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ABSTRACT
Circularly polarized light (CPL) detection provides polarization-resolved information, enabling advanced applications in
quantum technologies, bioimaging, secure communications, and multi-level optical data processing. However, conventional
CPL photodetectors typically rely on intrinsically chiral absorbers, restricting operation to the UV–vis range and hindering
extension into the near-infrared (NIR) and shortwave infrared (SWIR), which are critical for deep tissue imaging and low-visibility
sensing. Here, we demonstrate broadband CPL detection with quantum dot (QD) photodiodes that exploit the chiral-induced
spin selectivity effect in chiral-ZnO charge transport layers. Chiral ligand-functionalized ZnO electron transport layers selectively
transmit spin-polarized charge carriers fromQDs, enabling CPL-specific photocurrent generation even in spectral regions without
intrinsic chiral absorption. Heavy-metal-free Cu–In–Se QD-photodiodes exhibit outstanding specific detectivity (D*) of 1.28 × 1012

Joneswithout external bias and broadbandCPL detection (gIph:∼0.17 at 260 nmand∼0.13 at 780 nm),while PbSQD-devices extend
CPL detection across 250–1700 nm (UV–Vis–NIR–SWIR) with superior performance (D*: 1.45 × 1012 Jones). The chiral-transport-
driven strategy offers fundamental insights into CPL photodetection and establishes a scalable and optically passive platform for
broadband polarization-resolved optoelectronics.
1 Introduction

Photodetectors capable of sensing the handedness of circularly
polarized light (CPL), in addition to conventional intensity and
© 2026 Wiley-VCH GmbH
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wavelength sensing, have attracted growing attention for diverse
applications, including biomedical diagnostics, optical commu-
nication, quantum cryptography, environmental sensing, security
systems, andmulti-level optical data processing [1–4]. CPL carries
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spin angular momentum arising from the helical rotation of its
electric field vector perpendicular to the propagation direction [5–
9], and is classified into left-handed and right-handed helicities
[10–13]. Conventional photodetectors based on silicon or GaAs
inherently lack CPL sensitivity, requiring external polarization
optics that increase system complexity, enlarge device size, and
reduce overall detection efficiency [14]. A conventional approach
for realizing CPL-sensitive photodetectors is to employ chiral
materials as photoactive layers [5, 7, 15–19], because chiral mate-
rials, defined by their mirror asymmetry, intrinsically respond
differently to left-handed circularly polarized (LCP) and right-
handed circularly polarized (RCP) light through mechanisms
such as circular dichroism [20–27].

Extending CPL detection to the near-infrared (NIR) and short-
wave infrared (SWIR) regions [28–35] is highly attractive because
of advantages such as deep tissue penetration, reduced scatter-
ing, and low-energy operation—features highly beneficial for
biomedical imaging and low-visibility applications (e.g., night
vision) [36–38]. However, progress has been limited by the lack
of materials that exhibit both strong chiroptical activity and
efficient NIR/SWIR photoresponse (Tables S1 and S2). Chiral
perovskites exhibit excellent CPL sensitivity in the UV–vis range
but often show limited infrared response [39–41]. Two-photon
absorption has also been investigated, yet its reliance on high-
intensity and wavelength-specific excitation restricts practical
use [42, 43]. Chiral organic materials with NIR activity have
been tested, but they often suffer from poor stability and slow
response times [28, 44–47]. While chiroptical activity has also
been introduced into inorganic quantum dots (QDs), including
thosewithNIR bandgaps, through their surface functionalization
with chiral ligands [48–50], their dispersion in polar solvents
leads to significant integration challenges with conventional
charge transport layers, as polar solvents can dissolve or damage
these layers, causing interlayer mixing and loss of interface
integrity. This results in substantial difficulties in incorporating
chiral-QDs into typical multilayered photodiode architectures.
As a result, their use has been largely restricted to low-
performance photoconductors or phototransistors, which face
severe integration challenges for image-sensor-level architectures
[2, 51, 52].

