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Chiroptoelectronic devices are crucial for applications in quantum computing,
spin optical communications, and magnetic recording. However, the limited

efficiency and low stability of conventional circularly polarized light (CPL)-
sensing materials have restricted their broader use. Here, we introduce atomic
chiral Se nanorod (NRs) films as broadband CPL detectors, leveraging the
intrinsic chirality and stability of Se nanocrystals. We also perform incident
circular polarization (ICP)-Raman optical activity (ROA) to explore the chir-
optical activity of the large-area films. The Se NRs thin films detected CPL
across a broad range from ultraviolet (UV) to short-wavelength infrared
(SWIR), with a responsivity dissymmetry factor of up to 0.4, maintaining high
stability under ambient conditions for longer than 13 months. CPL-sensitive Se
NRs with intrinsic chirality have potential applications in chiral photonic
synapses, chiral spin devices, and CPL-sensitive photocatalysts. ICP-ROA
mapping also advances the analysis of 2D chiral materials.

Circularly polarized light (CPL) offers valuable functionalities in var-
ious optical devices, from quantum computing and spin optical com-
munications to magnetic recording' . The detection and manipulation
of the spin angular momentum of light have become key technologies
for exploiting this intriguing aspect of light. Chiral organic polymers®
and organic-inorganic hybrid materials (chiral perovskites)’* have
emerged as promising candidates for CPL detection, allowing the
integration or miniaturization of conventional CPL-sensitive photo-
detectors that typically require wave plates and polarizing filters. For
example, Chen et al. reported a photodetector using a chiral hybrid
perovskite which showed a responsivity dissymmetry factor (ges) of
0.1 under 395 nm CPL laser irradiation'®. Similarly, Peng et al. devel-
oped a VIS-NIR dual-modal CPL detector using chiral perovskite bulk
crystals, achieving g;.s values of up to 0.13 and 0.1 for 520 and 800 nm
illumination, respectively". Despite these advances, CPL photodiodes
based on organic polymers and hybrid perovskite materials suffer
from long-term instability when exposed to humid environments, high
temperatures, and ultraviolet (UV) light. The volatile and hygroscopic
nature of the organic components also poses challenges for
commercialization . Although all-inorganic achiral perovskites have

been introduced as more stable alternatives, the incorporation of
organic cations in chiral perovskites synthesis remains necessary, as
these cations are essential for imparting chirality to the system. Plas-
monic metamaterials offer a stable option for detecting CPL; however,
their heat generation leads to energy loss and potential device
damage, while limited number of peaks and detection wavelength
range also hinder further multiplexing and the use of wavelengths
beyond the NIR>"°, In contrast, short-wavelength infrared (SWIR) CPL
photodetectors provide significant advantages, such as a broader
detection range, improved imaging through various materials,
reduced scattering for clearer images, enhanced night vision cap-
abilities, and improved material identification” ™. Therefore, it is
imperative to develop broadband photodetectors based on all-
inorganic materials that can effectively detect the spin angular
momentum of light across a broad wavelength range, extending to
SWIR, with long-term stability.

Chiral inorganic nanocrystals with non-centrosymmetric atomic
structures are promising candidates for broadband CPL photo-
detectors. Crystals with atomic chiral lattice structures are more likely
to exhibit broadband optical activity from visible to IR due to their
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intrinsic anisotropy in both inter- and intra-band transitions® . A

significant condition is that these crystals possess consistent handed-
ness (left or right). For example, Se naturally has a non-
centrosymmetric lattice structure of chiral space group, but its
orientation (left or right) forms randomly. Therefore, the technology
to induce or selectively form crystals in one direction is crucial for
versatle applications.

It is also important to accurately analyze whether the lattice
structure of the obtained crystal is left- or right-oriented. Atomic-
resolution scanning transmission electron microscopy (STEM) ima-
ging with tilting techniques was employed to precisely determine the
atomic-level chirality” . However, this technique is time-consuming
and requires precise TEM with aberration correctors, making it
unsuitable for the statistical analysis of nanocrystal handedness.
Although Ben-Moshe et al. correlated the shape handedness with the
crystal handedness of chiral Te nanocrystals and analyzed the occur-
rence of left-handed and right-handed crystals using the scanning
electron microscopy (SEM) technique”, this method is limited to
nanocrystals with their overall shape or chiral morphology. Therefore,
there is a need for facile and universal analytical techniques to deter-
mine the crystal handedness of nanocrystals.

