate. Comparing the photoluminescence lifetime for
individual CdSe/CdS QDs on a 30 nm thick R-PANI film as
shown in Figure 4a, emission with right-handed circular

polarization was found to exhibit longer lifetimes of 206 ± 5 ns
in comparison to emission with left-handed circular polar-
ization, 139 ± 5 ns. Combined with the reduced photo-
luminescence intensity observed for left-handed emission
(Figure 3b), the faster decay lifetime indicates the presence
of increased nonradiative recombination for spins oriented
toward the substrate. As shown in Figure 4b, analyzing the
photoluminescence lifetime as a function of surface magnet-
ization, longer lifetimes of 205 ± 5 ns were observed for
surface magnetization pointing into the sample plane

compared to 170 ± 5 ns for out-of-plane orientations.
Interestingly, the observed photoluminescence lifetimes on
PANI films were slightly longer than those observed on glass
(SI Figures S4 and S6). Once again, the shorter photo-
luminescence lifetime associated with out-of-plane orientations
was found to correlate with a reduced photoluminescence
intensity (Figure 3c), indicating the presence of enhanced
nonradiative recombination pathways. The 9 ML CdSe/CdS
QDs in the time dynamics studies above were verified to be
single quantum light emitters by showing that the second-
order photon correlation function, g(2), is <0.5 (Figure 4c).
QDs further exhibited constant/nonblinking behavior (Figure
4d) characteristic of core/shell QDs with larger shell
thicknesses (SI Figure S8). This quantum optics experiment
provides clear evidence that our single QDs on PANI film emit
blinking free quantum light exhibiting clear photon antibunch-
ing in contrast to prior works31,33 demonstrating the emission
of classical chiral light obeying Poissonian statistics.

To better understand how spin-selective charge transfer
from colloidal CdSe/CdS QDs to the surface can be imposed
through the presence of the chiral thin film (Figure 5a),

magnetization-dependent Kelvin probe force microscopy
(KPFM) measurements were performed on 30 nm thick R-
PANI films to map the variation of the surface contact
potential difference (CPD, VCPD) as a function of magnet-
ization orientation. In KPFM the surface contact potential
difference can be characterized as VCPD = (Φtip − Φsurf)/e,
where e is an elementary charge and Φtip and Φsurf represent
the relative work functions of the AFM probe and surface,
respectively.54 Here, a conductive AFM probe (silicon-on-
silicon nitride, Bruker PFQNE-AL) was raster-scanned above
R-PANI surfaces for magnetization directions of the Ni

Figure 4. Time-resolved photoluminescence lifetimes measured for
a representative CdSe/CdS core/shell QD placed on a 30 nm R-
PANI thin-film (shell thickness 9 monolayers). (a) Variation of
photoluminescence lifetime with the chirality of emission. (b)
Lifetime variation with orientation of Ni surface magnetization. (c)
g(2) measurement demonstrating that QDs act as single-photon
emission sources. (d) Time variation of photoluminescence
intensity demonstrating the absence of blinking.

Figure 5. (a) Schematic depiction of B field dependent KPFM used
to measure the variation of the surface potential of a PANI surface
as a function of the surface magnetization orientation. (b)
Measured work function distribution for up (red) and down
(blue) surface magnetizations.
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substrate into and out of the surface plane with the contact
potential difference between the tip and surface recorded for
each magnetization orientation. Calibration of the AFM probe
work function was performed by measuring the mean VCPD
upon a highly oriented pyrolytic graphite reference sample
with a known work function (ΦHOPG = 4.6 eV).55,56 This
calibration allowed for the determination of the relative work
function variation of the PANI surface as a function of surface
magnetization in which we measured a potential of 4.65 ± 0.07
and 4.87 ± 0.12 eV for magnetizations out of and into the
sample surface, respectively (Figure 5b). These values agree
well with the previously measured work function of PANI
nanostructures.57

The effect of the R-PANI thin-film on the relative work
function of the surface can be understood in terms of the
ability of electrons from the surface to move through the chiral
film. Due to the CISS effect within the R-PANI molecule,
when the Ni surface magnetized in an out-of-plane direction,
charges can more easily move upward into the chiral thin film,
resulting in a reduced work function of the R-PANI surface.
Conversely, when the Ni surface is magnetized with an into-
surface orientation, CISS restricts the ability of spin-down
electrons to move into the thin film, resulting in a relative
increase of the surface potential. This is also in agreement with
the mcAFM data, where we see lower current in the case of
into-surface orientation of the magnetic field.
A qualitative charge-transfer model of the effects of the

relative variation of the work function of the chiral PANI thin
film has on the relaxation pathways from photoexcited CdSe/
CdS QDs is provided in Figure 6a,b. For an out-of-plane
magnetization direction of the Ni substrate (Figure 6a) two
cases must be considered. First, for the movement of charges
up from the surface, depicted by the bottom energy level
diagram, spin-up electrons in the Ni surface can more easily
travel up through the R-PANI molecule to quench photo-
luminescence from the QD, as their spin orientation is parallel
to their velocity, which corresponds to the lower spin−orbit
coupling level in the R-PANI molecule. This alignment results
in the more efficient quenching of photoluminescence

observed in Figure 3c. Conversely, considering the motion of
photoexcited electrons downward from the QD to the surface,
as depicted by the upper energy level diagram in Figure 6a,
spin-down electrons experience a lower net potential barrier to
recombining with the Ni substrate. This preferential transport
of spin-down electrons toward nonradiative recombination
with the substrate results in the observed preferential
photoluminescence emission with a right-handed DCP (Figure
3b).