Traditionally, CPL photodetectors have relied on the intrinsic
chirality of light-absorbing layers, raising a fundamental question
of whether the intrinsic optical chirality of light absorbers is
essential for CPL sensitivity. Inspired by recent advances in
spin light-emitting diodes (spin-LEDs) [53–55], we propose an
alternative strategy by introducing chirality into charge transport
layers, offering a practical yet largely unexplored approach for
CPLphotodetectors. This strategy exploits the chiral-induced spin
selectivity (CISS) effect, a quantum phenomenon in which elec-
trons transmitted through chiral structures preferentially adopt
one spin orientation even without external magnetic fields [56–
60], thereby enabling spin-selective carrier extraction. This offers
significant advantages, including simplified device integration,
broad material compatibility, and robust CPL sensitivity with
various absorbers. Crucially, because this approach does not
depend on wavelength-limited optical chirality, it provides a
straightforward route to extendCPL detection into theNIR/SWIR
regions, where conventional chiral photoactive materials are
scarce or inefficient. This concept underpins the present work.
2 of 12
Herein, we report broadband CPL-sensitive QD-photodetectors
exploiting the CISS effect in chiral-ZnO electron transport layers
(ETLs) (Figure 1a). The structural asymmetry of chiral-ZnO
nanoparticles enables preferential transmission of spin-
polarized carriers while suppressing opposite spins, effectively
functioning as a spin filter for polarization-sensitive photocurrent
extraction. We fabricated photodiodes (Figure 1b) comprising
a chiral-ZnO ETL, a QD-photoactive layer, and a poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
hole transport layer (HTL). Self-powered photodiodes based
on heavy-metal-free Cu–In–Se (CISe) QDs exhibit outstanding
specific detectivity (D*) reaching 1.28 × 1012 Jones at 0 V
and notable photocurrent dissymmetry factors (gIph) of ∼0.17
at 260 nm and ∼0.13 at 780 nm, demonstrating effective
broadband CPL sensitivity from UV–vis to NIR (Table S2). The
multilayer device platform described here is extendable to other
QD materials, providing versatile material compatibility and
enabling CPL detection into the SWIR region with excellent
device performance (D*: 1.45 × 1012 Jones, gIph: ∼0.2 at 260 nm
and ∼0.14 at 1550 nm at 0 V). These findings propose chiral
charge transport layers as a generalizable platform for broadband
CPL detection, providing a scalable and optically passive strategy
for next-generation quantum information technologies, optical
communications, and biomedical imaging.

2 Results and Discussion

2.1 Preparation and Characterization of
Chiral-ZnO Nanoparticles

In this study, ZnO nanoparticles were selected as a model system
for chiral charge transport materials in QD-photodiodes owing
to their widespread use as ETLs in QD-based optoelectronic
devices, attributable to their high electron mobility, favorable
band alignment for efficient electron extraction from QDs, and
solvent orthogonality allowing for multilayer device fabrica-
tion [61–63]. Pristine-ZnO nanoparticles were synthesized by
modifying a previously reported method [63] and subsequently
functionalizedwithL/D-cysteine via ligand exchange process (see
Experimental Section) [64, 65]. Transmission electronmicroscopy
(TEM) analysis confirms an average particle size of 2.9 nm (Figure
1c; Figure S1), sufficiently small to enable effective chirality induc-
tion via surface functionalization [66]. Further size-dependent
chirality studies show that larger ZnO nanoparticles (e.g., 7 nm)
exhibit weaker chirality due to reduced surface effect by chiral
ligand passivation (Figure S2). Therefore, this study focuses
primarily on 2.9 nm-sized ZnO nanoparticles for the subsequent
investigations.

To understand the influence of cysteine coordination modes on
the optical chirality of ZnO nanoparticles, the pH condition
during the ligand exchange reaction was systematically var-
ied. Cysteine possesses thiolate, amino, and carboxylate groups
(Figure 1a), whose ionization states depend on solution pH,
with pKa values of 1.71 for ─COOH, 8.27 for ─SH, and 10.8 for
─NH3

+. Depending on its protonation state, cysteine is expected
to coordinate to the surface Zn2+ ions of ZnO nanoparticles
in monodentate, bidentate, or tridentate modes, significantly
influencing the induced chirality. It has been reported that
tridentate coordination is preferred in other II–VI nanocrystals
Advanced Materials, 2026
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FIGURE 1 Preparation and characterization of chiral-ZnO nanoparticles. (a) Schematic illustration of a QD-photodetector with a chiral charge
transport layer. Cross-sectional TEM images of (b) CISe QD-photodetectors with chiral-ZnO ETL. (c) TEM image of chiral-ZnO nanoparticles. (d) 1H
NMR spectra of chiral-ZnO nanoparticles prepared at pH 9 and pH 13 during ligand exchange. (e) Circular dichroism spectra of L-ZnO nanoparticles
prepared under different pH conditions, plotted as gCD. (f) Circular dichroism spectra of L-ZnO andD-ZnO nanoparticles (pH 13). (g) Absorption spectra
and (h) WAXS patterns of pristine-ZnO and chiral-ZnO nanoparticles.
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because it imposes strong structural constraints, resulting in a
rigid, non-rotational geometry that enhances chiral distortion
compared to the more flexible bidentate binding mode [64].