In this study, we report the enantioselective synthesis of Se
nanorods (NRs), which possess an intrinsic non-centrosymmetric tri-
gonal atomic structure. Se materials also have stable photogalvanic
properties, making them an ideal candidate for a broadband CPL
detector'®?773°_ Utilizing these properties, we designed a CPL photo-
detector with a thin film of Se NRs on the top electrode, capable of
detecting a broad range of CPL from UV to SWIR. We also performed a
two-dimensional (2D) Raman optical activity (ROA) mapping to sta-
tistically determine the handedness of the crystal. This chiral 2D ana-
lysis revealed that Se NRs had left-(P3,21) or right-handed (P3,21)
lattice structures when synthesized using L-cysteine (L-Cys) or D-
cysteine (D-Cys) under certain conditions. The photodetector showed
a high asymmetric responsivity for photons with different handedness,
reaching values of up to 0.4, which is comparable to or even higher
than the values reported for chiral perovskites'>?*. We believe that
our Se NRs with intrinsic/atomic chirality, their thin films, and the 2D
ROA mapping technique pave the way for chiroptical electronic devi-
ces and large-area chirality analysis tools.

Results and discussion
Structural analysis and growth mechanism
Trigonal Se can exhibit two different chiralities in its crystal structure,
as shown in Fig. 1a: P3,21 for right-handed crystals and P3,21 for left-
handed crystals. To synthesize trigonal Se nanocrystals with controlled
crystal handedness, we adopted a screw dislocation-driven growth
method for 1D nanostructures under low supersaturation conditions®,
utilizing chiral cysteine (Cys) ligands to bias the synthesis towards one-
handedness. The synthesized Se nanocrystals are referred to as L- and
D-Cys-Se NRs when L- and D-Cys are used as chiral ligands, respec-
tively, and DL-Cys-Se NRs when an equivalent racemic mixture of L- and
D-Cys is used. Transmission electron microscopy (TEM) and SEM
analysis revealed that L- and D-Cys-Se NRs were approximately
105+21nm and 126+27nm in diameter, 1020+290nm and
977 + 442 nm in length, respectively, whereas DL-Cys yielded larger Se
NRs with diameters of 183+53nm and lengths of 1640 790 nm
(Fig. 1b and Supplementary Fig. 1). X-ray diffraction analysis confirmed
that the Cys-Se NRs had a trigonal Se crystal structure, consistent with
the ICDD PDF number 06-0363 (Fig. 1c and Supplementary Fig. 2).
TEM analysis revealed interesting contrasts and voids within the
Se NRs (Fig. 1d-f). We noted that they originated from screw disloca-
tions formed during chiral growth. Chiral molecules play a crucial role
in this process and are highly sensitive to the pH of the growth solu-
tions. A low reduction rate leads to low monomer supersaturation,
which in turn promotes screw dislocation-mediated growth. The

moderately low pH of the reaction solution can therefore bias chiral
crystal growth in the presence of chiral molecules®®**, The correla-
tion between pH, morphology, and optical activity is supported by the
flat circular dichroism (CD) spectra observed at pH > 10 (Supplemen-
tary Fig. 3).

However, our L-Cys-Se and D-Cys-Se NRs did not exhibit sig-
nificant morphological differences in the SEM and TEM images, sug-
gesting a lack of correlation between shape and atomic chirality, unlike
the previously reported method”. Therefore, we analyzed the atomic
chirality of a single nanorod using a high-resolution STEM tilting
method (Fig. 1g-i). High-angle annular dark-field (HAADF)-STEM ima-
ges of L-Cys-Se NR from the [120] and [010] zone axes after tilting 30°
to the right (counterclockwise) around the c-axis from the [120] zone
axis closely matched the simulated atomic arrangement of a left-
handed P3,21 Se crystal. This indicates the potential for determining
the crystal handedness of Se nanocrystals using an atomic-resolution
STEM tilting series.