A corresponding charge-transfer model for the into-plane
magnetization directions is provided in Figure 6b. Here, the
bottom energy level diagram again considers the movement of
charge up from the surface. In this case, spin-down electrons in
the Ni surface experience a higher energy barrier by the R-
PANI film as their spin orientation is antiparallel with their
velocity component along the chiral axis of the molecule. This
arrangement corresponds to the upper spin−orbit coupling
level in the R-PANI molecule, thus preventing surface
electrons from quenching the photoluminescence of the QD
as denoted by the dashed blue line in Figure 3c. Considering
the motion of photoexcited electrons downward from the QD
to the surface, depicted by the upper energy level diagram in
Figure 6b, spin-down electrons still experience a reduced net
potential barrier to recombining with the Ni substrate as the
chirality of the R-PANI molecule remains unchanged. As a
result, spin-down electrons are once again preferentially
transported to nonradiatively recombine with the surface,
resulting in preferential photoluminescence with a right-
handed DCP.

Optimization of the DCP of photoluminescence through
variation of the QD shell thickness and the thickness of the
PANI film provides further clues about how spin-selective
recombination depends on the relationship between the
photocarriers and their environment. The observed peak in
DCP for QD shell thicknesses of 8−9 MLs may be an
indication of the level of environmental coupling that
maximizes the difference between radiative and nonradiative
spin-recombination pathways; that is, excitons in QDs with
thin shells undergo quick nonradiative recombination with no

Figure 6. (a) Energy level/energy transfer diagram corresponding to the colloidal CdSe/CdS QD, PANI thin film, and Ni substrate for an
out-of-plane magnetization. (b) Corresponding diagram for into-plane surface magnetization.
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DCP exhibited by the few carriers that radiatively recombine.
Excitons in QDs with thick shells radiatively recombine for all
polarizations and, as such, do not exhibit a strong DCP in their
photoluminescence. Meanwhile, the lifetime of medium-shell-
thickness QDs allows for the largest difference in the time scale
of nonradiative recombination. For variation of the PANI film
thickness, one potential explanation of the observed maxima in
the DCP for thicknesses of ∼30 nm is that this thickness
represents a balancing of two effects: the spin selectivity of
electronic transport and the film resistance. For thin films, the
lower degree of spin-selective transport limits the DCP while
the increased resistance of thicker films inhibits the non-
radiative recombination with the metallic surface.
The use of chiral molecules and/or nanostructures as a

means of enabling spin-selective charge-transfer processes via
the CISS effect in photoexcited QDs has been demonstrated
for a variety of applications including the catalyzation of
photoelectrochemical reactions, optical initiation of magnet-
ization, and chiral photodetection.31,33−35,58,59 Indeed, while
the classical intensity enhancement/quenching of QD photo-
luminescence as a function of surface magnetization has been
previously observed,31,33−35 our results represent the demon-
stration of CISS-induced chiral emission at the single-photon
level with clear sub-Poissonian statistics could be applicable for
utilization of the CISS effect in quantum photonics
applications. The preferential observation of an average
photoluminescence with a DCP of up to ∼17% represents
the first step. Optimization of several system parameters,
including the relative surface work function, the surface
morphology, and circularly polarized photoexcitation near
the band edge, comprises a potential means of enhancing the
DCP.
In terms of the relative work function of the chiral thin film

and quantum light emitter, our measurement of variation of
surface potential as a function of surface magnetization
(revealed via KPFM) further provides a pathway for future
optimization of CISS-induced DCP. Here, we observe that the
relative work function of both spin levels of the PANI molecule
remain below that of the photoexcited states of the colloidal
CdSe/CdS QD. As a consequence, the available energy levels
in the PANI molecule are both energetically downhill, resulting
in a reduction of the variation of the rate of nonradiative
recombination between spin-up and spin-down states. By
tuning the excited-state energy of the nanostructure to fall
between the spin-up and spin-down work function of the PANI
thin film or by changing the composition of the chiral thin film
to have a lower work function matching the excited state of the
CdSe/CdS QDs (∼4 eV), a configuration can be envisioned
where one spin orientation may nonradiatively decay through
an energetically downhill process through the lower CISS state
of the thin film while nonradiative decay is restricted for the
opposite spin orientation by a potential barrier comprised of
the upper CISS state.
For the optimization of surface morphology, as can be

observed in Figure 2, the morphology and associated current
distribution of the chiral R-PANI film are heterogeneous on
the nanoscale. As colloidal CdSe/CdS QDs were distributed
randomly across the surface, the degree of spin-selective
transport at a given location can vary based simply on the local
morphology of the thin film surrounding the emitter.
Developing methods of growing more homogeneous films
and/or moving to 2D semiconductor nanostructures offer

potential routes to achieving a more uniform DCP from all
quantum light emitters placed on the chiral surface.16,44−47

