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ABSTRACT: Circularly polarized light emission (CPLE) can
be potentially applied to three-dimensional displays, informa-
tion storage, and biometry. However, these applications are
practically limited by a low purity of circular polarization, i.e.,
the small optical dissymmetry factor gcpig. Herein, glancing
angle deposition (GLAD) is performed to produce inorganic
nanohelices (NHs) to generate CPLE with large gcp p values.
CdSe NHs emit red CPLE with gcp g = 0.15 at a helical pitch
(P) ~ 570 nm, having a 40-fold amplification of gcp z compared
to that at P ~ 160 nm. Ceria NHs emit ultraviolet—blue CPLE
with gepp &~ 0.06 at P ~ 830 nm, with a 10°-fold amplification
compared to that at P & 110 nm. Both the photoluminescence
and scattering among the close-packed NHs complicatedly
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account for the large gcpi g values, as revealed by the numerical simulations. The GLAD-based NH-fabrication platform is
devised to generate CPLE with engineerable color and large gcprr = 1072—107", shedding light on the commercialization of

CPLE devices.

KEYWORDS: semiconductor nanohelices, circularly polarized light emission, circularly polarized scattering, glancing angle deposition,

atomic layer deposition

ircularly polarized light emission (CPLE), denoted as
‘ the differential emission of left- and right-handed
circularly polarized light (LCP and RCP, respec-
tively), has attracted increasing attention, owing to promising
applications in the fields of three-dimensional displays,'
bioimaging,2 biosensing,‘}”4 and information storage.5 Various
chiral materials and structures have been fabricated to produce
CPLE in the ultraviolet (UV)—visible—near-infrared (NIR)
region. Typically, CPLE is attributed to circularly polarized
luminescence (CPL, denoted as the differential emission of
LCP and RCP luminescence) through an emission from a
chiral excited state of chiral materials with a size much smaller
than the excitation wavelength (or a subwavelength size), such
as chiral molecules with chromophores,’ metal—organic
complexes,” semiconductor quantum dots modified with chiral
ligands,” conjugated polymers,”'® supramolecules,' ">
two-dimensional perovskites with chiral organic cations.'
When their sizes are comparable to the excitation wavelength

and

© XXXX The Authors. Published by
American Chemical Society

WACS Publications

(such as assemblies of chiral nanoclusters,” superstructures
with multiscale chirality,” chiral template-induced nano-
assemblies,”"” chiral nanocomposites,'* and chiral composites
with a photonic band gap'®), CPLE has an additional or even
dominant contribution from circularly polarized scattering
(CPS),'° denoted as the preferential scattering of LCP or
RCP."”

It is of essential importance for circular polarization optics to
generate either LCP or RCP emission, and the degree of CPLE
polarization has been quantitatively evaluated in terms of the
optical dissymmetry factor gcprg, given by
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Figure 1. GLAD of one-turn CdSe NHs, having a helicity of (a, b) LH with P = 743 nm, and (c, d) RH with P = 754 nm. (a, c¢) Scanning
electron microscopy (SEM) tilted images (insets, SEM top-down images; scale bar, 200 nm). (b, d) TEM images of individual CdSe NHs
(insets, selected area electron diffraction (SAED) images). UV—visible—NIR spectra of the close-packed arrays of CdSe NHs: (e-I)
extinction, (e-II) CD, and (e-III) gcp. (e-I) inset: a photograph of LH-CdSe NHs uniformly deposited on a sapphire with an area of 1.5 X 1.5
cm’. (f) Plots of Ayy (the wavelength of the CD peak in the UV region, marked in e-II) and A, (the wavelength of the zero-crossing of the
bisignated CD peaks, marked in e-II) versus P, which are linearly fitted. (g) Plots of the integrated area of the g¢p, peak in the visible region
(Ag, marked with the shading in e-III) versus P, fitted with a Gaussian function. (f, g) Monitored parameters shown as an average value with
a standard deviation (represented with scale bars), with not less than three samples being monitored for the statistical analysis. (e—g) LH,

red symbols; RH, blue symbols.