ICP-ROA spectral analysis

While high-resolution STEM-based analysis provides accuracy and
allows for individual analysis, it also has significant limitations,
including the requirement of expensive instruments and expert mea-
surement skills. To address these limitations, we applied ICP-ROA to
assess the intrinsic chirality of chiral Se NRs. This is because, unlike CD
spectroscopy, which probes electronic transitions in the visible and
near-infrared regions, ICP-ROA detects chiral phonons, enabling the
characterization of chirality within inorganic crystal lattices by
revealing long-range coherent vibrations and chiral distortions at the
atomic level’’*%, Thus, we collected the Raman shift signals from a
broad area with a diameter of ~15 um, allowing the averaged Raman
shift signals from multiple Se NRs to be reflected in the spectra. From
the Raman spectra of the Se NRs shown in Fig. 2a, the 1st order Raman
shift peaks at 102, 143, 233, and 237 cm™ can be assigned to the rota-
tion about the chain z-axis, rotation about the x- or y-axis of the chain,
asymmetric breathing, and symmetric breathing phonon modes of the
lattice structures, respectively. The peaks at 437 and 459 cm™ can be
attributed to the 2nd-order spectra of trigonal Se*.

ICP-ROA (lrcp—ILcp) spectra using CPL excitation, depicted in
Fig. 2b, ¢ shows positive and negative signs for L- and D-Cys-Se NRs,
indicating left-handed (M) and right-handed (P) helix crystal struc-
tures, respectively*®. The sign of the ICP-ROA peak from the quartz
substrate remained consistent throughout the measurements of dif-
ferent samples, serving as a reference (Supplementary Fig. 4). Fur-
thermore, when defining the ROA dissymmetry (circular intensity
difference, CID, 4) values as (Ixcp — I cp)/(Ircp + ILcp) Where Ixcp and [ cp
represent the Raman intensities of RCP and LCP light, respectively, the
A-values for L-Cys-Se and for D-Cys-Se were approximately 0.1 and
-0.1, respectively (Fig. 2d). These values are significantly higher than
those typically observed in optically active molecules, which have
A-values up to 107 **2, This strong ROA dissymmetry can be attributed
to the high occurrence of one-handedness in the intrinsic chirality of
the inorganic crystals (either P3,21 or P3,21).

To utilize ICP-ROA techniques for investigating the enantiomeric
excess ratio of Se NRs, we adopted a 2D microscale mapping method
of ICP-ROA, which is useful for statistical analysis to determine the
handedness of intrinsically chiral nanocrystals across a desired area
(Fig. 2e). To obtain non-overlapping ICP-ROA signals from Se NRs, we
deposited Se NRs at an air-water interface in a thin film form, inspired
by a previous report (Supplementary Fig. 5)*.

ICP-ROA mapping for 2D chiral analysis

Raman signals were collected from 100 points over a 50 x 50 um area
on the L-, D-, and DL-Cys-Se NRs films (Fig. 2f-h). The main 1st order
Raman shift peak at 237 cm™ was selected to plot 2D mapping. The
results showed that L[-Cys-Se NRs showed approximately 50%
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enantiomeric excess (ee), while D-Cys-Se NRs exhibited —44% ee.
(Fig. 2i, j, and Supplementary Fig. 6). In contrast, DL-Cys-Se indicates a
minimal enantiomeric excess. In the case of DL-Cys-Se NRs, the
occurrence ratios were 49% for a positive sign and 51% for a negative
sign, displaying a minimal value of -1% ee, which indicates an almost
racemic occurrence of M- and P-helix nanocrystal structures in the
presence of racemic Cys (Fig. 2k and Supplementary Fig. 7). These
results demonstrate that 2D ICP-ROA mapping techniques can effec-
tively monitor the population ratios of chiral nanocrystals and deter-
mine the handedness of chiral NRs using spatial distribution
information.