1H nuclear magnetic resonance (NMR) spectroscopy provides
direct evidence of pH-dependent cysteine binding (Figure 1d). At
high pH (12–13), cysteine proton signals exhibit clear downfield
shifts (3.42 ppm, 3.50 ppm, and 3.63 ppm) relative to free cys-
Advanced Materials, 2026

v

teine, consistent with tridentate coordination involving thiolate,
amino, and carboxylate groups. In contrast, at lower pH (9–10),
below pKa of the amino group, these signals are suppressed,
and relative upfield peaks appear (3.05 ppm and 2.94 ppm),
indicating bidentate binding [64]. Fourier-transform infrared
(FT-IR) spectroscopy further supports this interpretation (Figure
S3). Across all tested conditions (pH 9–13), the absence of the S─H
stretching (∼2550 cm−1) and the presence of the COO− bending
3 of 12
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mode (801 cm−1) confirm thiolate and carboxylate coordination.
At pH 9–10, the amino groups remain protonated, as indicated
by NH3

+ rocking (1140 cm−1) and asymmetric NH3
+ stretching

(3165 cm−1), whereas at pH 12–13 these NH3
+ peaks disappear and

the NH2 bending vibration emerges (3250 cm−1) [67], indicating
deprotonation and thus enabling tridentate binding.

The successful introduction of chirality in cysteine-capped ZnO
nanoparticles was verified by circular dichroism spectroscopy.
The anisotropy factor of circular dichroism (gCD) reaches a
maximum at pH 13, suggesting optimal cysteine-coordination
as the tridentate mode (Figure 1e). L-cysteine-capped ZnO (L-
ZnO) and D-cysteine-capped ZnO (D-ZnO) nanoparticles exhibit
mirror-image circular dichroism signals with pronounced peaks
at ∼255 nm (Figure 1f), distinct from the characteristic circular
dichroism spectra of free L/D-cysteine (Figure S4), implying
strong interaction between cysteine and surface Zn2+ ions
through ligand-to-metal charge transfer (LMCT) transitions [21,
68]. Absorption spectra of both L/D-ZnO nanoparticles resem-
ble that of pristine-ZnO nanoparticles (Figure 1g), indicating
the minimal alteration of the intrinsic band structure through
cysteine-functionalization. Wide-angle X-ray scattering (WAXS,
Figure 1h) and X-ray absorption near edge structure (XANES)
analyses (Figure S5) reveal negligible changes between pristine-
and chiral-ZnO nanoparticles, confirming the retention of the
wurtzite crystal structure after the ligand exchange. X-ray pho-
toelectron spectroscopy (XPS) further validates successful ligand
exchange (Figure S6). The O 1s peak, originally consisting of
lattice oxygen (530.1 eV) and surface-bound hydroxyl groups
(531.0 eV), broadens and shifts toward higher binding energy
(532.2 eV) after ligand exchange, consistent with the replacement
of hydroxyl ligands by cysteine-derived carboxylates [69]. Addi-
tionally, the emergence of a clear S 2p [70] signal at 162 eV further
confirms the presence of cysteine ligands on the ZnO surface.

2.2 CISS Effect in the Chiral-ZnO ETLs

The CISS effect refers to the preferential transmission of charge
carriers with a specific spin orientation through chiral materi-
als [56–60]. To investigate spin-dependent charge transport in
the chiral-ZnO ETLs, magnetic conductive-probe atomic force
microscopy (mc-AFM) measurements were performed using
magnetized probe tips. Prior to the measurements, the topo-
graphic uniformity of the chiral-ZnO film was confirmed by
atomic force microscopy (AFM) imaging, ensuring reliable anal-
ysis of spin-polarized current generation. Notably, the chiral-ZnO
ETLs can be uniformly deposited over wafer-scale areas (Figure
S7), ensuring consistent spin-polarized current generation and
suggesting their potential for large-scale image-sensor array pro-
duction.Under applied bias, electrons flow from the sample to the
magnetized probe tip, resulting in a measurable spin-polarized
current. The spin polarization (P) of the transmitted electrons is
calculated from the current–voltage (I–V) characteristics under
two magnetization states (spin-up and spin-down) of the tip,
using the following equation [71, 72]:

P =
Ispin−up − Ispin−down

Ispin−up + Ispin−down
×100% (1)
4 of 12

e

Initially, I–V characteristics of the chiral-ZnO films (thickness:
15 nm) on indium tin oxide (ITO) substrates were measured over
49 regions and averaged to ensure reproducibility (Figure 2a–c;
Figure S8 and S9). L-ZnO films, which preferentially facilitate
spin-up transport, exhibit significantly higher spin-up than spin-
down currents, while the latter were lower than those measured
using non-magnetized tips. Conversely, D-ZnO film, favoring
transport of down-spin electrons, shows the opposite trend, with
down-spin currents exceeding both spin-up and non-magnetized
currents. The resulting spin polarization values of L-ZnO and
D-ZnO are +85.2 ± 9.6% and −81.9 ± 8.84% at 2.0 V, respectively.

To further validate the CISS effect in practical devices,
the same measurements were carried out on multilayer
ITO/PEDOT:PSS/CISe QDs/chiral-ZnO structures (Figure 2d–f).
As before, data from 50 different locations were averaged (Figure
S10). Despite the reduced overall current due to the presence of
the HTL and QD-photoactive layer, high spin polarization is still
maintained, with values of +68% and −70% at 2.0 V for L-ZnO
and D-ZnO, respectively, confirming the robustness of the CISS
effect in actual device architectures.

The energy band structure of the chiral-ZnO nanoparticles was
evaluated using cyclic voltammetry (CV) and Tauc plot analyses
(Figure 2g; Figure S11), revealing the conduction band minimum
(CBM) at −4.28 eV and the valence band maximum (VBM) at
−7.77 eV. These values are consistent with the reported values
for bulk ZnO (CBM = −4.2 eV and VBM = −7.5 eV) [73] with
slight shifts attributed to dipole formation and trap passivation
induced by cysteine functionalization [74, 75]. Mott–Schottky
analysis further confirms their electrical properties, with the
positive slopes indicating typical n-type semiconductor behavior
(Figure 2h). The calculated carrier concentrations (N) for both L-
andD-ZnO are comparable to those of pristine-ZnOnanoparticles
(Figure 2i), indicating that cysteine functionalization does not
alter the intrinsicn-type character or overall electronic properties.