Finally, it should be emphasized that the simplistic model of
the CISS effect provided in the introduction provides only a
qualitative description of the observed spin-filtering effects and
variation of the surface potential. For a quantitative description
to be realized, a more complete model must capture the role of
spin−orbit interaction in the chiral system,11,12 the precise
electronic transport mechanism and kinetic energy of the
conduction electrons,60 the impact of performing spin-selective
characterization in the nonlinear transport regime, and the
necessity/role of time-reversal symmetry in determining the
magnitude of the CISS effect and its impact on the optical
emission properties of semiconducting nanostructures.61

CONCLUSIONS
In summary, the development of optical control mechanisms as
a means of governing spin and spin currents represents a
promising means of leveraging electro-optical interactions for
future optically interfaced quantum information transmission
and computing platforms. A key component of these
technologies is a quantum light source capable of producing
single photons on demand of known circular polarization. Our
utilization of the CISS effect through the combination of
known QD emitters with chiral polymer thin films represents a
proof-of-principle of the ability to realize such quantum light
emitters within a solid-state material platform at room
temperature�a key requirement for the development of
scalable quantum nanophotonic communication and compu-
tation devices.

METHODS
Chiral Polymer Deposition. (1R)-(−)-10-Camphorsulfonic acid

(CAS 282146), perchloric acid (CAS 311421), and aniline (CAS
242284) from Sigma-Aldrich Merck were used as reagents. Reagent
grade Millipore Milli-Q water was used as the solvent. Substrates were
comprised of 200 nm SiO2 on a Si (100) wafer substrate with 10 nm
of titanium and 40 nm of nickel deposited using e-beam evaporation
in a clean room. Electrochemical measurements were performed using
a CH-Instruments CHI660A potentiostat, employing a typical three-
electrode electrochemical cell. The substrate mentioned above was
used as the working electrode (WE). A Pt mesh and a silver chloride,
KCl-saturated solution (Ag/AgCl/KClsat) electrode were used the
counter (CE) and reference electrodes (RE), respectively. An
electrolyte was prepared with 100 μL of aniline monomer with 500
μL of perchloric acid along with 500 mg of camphorsulfonic acid in
10 mL aqueous solution.43 This was used as a base electrolyte in all
reported electrochemical measurements. Aniline electropolymeriza-
tion was carried out under chronoamperometry mode with a constant
voltage of 1.2 V with variable pulse width based on the length of the
polymer needed. Screening electropolymerization experiments were
also carried out under potentiostatic conditions, applying a constant
potential of +0.5 V for 1800 s, but the chronoamperometry regime
yields more regular deposits.
Spin-Selective Transport. Measurement of the degree of spin-

selective electronic transport was performed using magnetoconductive
atomic force microscopy (mcAFM) on a Bruker Dimension Icon
AFM system. Pt/Ir AFM probes (Bruker SCM-PIT) were used for the
study of spin-selective transport on PANI films deposited on
magnetized Ni surfaces. Magnetic MESP (Co/Cr) probes were
used to characterize the spin-selective transport on PANI films
deposited on Au surfaces. I−V curves were measured over a range
spanning −2 to 2 V with current collected using Bruker’s PeakForce
TUNA collection mode to average out current variations associated
with the contact between the probe and sample surface.
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Spectral Analysis. The emission spectrum of photoluminescence
from individual CdSe/CdS QDs was investigated by using a circular
polarization resolved optical microscopy system. Linearly polarized 5
μW CW laser excitation at a wavelength of 405 nm was used to
confocally excite individual QDs within the sample. PL was collected
using a 50× (NA = 0.9) objective and routed through a quarter
waveplate to project left (σ−) and right (σ+) circularly polarized PL
onto vertical and horizontal polarization directions. A Wollaston
prism (1° separation angle) was then used before the spectropho-
tometer with a liquid-nitrogen-cooled CCD (Pylon 400BR/Acton
SP2300i) to vertically split polarizations and allow for simultaneous
spectral characterization of the intensity of left- and right-handed
polarizations. The intensity of each polarization was analyzed to
determine the polarization anisotropy. In the case of time-resolved PL
measurement, the same laser was used in pulsed mode at a repetition
rate of 1 MHz.
Single-Photon Counting. The statistics of photon-emission

events from individual CdSe/CdS core/shell QDs were measured
using two single-photon avalanche photodiodes (Excelitas SPCM-
AQRH-14) arranged in a Hanbury−Brown−Twiss intensity interfer-
ometer detection geometry. PL lifetime and g(2) photon correlation
measurements were performed for both left- and right-handed PL
emission by using a time-correlated single-photon counting module
(Picoquant Hydraharp400).
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