Chiroptical activity originates from the intrinsic chiral
structures

Chiral crystals possess chiral charge density waves that result in
chiral electronic band structures*’. Thus, materials with chiral
atomic arrangements can exhibit optical activity where electron
transitions occur, unlike materials with mere morphological
chirality. Se NRs are expected to exhibit broadband optical
activity from visible to the IR range in both inter- and intra-band

P3,21(eft)  Mirror  P3:21(right)

Fig. 1| Morphology and atomic structure analysis of cysteine (Cys)-Se NRs.

a Schematic of the atomic structure of left-handed (LH) P3,21 and right-handed
(RH) P3,21 Se crystals. b Scanning electron microscopy (SEM) image and ¢ X-ray
diffraction (XRD) pattern, d-ftransmission electron microscopy (TEM) images of L-
Cys-Se NRs showing screw dislocation-induced e contrast and f voids, g high-angle

transitions due to their intrinsic atomic chirality. Consequently,
chiroptical analysis was conducted over a broad wavelength
range from UV to 2500 nm. The thin film deposition of Se NRs
facilitated broadband optical analyses. L-, D-, and DL-Cys-Se NRs
exhibited a broad extinction peak from 180 to 2500 nm
(Fig. 3a, b). L-and D-Cys-Se NRs presented broad optical activity
from 180 to 2500 nm, with the CD spectra being mirror images of
each other, whereas DL-Cys-Se NRs showed no optical activity
(Fig. 3c). Notably, the random orientation of the Se NRs enabled
us to rule out linear birefringence and linear dichroism effects in
the CD signals (Supplementary Fig. 8). In addition, Se NRs dis-
persed in ethanol showed the same CD signal trend as the CD film
(Supplementary Fig. 9). The CD peaks from the UV to the visible
range can be ascribed to quantum confinement and the intrinsic
bandgap (-1.8eV), whereas those at 480 and 650 nm can be
assigned to interband transitions from covalent bonds within the
Se chain and weak interchain van der Waals interactions*. The CD
peaks between 800 and 2500 nm can be attributed to the elec-
tron transition to defect states within the bandgap, possibly
caused by screw dislocations*®™*°. Furthermore, the chiroptical
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annular dark-field (HAADF)-scanning transmission electron microscopy (STEM)
image, h, i (left images) high-resolution HAADF-STEM image of h the [120] zone
axis, i the [010] zone axis tilted 30° to the right from the [120] zone axis of L-Cys-Se.

Insets show selected area diffraction (SAD) of L-Cys-Se (right pattern) and simu-
lated atomic arrangement of the P3,21 Se crystal.
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activity was significant throughout the UV to SWIR region, with
dissymmetry of absorption (gcp) values up to 0.008, due to the
high enantiomeric excess of the intrinsically chiral Se NRs
(Fig. 3d), where the gcp was calculated using the equation:
gcp=CD/(32980 x absorbance). Comprehensive Mueller polari-
metry analysis was also used to assess the intrinsic chiral
responses of the CD and circular birefringence, excluding

possible artifacts, such as linear dichroism and linear birefrin-
gence of the film (Supplementary Fig. 10)*.

Trigonal Se is generally recognized as a p-type semiconductor
with photocurrent property, where photon absorption increases hole
density, thereby enhancing conduction®®*% The presence of screw
dislocations introduces defect states that trap electrons, allowing
charge carriers (holes) to be generated with energy lower than the
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Fig. 2 | Raman optical activity (ROA) and 2D ROA mapping of Cys-Se nanorod
(NR) film. a Raman spectra of L-Cys-Se NR film and the type of phononic oscillation
of atoms. The gray shaded area indicates the first-order Raman peaks at 102 and
143 cm™, which are attributed to rotational modes about the chain z-axis and the x-
or y-axis, respectively. The pink shaded area highlights the Raman peaks at 233 and
237 cm’, corresponding to the asymmetric and symmetric breathing phonon
modes of the lattice structure. The inset shows an enlarged view of the Raman peak
region (pink shaded area). b, ¢ incident circular polarization (ICP)-ROA spectra of