2.3 NIR CISe QD-Photodetectors with the
Chiral-ZnO ETL

CISe QDs were selected as the photoactive material for QD-
photodiodes owing to their strong broadband absorption from
UV to NIR, excellent device performance [63, 76], and non-
toxicity. Specifically, ∼4 nm-sized CISe QDs were employed
Figure 3a; see Supporting Information for experimental details
based on our previous research, demonstrating their optimal
performance in photodiode applications [63], particularly due to
favorable band alignment. To enhance their electrical properties,
the native long-chain oleylamine (OAm) ligands were replaced
with shorter tetrabutylammonium iodide (TBAI) ligands via a
solid-state ligand exchange process, confirmed by XPS (Figure
S12). X-ray diffraction (XRD) reveals no structural changes after
ligand exchange, retaining the tetragonal chalcopyrite phase
(Figure S13). Ligand exchange induces a slight red-shift in the
absorption band-edge from 1.38 eV to 1.36 eV (Figure 3b; Tauc plot
in Figure S14), indicating enhanced electronic coupling between
QDs due to reduced interparticle spacing. AFM imaging shows
uniform surface morphology of the TBAI-CISe QD film on ITO
without aggregation (Figure S15).
Advanced Materials, 2026
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FIGURE 2 CISS-driven spin transport and electrical properties of chiral-ZnO ETLs. (a) Schematic illustration of themc-AFMmeasurement set-up
for ITO/chiral-ZnO. I–V curves of (b) ITO/L-ZnO and (c) ITO/D-ZnO, measured with AFM tips under three magnetic states: non-magnetized (gray),
magnetized up (blue), and magnetized down (red). (d) Schematic illustration of mc-AFM measurement set-up for ITO/PEDOT:PSS/CISe QDs/chiral-
ZnO. I–V curves of (e) ITO/PEDOT:PSS/CISe QDs/L-ZnO and (f) ITO/PEDOT:PSS/CISe QDs/D-ZnO under three magnetic states: non-magnetized
(gray), magnetized up (blue), and magnetized down (red). (g) CV curve and Tauc plot of L-ZnO nanoparticles. (h) Mott–Schottky plots of pristine-ZnO
and chiral-ZnO nanoparticle films on a glassy carbon electrode measured at 10 kHz, and (i) estimated carrier concentrations.
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QD-photodiodes with the multilayer structure of
ITO/PEDOT:PSS (40 nm)/TBAI-CISe QDs (40 nm)/chiral-
ZnO (15 nm)/Ag (90 nm) were fabricated for CPL detection.
Cross-sectional TEM (Figure 1b) and EDS mapping (Figure
S16) confirm the layer architecture and elemental distribution.
The CPL measurement setup is depicted in Figure 3c, where
RCP or LCP light is generated through a quarter-wave plate
oriented at +45◦ or −45◦ relative to the light propagation
axis, respectively. The energy band diagram for the device is
illustrated in Figure 3d, with the energy levels of the CISe
QDs determined by CV curves (Figure S17). Under the CPL
illumination, spin-polarized electron–hole pairs are generated
within the CISe QDs [2, 77], and charge carriers are separated
by the built-in electric field: while holes migrate through the
PEDOT:PSS HTL to ITO, spin-polarized electrons selectively pass
through the chiral-ZnO ETL and move toward the Ag electrode,
resulting in spin-dependent charge transport. The spin-polarized
electron transport within the QD layer is supported by multiple
mechanisms. First, the Rashba-type spin–orbit coupling arising
Advanced Materials, 2026
from strong interfacial band bending (e.g., at the QD/ZnO
junction) can lift spin degeneracy and reduce spin-flip scattering,
thereby stabilizing non-equilibrium spin polarization during
interfacial extraction [78]. Second, n-type doping (e.g., induced
by TBAI passivation) generates excess free electrons, which are
known to exhibit significantly longer spin lifetimes than excitonic
carriers by avoiding fast electron–hole exchange interactions [79,
80]. Third, in the case of CISe QDs, intrinsic spatial separation
between delocalized electrons and Cu-localized holes further
suppresses spin relaxation by reducing wavefunction overlap
[81]. The basic performance of the photodetectors was first
evaluated under unpolarized illumination (see Supporting
Information for experimental details). Current density–voltage
(J–V) curves under dark and illumination conditions show
clear rectifying behavior (Figure 3e). Due to the strong built-in
potential, primarily originating from the Fermi-level offset
between the QDs and ZnO-ETLs (Figure S18), the photodiodes
operate effectively without external bias (i.e., self-powered
operation), exhibiting broad spectral sensitivity from 250 to
5 of 12
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FIGURE 3 UV–vis–NIR CPL detection of CISe QD-photodetectors with chiral-ZnO ETL. (a) TEM image of OAm-CISe QDs with size distribution
histogram (average diameter: 4.1 ± 0.6 nm; n = 200). (b) Solid-state absorption spectra of OAm-CISe QD and TBAI-CISe QD films. (c) Schematic
illustration showing the experimental setup. (d) Energy band diagram of CISe QD-photodiodes. (e) J–V characteristics of CISe QD-photodetectors with
chiral-ZnO ETL under dark and illumination (640 nm, 5.1 mW cm−2). (f) Wavelength-dependentD* at 0 V bias. (g) Temporal photocurrent responses at
0 V bias (555 nm, 89mW cm−2). (h) LDR under 555 nm illumination (9.9 µWcm−2–102mW cm−2). J–V curves of QD-photodetectors employing (i) L-ZnO
and (j) D-ZnO ETL under LCP and RCP illumination (780 nm, 1.1 mW cm−2). I–t curves of QD-photodetectors employing (k) L-ZnO and (l) D-ZnO ETL
under 260 nm CPL illumination at 0 V bias. I–t curves of QD-photodetectors employing (m) L-ZnO and (n) D-ZnO ETL under 780 nm CPL illumination
at 0 V bias. (o) Wavelength-dependent gIph at 0 V bias. p) I–t curves of L-ZnO ETL-based devices under CPL illumination (780 nm, 1.1 mW cm−2). The
device was remeasured after three weeks of storage following the initial test, demonstrating stability.
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1000 nm. D*, measured without external bias, exceeds 1012 Jones
across the vis-to-NIR range (430–780 nm), with a peak of 1.28 ×
1012 Jones at 640 nm (Figure 3f; Table S2). D* was estimated from
photocurrent responsivity (RI) and noise current density (Figure
S19), considering thermal and flicker noise beyond shot noise
to avoid overestimation. Furthermore, our devices exhibit rapid
responses (rise: 2.0ms, decay: 0.9ms; Figure 3g) and awide linear
dynamic range (LDR) of ∼76 dB (9.9 µW cm−2–102 mW cm−2;
6 of 12
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Figure 3h). Overall, the devices show performance comparable
to state-of-the-art heavy-metal-free QD-photodiodes [63].