b first-order, ¢ second-order Raman shift, d A-value spectra of levo (L)-, dextro (D)-,
racemic (DL)-Cys-Se NR films. The A-value, or circular intensity difference (CID), is
defined as (lrcp — I cp)/(Urcp * I.cp) Where Izcp and I, cp represent the Raman inten-
sities of right- and left-circularly polarized (RCP and LCP) light, respectively. The
raw data are shown as shaded curves, and the smoothed spectra are overlaid as
solid lines. e Schematic illustration of the 2D ROA mapping analysis and data
analysis. f-h 2D mapping of the normalized ICP-ROA of fL-, g D-, h DL-Cys-Se NRs at
the Raman shift peak of 237 cm™.
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Fig. 3 | Intrinsically chiral Cys-Se NRs with broadband chiroptical activity from
ultraviolet (UV) to short-wave infrared (SWIR). a Digital image of a thin film of L-
Cys-Se NRs on a quartz substrate used for optical measurement. b Extinction
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spectra, ¢ smoothed circular dichroism (CD) spectra, d dissymmetry factor of
absorption (gcp) spectra of chiral Cys-Se NR films. The shaded curves in (b-d)
represent the raw data, while the solid lines indicate the smoothed spectra.

bandgap (800 nm-2500 nm). Furthermore, the trigonal Se NRs can be
deposited into a two-dimensional thin film by using interfacial
assembly technique on water surface*’. This method, combined with
our findings on broadband chiroptical activity, inspired us to apply
these materials in a broadband CPL photodetector. To achieve this, we
fabricated a photodetector device with a thin film of randomly dis-
tributed Se NRs (-30 nm thick) deposited on an interdigitated Au
electrode with a thickness of 50 nm, as shown in Fig. 4a, b. When
exposed to 488 nm wavelength light, the Cys-Se NR photodetectors
generated a stable current with minimal variation within 1nA across
different devices. (Supplementary Fig. 11). Furthermore, Se NR pho-
todetector exhibited fast response and reset time within 1s with the
current rising and decay process with a reset time of less than 0.2s
(Supplementary Fig. 12)*>%. The slope of the IV curve changed
depending on whether the photodetector was illuminated with left-
circularly polarized (LCP) light, right-circularly polarized (RCP) light,
and linearly polarized (LP) light (Fig. 4c and Supplementary Fig. 13).
Since L-Cys-Se NRs absorbed LCP light more effectively than RCP light
at 488 nm, the CPL detector exhibited a steeper slope for LCP incident
light in the /-V curve compared to RCP and LP light. This trend was

consistently observed across different illumination times and tem-
poral photoresponses (Fig. 4d, e). Notably, the CPL photodetector did
not generate a photocurrent in the absence of light, confirming the
presence of an evident photocurrent in the Se NR film. It can be noted
that the charges between adjacent rods can be transported through
hopping mechanism where charge carriers in nanorods film hop from
one rod to another. A network of interconnected nanoparticles also
provides continuous pathways for charge carriers to move towards the
electrodes via percolation pathways making the device work®**’. The
retarder angle-dependent photocurrent result indicates that the pho-
tocurrent exhibits a sinusoidal pattern as the ellipticity of the incident
light is varied, with the highest photocurrent values observed at —45
and 135°, highlighting the dependence of photocurrent on the degree
of light ellipticity (Fig. 4f). Thus, the L-Cys-Se NRs have higher photo-
current properties under left-handed elliptical light than under right-
handed elliptical light at 488 nm, consistent with the CD spectra.
Meanwhile, the light intensity-dependent photocurrent results
also showed a consistent photoresponsivity of ca. 20 mA/W over
a range of light intensities from 2 to 10 mW/cm? (Fig. 4g). The photo-
responsivities of L- and D-Cys-Se photodetectors were measured
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Fig. 4 | Se NR film as a broadband circularly polarized light (CPL) photo-
detector. a, b Microscopic images of a Au (50 nm)/Cr (3 nm)/SiO, (300 nm)/Si
substrates, b L-, D-, or DL-Cys-Se / Au/ Cr / SiO, / Si substrates. ¢ I-V curves of L- Cys-
Se device under dark conditions, LCP 488 nm, RCP 488 nm, and LP 488 nm light
illumination. The dotted line indicates the current when applying 10 V voltage,
which is chosen for irradiation time-dependent photocurrent in the following
figures (d-i) with 488 nm laser to avoid potential device degradation while main-
taining a high photocurrent signal*’, where the light intensity was 9 mW cm™ after
the light passed a linear polariser and a quarter-wave plate (retarder).

d Photocurrent of L- Cys-Se device under dark, LCP 488 nm, RCP 488 nm, LP

488 nm irradiation as a function of illumination time. e Photoresponse of L-Cys-Se

Wavelength (nm)

Wavelength (nm)

films under LCP and RCP 488 nm light, with 10-s on/off intervals. f Photocurrent as a
function of light ellipticity, defined by the angle between the linear polarizer and
the quarter-wave retarder. The data points represent the measured photocurrent
values, and the solid line is a polynomial fit to the data. g Light intensity-dependent
photocurrent and photoresponsivity at 10 V under 488 nm incident unpolarized
light. h Wavelength-dependent photoresponsivity, i Calculated wavelength-
dependent responsivity dissymmetry factor (g;es) values of L-, D-Cys-Se CPL pho-
todetector under LCP and RCP light illumination at 395, 405, 488, 635, 850, and
1310 nm, alongside the gcp spectra for comparison. The data points represent the
average g values, and the solid lines correspond to the g¢p spectra. Error bars in
(h) and (i) indicate the standard deviation.

at 405, 488, 635, 850, and 1310 nm under RCP and LCP light illumina-
tion. As shown in Fig. 4h, the photoresponsivity of L- and D-Cys-Se
photodetectors varies with wavelength and handedness of light,
ranging between of 5 and 30 mA/W which are typical values for tri-
gonal Se-based photodetectors®™®° and sufficient for general
photodetection®®*, - and D-Cys-Se photodetectors exhibited oppo-
site trends in photoresponsivity, with the trend at 488 and 635nm
being reversed at 850 and 1310 nm. Note that the photocurrent beyond
1400 nm was negligible due to the limited density of intermediate
states******, The distinguishability of different photoresponsivities to
LCP and RCP can be quantified using an anisotropy factor (ges=2
(R.-RR)/(RL +Rg)) where R, and Ry are photoresponsivity under LCP
and RCP, respectively. Figure 4i shows that the g, values at 395, 488,
635, 850, and 1310 nm followed a similar trend to the gcp spectra,
indicating the highest g..s value up to ~0.4 at 850 nm, due to the high
&cp of L- and D-Cys-Se NRs with a high enantiomeric excess ratio. The
lower gcp values of the Se photodetectors compared to the g;.s values
can be attributed to non-specific extinction from the scattering com-
ponent in the CD spectra, which does not affect the g, values. The Se

NR films presented in this work demonstrate broader chiroptical
activity in both g5 and gcp, spanning from the UV to the SWIR region,
while maintaining comparable or even higher values than previously
reported structural, organic, and hybrid CPL detectors, which are
typically limited to narrower ranges within the visible to near-infrared
region®®%’, Thus, chiral Se NRs can serve as broadband CPL photo-
detectors with high distinguishability. In addition, the Se NRs are stable
under ambient conditions, making photodetectors made from these
materials nearly semi-permanent.

Given that stability is a crucial specification for devices, the long-
term stability of the Se NR CPL detector was examined after aging for
13 months under ambient laboratory conditions (Fig. 5). The gcp and
extinction spectra of both freshly prepared and 13-month-old films
exhibited negligible differences in both sign and peak positions across
UV to SWIR region (Fig. 5a—c). In addition, no significant degradation in
photocurrent performance was detected between the 13-month-old
film and the fresh film, indicating consistent current generation trends
when illuminated with RCP, LP, and LCP lights (Fig. 5d). Figure 5e
shows the nonlinear trend in the photocurrent over long-term aging,
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Fig. 5 | Long-term stability of Se NR film in ambient conditions. g, spectra of
fresh and 13-month-old a L-, b D-, and ¢ DL-Cys-Se NR films. d Photoresponse of
fresh and 13-month-old L-Cys-Se films under 488 nm LCP, LP, and RCP light, with

10-s on/off intervals at an applied voltage of 10 V. e Relative photocurrent of L-Cys-
Se films at different time points compared with the fresh film. Error bars indicate
standard deviation.

where the initial increased photocurrent can be attributed to the
interfacial and lattice relaxation effect upon aging®”".