To examine the limitations of incorporating chirality directly into
QDs, photodetectors employing cysteine-capped CISe QDs as the
photoactive layer were fabricated (see Supporting Information
for experimental details). Cysteine-capped CISe QDs exhibit
good dispersibility in polar solvents, complicating multilayer
Advanced Materials, 2026
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fabrication due to interfacial mixing. This limits the device
architecture to a simple photoconductor configuration without
dedicated charge transport layers that are essential for the
effective charge extraction from QDs. Consequently, device per-
formances are notably inferior compared to devices utilizing
the chiral-ZnO ETL, yielding over three orders of magnitude
lower detectivity (Figure S20). This highlights the advantage of
introducing chirality into charge transport layers rather than
photoactive layers.

CPL discriminationwithout external polarization optics is clearly
demonstrated, even at the wavelengths where the chiral-ZnO
ETLs lack intrinsic optical chirality (Figure S21). For example,
under 780 nm illumination, devices employing the L-ZnO ETL
generate higher photocurrent under LCP illumination than RCP,
whereas devices with the D-ZnO ETL exhibit the opposite trend
(Figure 3i,j), consistent across the tested bias range. These results
indicate that the observed CPL sensitivity arises from the CISS
effect of the chiral-ZnO ETLs rather than from chiral optical
absorption.

Current–time (I–t) measurements under repeated CPL on/off
cycles at 0 V bias provide reliable quantification of photocurrent
dissymmetry factors (gIph), which are calculated as follows [63]:

𝑔Iph =
2 (IL−IR)
IL + IR

(2)

where IL and IR represent the photocurrent generated under LCP
and RCP illumination, respectively. gIph The devices employing
the L-ZnO and D-ZnO ETL exhibit gIph values of +0.15 and −0.17
at 260 nm, demonstrating stable spin-dependent photoresponse
over time (Figure 3k,l). At 780 nm, where the chiral-ZnO ETLs
lack light absorption, gIph is ∼0.13 (Figure 3m,n). The reduced
gIph at 780 nm compared to 260 nm is attributed to the absence of
intrinsic optical chirality in the ETLs at this wavelength (Figure
S22), implying that CPL discrimination originates solely from the
CISS effect at 780 nm, whereas both CISS and optical chirality
contribute at 260 nm. Measurements at additional wavelengths
(470, 555, 640, and 850 nm) without light absorption by the
chiral-ZnO ETLs yield similar gIph of ∼0.13 (Figure 3o; Figure
S23), further confirming the proposedmechanism. Increasing the
chiral-ZnO ETL enhances spin-selective photocurrent responses
(Figure S24), consistent with previous findings [56]. In contrast,
increasing the CISe QD thickness causes both D* and gIph to
decrease (Figure S25) due to enhanced scattering [82], further
confirming the optimal QD thickness of 40 nm. No CPL response
is observed in QD-photodetectors with the pristine-ZnO ETL
(Figure S26). Long-term stability tests demonstrate negligible
degradation in gIph after three weeks, confirming robust device
stability (Figure 3p; Figure S27).

2.4 SWIR QD-Photodetectors with the
Chiral-ZnO ETL

For extended CPL detection into the SWIR regime, we developed
QD-photodiodes by integrating the chiral-ZnO ETL with SWIR
QDs. PbS QDs (∼6 nm in diameter), initially capped with oleic
acid (OA), were synthesized via a colloidal hot-injection method
(Figure 4a; see Supporting Information for experimental details)
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[83]. PbS QDs have long served as a model material system
in the infrared QD research field due to their wide bandgap
tunability from the NIR (∼1.0 µm) to the SWIR region (up to
∼2.5 µm) and excellent electrical properties [83]. The native long-
chain OA ligands were replaced with TBAI through a solid-state
ligand exchange process analogous to that used for CISe QDs,
inducing a slight red-shift in absorption spectra (Figure 4b).
Successful ligand exchange is confirmed by XPS (Figure S28),
and XRD verifies retention of the PbS rock-salt crystal struc-
ture (Figure S29). SWIR-sensitive PbS QD-photodetectors with
the chiral-ZnO ETL were fabricated with the architecture of
ITO/PEDOT:PSS (30 nm)/TBAI-PbS QDs (100 nm)/chiral-ZnO
(25 nm)/Ag (90 nm), consistent with the CISe devices except for
the light absorber materials and layer thicknesses (Figure 4c).
Energy levels and corresponding band alignments were deter-
mined using the Tauc plot and CV analyses (Figure S30). Similar
to the case of CISe QDs, spin-polarized transport in the PbS QDs
is also expected to be supported by the presence of excess free
electrons [79, 80] introduced by the TBAI treatment and Rashba-
type spin–orbit coupling [78] at the QDs/chiral-ZnO interface.
These effects help preserve spin polarization during interfa-
cial extraction, enabling CPL-resolved detection in the SWIR
regime.