In conclusion, we report an enantioselective synthetic method for
producing chiral Se NRs with controlled atomic crystal chirality.
Although the overall morphology of the synthesized Se NRs was
identical to that of symmetric NRs, the atomic chirality was success-
fully resolved using the 2D ICP-ROA mapping technique. The 2D ROA
mapping provides a universal tool to statistically probe enantioex-
cessive ratio of chiral materials with the intrinsic crystal chirality. The
atomically chiral Se NRs showed strong chiroptical activity across a
broad wavelength range from UV (180 nm) to SWIR (2500 nm). The
CPL photodetector fabricated using these Se NRs showed effective
CPL photoresponsivity at the selected wavelengths ranging from
395 nm to 1310 nm, with gs values of up to 0.4. Furthermore, the
photodetector remained highly stable for over 13 months under
ambient conditions, attributed to the inorganic nature of the materials.
The broadband CPL detectors with the atomically chiral Se NRs that
can detect light from UV to SWIR can open up applications in security,
quantum information and communication, and the biomedical field,
compared to traditional CPL detectors that only detect a limited light
range. For example, these CPL detectors enhance security by detecting
and countering stealth technologies designed to evade detection in
the UV-Vis range, as well as enabling polarization-based encryption and
decryption methods over a wide spectral range. In medical applica-
tions, these detectors could be employed in multispectral imaging
systems to detect and differentiate between various tissues and bio-
logical structures, enhancing the ability to diagnose and monitor
conditions that exhibit chiral signatures in deeper tissues. This system
can also be applied in various fields that require intrinsic chirality of
materials, such as low-power spintronics, quantum information, and
photo-catalysis, leveraging the additional degree of freedom provided
by light chirality.

Methods

Materials

Selenium dioxide (SeO,, 299.9%), L-cysteine (L-Cys, 98%), D-cysteine
(D-Cys, 99%), sodium hydroxide (NaOH, 95%), ethanol (99%), and

hydrochloric acid (37%) were purchased from Sigma-Aldrich and used
without further purification. All water used was ultrapure from a Mil-
lipore system (18.2 MQ-cm).

Preparation of atomically chiral Se NRs

Atomically chiral selenium NRs were synthesized via a chemical
reduction method in a 40 °C water bath. First, 0.5 mL of SeO, solution
(0.1 M) was added to 4.5 mL of Milli-Q water. The reaction solution was
then mixed with 1 mL Cys solution (0.1 M) (L-Cys, D-Cys, DL-Cys for L-
Cys-Se, D-Cys-Se, DL-Cys-Se) and 0.5 mL of SDS solution (0.1 M). The
pH of the mixture was adjusted to 8. Finally, 7 mL ethanol was added to
the mixture. The solution was stirred at 300 rpm for 3 h at 40 °C, where
the gcp value at the peak wavelength was maximized (Supplementary
Fig. 14). During the reaction, the color of the solution changed from
orange to brick red, indicating a transition from amorphous to trigonal
Se NRs. The final products were washed and collected by centrifuga-
tion with ethanol and water after adjusting the pH of the solution to 11
to remove cysteine crystals. The Se NRs were then redispersed in
ethanol for further characterization (Supplementary Figs. 15, 16). It is
noteworthy that the synthesis of Cys-Se NRs can be carried out at room
temperature using elemental selenium as a precursor, with water and
ethanol as co-solvents. This process is environmentally benign, as it
does not produce harmful fumes, allowing it to be conducted under
ambient conditions on a standard laboratory bench with basic equip-
ment. Furthermore, the synthesis is streamlined, as it does not require
separate steps for nucleation and growth. The nucleation of amor-
phous Se is initiated immediately upon the addition of Cys to the
mixture, followed by spontaneous growth into trigonal Se during the
reaction with ethanol.

Preparation of a thin film of chiral Se NRs

A chiral Se nanorod thin film was prepared following a previously
reported method®. Briefly, atomic chiral Se NRs were dispersed in
1-butanol by sonication at a concentration of 1 mg/mL. The Se nanorod
dispersion was then dropped onto the water surface to form a thin film
at the air-water interface. The film was subsequently transferred onto a
quartz wafer (20 x 20 mm).
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Raman analysis

ICP-ROA spectra were obtained using a LabRAM HR Evolution spec-
trometer (Horiba Co., Japan). A laser beam with a wavelength of
785 nm was focused on a spot approximately 15 um in diameter on the
Cys-Se NR film surface using a 10x objective lens to acquire ROA
spectra, as it provides an averaged signal over multiple nanorods. The
incident RCP and LCP light were generated by passing linearly polar-
ized light through a quarter-wave plate. For 2D ROA mapping, a 100x
objective lens with a 600 grating/mm was used, resulting in a spot size
of 1.5 um, where the minimized spot size enabled statistical analysis at
the level of individual nanorods. In addition, light power of 161.6 u\W
and 62.5 uyW were used for L-, D-Cys-Se and DL-Cys-Se, respectively, by
changing neutral density filters. The spectral window ranged from 50
to 500 cm™. The mapping was performed over a 10 x 10 grid by
scanning from -20 um to 25 um with an acquisition time of 10's. The
enantiomeric excess (ee%) was calculated using the formula 100 x (4 -
B)/(A + B), where A and B are the number of positive and negative ROA
values, respectively.

Electron microscopy and optical characterization

Bright-field HR-TEM images were obtained using a Libra 200 MC TEM
(Carl Zeiss, Germany) equipped with a ZrO/W-field emitter system
(Schottky emitter), a monochromator (CEOS, Germany), an Imaging
Cs-Corrector (CEOS, Germany), and a Corrected OMEGA in-column
energy filter, operated at 200 kV at the Korea Basic Science Institute
(KBSI) on the Daejeon Campus, South Korea. HAADF-STEM images
were obtained at 200kV using a scanning transmission electron
microscope (Titan cubed G2 60-300; FEI) with double Cs correctors at
the KAIST Analysis Center for Research Advancement (KARA). Samples
for XRD and Raman spectral analyses were prepared by drop-casting
the powder onto Si substrates. Absorption and CD spectra were
recorded using a CD spectrometer (J-1700, JASCO, Japan).

CPL photodetector fabrication and photocurrent measurement
Top Au gate electrodes (50 nm) were deposited via e-beam evapora-
tion and patterned using shadow masks. The active area of the device
had a channel length (L) of 200 pm and a gap width (W) of 3 um,
respectively. The L- or D-Cys-Se NR films were deposited onto the
interdigitated Au electrodes by transferring the L- or D-Cys-Se NRs thin
films onto water-air surfaces. The electrical properties of the devices
were evaluated using a Keithley 4200A-SCS instrument. The photo-
responsivity of the photodetector under light illumination was calcu-
lated using the following equation based on the previous report’

Photoresponsivity =[(/jigne — /qar)/Apt]/(P/Apa) @

where ljigp is the current measured under visible light illumination,
while 4, represents the dark current. The power of the incident light
is denoted as P. The parameter A, corresponds to the effective device
area, determined by the product of the channel width and thickness.
Meanwhile, Apq refers to the laser source’s spot size. Although the
channel area between the gold electrodes was not fully covered by Se
NRs, which negatively affected the device’s photoresponsivity values,
we assumed the channel area was fully covered to simplify the calcu-
lation of the photodetection value.

Data availability

The Source Data underlying the figures of this study are available with
the paper. All raw data generated during the current study are available
from the corresponding authors upon request. Source data are pro-
vided with this paper.
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