Basic device performance was evaluated under unpolarized
illumination. J–V characteristics show clear rectifying behavior
(Figure 4d), indicating self-powered operation without external
bias, which is attributed to the strong built-in potential at
QDs/ZnO interfaces (Figure S31). The devices exhibit broad
spectral response from 250 nm to 1700 nm, with an outstanding
maximum D* of 1.45 × 1012 Jones at 1490 nm at 0 V bias
(Figure 4e; Figure S32). Temporal responses are notably fast (rise
time: 0.46 ms, decay time: 0.34 ms; Figure 4f) and LDR is 88 dB
(Figure 4g), outperforming CISeQD-based devices. Overall, these
QD-photodiodes deliver outstanding performance across UV–
is–NIR–SWIR, surpassing previously reported CPL-sensitive
photodetectors [5, 7–9, 11, 15, 16, 22, 24, 25, 28, 29, 31–35, 42, 43,
56, 72, 84–86] (Table S2) and performing comparably to state-
of-the-art, non-CPL-sensitive SWIR QD-photodiodes [87–92]
(Table S3).

To assess CPL detection capability, I–t responses were recorded
under repeated CPL on/off cycles at 0 V bias. PbS QD-
photodetectors with the chiral-ZnO ETL exhibit clear photocur-
rent dissymmetry under CPL illumination across a wide spectral
range (Figure 4h). At 260 nm, gIph reaches ∼0.2 (Figure 4i,j).
To elucidate the role of the chiral-ZnO ETL as a spin-selective
transport layer, additional measurements were conducted at the
wavelengths lacking intrinsic circular dichroism (Figure S33).
At 1550 nm, a representative SWIR wavelength, distinct gIph
values (∼0.14) persist for both L-ZnO and D-ZnO-based devices
(Figure 4k,l). Measurements at 470, 555, 640, and 850 nm give
similar gIph (Figure S34). These results clearly demonstrate that
the observed CPL sensitivity originates from spin-dependent
charge transport through the chiral-ZnO ETLs, independent of
the intrinsic optical chirality of the QD absorbers. Furthermore,
varying the thickness of the PbS QD layer reveals that gIph
increases as the layer becomes thinner, with the highest values
of ∼0.23 observed at 45 nm due to minimized spin depolarization
during transport (Figure S35). However, very thin films suffer
from reduced optical absorption, leading to lower D*. To ensure
7 of 12
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FIGURE 4 UV–vis–NIR–SWIR CPL detection of PbS QD-photodetectors with chiral-ZnO ETL. (a) TEM image and size distribution histogram of
PbS QDs (average diameter: 6.2 ± 0.5 nm; n = 200). (b) Solid-state absorption spectra of OA-PbS QD and TBAI-PbS QD films. (c) Schematic illustration
showing the device structure of PbS QD-photodetectors. (d) Logarithmic J–V characteristics of PbS QD-photodetectors with chiral-ZnO ETL under dark
and illumination (470 nm, 21 mW cm−2). (e) Wavelength-dependent D* at 0 V bias. (f) Temporal photocurrent responses at 0 V bias (555 nm, 89 mW
cm−2). (g) LDR under 555 nm illumination (5.7 µW cm−2–127 mW cm−2). (h) Wavelength-dependent gIph at 0 V bias. I–t curves of QD-photodetectors
employing (i) L-ZnO and (j)D-ZnO ETL under 260 nmCPL illumination at 0 V bias. I–t curves of QD-photodetectors employing (k) L-ZnO and l)D-ZnO
ETL under 1550 nm CPL illumination at 0 V bias.
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both strong CPL selectivity and reliable photodetector perfor-
mance, we therefore adopted a 100 nm-thick PbS QD layer as the
optimized configuration. This thickness offers a practical balance
between preserving spin polarization and achieving sufficient
SWIR absorption.

3 Conclusion

In this study, we have demonstrated broadband CPL-sensitive
QD-photodetectors covering the UV–vis–NIR–SWIR range by
integrating the chiral-ZnO ETL with NIR/SWIR QDs. By lever-
aging the CISS effect, the chiral-ZnO ETLs selectively transmit
spin-polarized carriers generated in the QD-photoactive layers.
This enables robust polarization-specific photocurrent responses
across a wide spectral range, even beyond the intrinsic absorption
of chiral-ZnO nanoparticles. Self-powered photodiodes based
on heavy-metal-free CISe QDs exhibit outstanding D* over 1012
Jones without external bias and broadband CPL sensitivity (gIph:
8 of 12
∼0.17 at 260 nm, ∼0.13 at 780 nm). Furthermore, PbS QD-
based devices achieve superior device performance (D*: 1.45
× 1012 Jones) with broadband CPL sensitivity spanning UV–
is–NIR–SWIR (gIph: ∼0.2 at 260 nm and ∼0.14 at 1550 nm).
These results demonstrate that CPL detection capability does
not necessarily require intrinsic optical chirality in photoactive
materials. Instead, integrating chiral charge transport layers
offers a powerful, generalizable, and scalable strategy for broad-
band CPL photodetection, significantly broadening the scope of
polarization-sensitive optoelectronics across the UV–vis–NIR–
SWIR spectrum.

4 Experimental Section

4.1 Chemicals and QD synthesis

Detailed information on the chemicals used and the synthesis
procedures for QDs is described in the Supporting Information.
Advanced Materials, 2026
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4.2 Synthesis of pristine-ZnO nanoparticles

ZnOnanoparticleswere synthesized following amodified version
of our previously reported method [63]. Briefly, for the typical
synthesis of ∼3 nm-sized ZnO nanoparticles, 3.0 mmol of zinc
acetate⋅2H2O was dissolved in 30.0 mL of dimethyl sulfoxide and
stirred at 30◦C for 1 h. Separately, 0.5 mmol of tetramethylammo-
nium hydroxide was dissolved in 10.0 mL of ethanol. Then, the
tetramethylammonium hydroxide solution was added dropwise
into the zinc acetate solution at a controlled rate of 0.5 mL
min−1 while maintaining vigorous stirring at 30◦C for 1 h. The
products were purified by centrifugation using ethyl acetate and
finally re-dispersed in 1-propanol for subsequent experiments.
Larger ZnO nanoparticles (∼7 nm) were obtained by modifying
only the reaction temperature and time (60◦C for 3 h), while
keeping all other conditions, including reagent concentrations,
solvent compositions, and purification procedures, identical to
the original synthesis.

4.3 Functionalization of ZnO nanoparticles with
chiral ligands

The functionalization of ZnO nanoparticles with chiral ligands
was carried out by standard ligand exchange procedures [64,
93]. Briefly, 2.0 mL of a cysteine ligand solution (0.2 m in
methanol) was mixed with an aqueous tetramethylammonium
hydroxide solution (0.25 m) to adjust the pH to the desired
value. Subsequently, 3.0 mL of a ZnO nanoparticle solution
(1.23 m in 1-propanol, Zn basis) was added, followed by stirring
for 30 min. The resulting nanoparticles were purified via cen-
trifugation with acetone. After discarding the supernatant, the
chiral-ZnO nanoparticles were re-dispersed in ethanol for further
use.

4.4 Fabrication of QD-photodiodes with the
chiral-ZnO ETL

CISe QD-photodiodes were fabricated with a device architecture
of ITO/PEDOT:PSS/TBAI-CISe QDs/chiral-ZnO/Ag. Initially,
ITO substrates were sequentially cleaned with detergent and
deionized water, followed by ultrasonication in acetone for
15 min. After drying, the substrates were exposed to UV-ozone
for 30 min. A PEDOT:PSS layer was deposited via spin-coating
(1000 rpm, 30 s) and subsequently annealed at 180◦C for 20 min.
A CISe QD-photoactive layer was prepared using a solid-state
ligand exchange protocol. CISe QD dispersion in toluene was
spin-coated (2000 rpm, 15 s), followed by the drop-casting of
TBAI solution (10 mg mL−1 in ethanol) for 1 min. The film
was then rinsed twice with ethanol to remove unbound ligands.
This QD deposition and ligand-exchange cycle was repeated
until the desired film thickness was achieved, followed by
annealing at 100◦C for 5 min. Subsequently, the chiral-ZnO
ETL was spin-coated (2000 rpm, 15 s) from a chiral ZnO
nanoparticle dispersion (0.74m in ethanol) and annealed at 100◦C
for 10 min. Finally, a 90 nm Ag electrode was deposited by
thermal evaporation. For the fabrication of PbS QD-photodiodes
with the chiral-ZnO ETL, a similar procedure was followed,
except the CISe QD solution was replaced with a PbS QD
solution.
Advanced Materials, 2026
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