L hep — Irep CPLE

Ecore T

54 Lo+ Irep Iicp + Irer (1)

ss where I} cp and Icp represent the intensity of LCP and RCP
s6 emission, respectively and CPLE is defined as CPLE = I;op —
57 Iycp. An emission of LCP without its polarization counterpart
s8 gives geprg = 2. In contrast, geprg = —2 results from the
s9 emission of RCP alone. A mixture of LCP and RCP in a ratio
60 of 1:1 causes gcprp = 0. The purer the circular polarization of
61 CPLE, the larger the absolute value of gcprg, which has a
62 maximum absolute value of 2. Some of the critical problems
63 prohibiting the commercialization of CPLE devices are small
64 gcprg values. The subwavelength chiral materials weakly
65 interact with the excitation irradiation, so that the CPL-
66 dominant CPLE usually has a Igcppgl value on the order of
67 1075-107%"%7%° A dimensional amplification through supra-
68 molecular assemblies, chiral-ligand-directed bottom-up growth,
69 and chiral template-directed assemblies leads to an obvious
70 increase of Igcp gl on the order of 107'-10°>"**" mainly
71 ascribed to the CPS. Among diverse methods to produce the
72 CPS, supramolecular assemblies of organic molecules into
73 chiral nanospirals or nanohelices (NHs), which have a helical
74 pitch (P) in the nanoscale, have been widely adopted to
7s achieve a lgcprgl value in a range of 1073-10%** Supra-
76 molecular assemblies of lanthanides, cesium tetrakis(3-
77 heptafluorobutylryl-(+)-camphorato) Eu(II) complexes, have
78 a large gcprp value of 1.38, probably owing to the magnetic-
79 dipole-allowed but electric-dipole-forbidden f—f transition,
80 large pseudo-Stokes shift, and long luminescence lifetime.***"
81 Inorganic NHs,*>” fabricated by template-assisted electrosyn-
82 thesis,”* focused electron/ion beam-induced deposition,””*°
83 colloidal nanohole lithography together with tilted angle
84 deposition,”” and glancing angle deposition (GLAD),””*® are
gs composed of the nanoscale helicity’” and thus exhibit strong
86 optical activities in terms of the differential extinction
87 (including absorption, reflection, and scattering) of LCP and
g8 RCP incidences,’”*' with an excellent environmental stabil-
g9 ity.*” It is indicated that inorganic luminophore NHs have

strong, stable CPS-dominant CPLE with large Igcp gl values.

90

To the best of our knowledge, however, there is a lack of 91

application of inorganic NHs to generate CPLE.

Here, we apply GLAD®* to fabricate semiconductor
luminophore NHs* made of cadmium selenide (CdSe) and
ceria (CeO,) for the emission of CPLE in red and UV—blue
spectral regions, respectively. Chiral ligands have been widely
used to generate chiral CdSe quantum dots to emit the CPL-
dominant CPLE in the visible region.*® Ceria has special
physicochemical properties and will be potentially applied to
biochemical catalysis,w’48 biosensing,49 antioxidation,”” anti-
bacterial,>"** and treatment of tumor and ischemia strokes.”
To the best of our knowledge, however, CPLE has yet been
imposed on ceria to seriously limit its bioapplications in a wide
range, even though ceria nanostructures have been fabricated
to generate photoluminescence in the UV—blue region.”*~*° In
this work, CdSe and ceria NHs are deposited on supporting
substrates by GLAD to emit CPLE. Facile control of substrate
rotation during GLAD enables a flexible engineering of helical
handedness and P in the nano/micrometer scales, resulting in a
control of circular polarization state and a significant increase
of the gcp g values as large as 3 orders of magnitude. CdSe and
ceria. NHs show maximum Igcpigl values of 0.15 and 0.06,
respectively. Numerical simulations using COMSOL Multi-
physics were performed to calculate the CD and CPLE of the
NHs uniformly assembled in a square lattice, showing that the
simulation results are in good agreement with the experimental
results. They reveal that the CPL and CPS make a complicated
contribution to the CPLE. The GLAD technique provides a
versatile NH-fabrication platform to generate and tune high-
gcpis CPLE in a broad (UV—visible—NIR) spectral region.

RESULTS AND DISCUSSION

CdSe NHs with Engineerable Optical Activities. GLAD
was performed to deposit a close-packed array of one-turn
CdSe NHs with random assembly (Figure S1). Counter-
clockwise and clockwise substrate rotation in 360° during
GLAD enabled the fabrication of left-handed (LH, Figure 1a)
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Figure 2. Numerical simulations of CD in a periodic assembly of the one-turn CdSe NHs. (a) Schematics for simulating the CD of an LH-
CdSe NH excited with RCP and LCP incidences, while the transmitted light is simulated. A helical structure is presented with a helical pitch
(P), wire diameter on the top (d,) and at the bottom (dy), and coil diameter (D). (b) Comparison of the simulated CD spectra (dashed lines)
and the experimental results (solid lines) in the UV—visible—NIR region, for the LH- and RH-CdSe NHs with P ~ 300 nm. (c) Plot of the
simulated A, versus P, with a linear fitting. (b, c) LH, red symbols; RH, blue symbols. In the simulation, a square lattice with a period of a (d-
I) was constructed to accommodate individual NHs. The distribution of electric field (E, at a wavelength of 320 nm) at the helical surfaces is
simulated in terms of (d) the amplitude and (e) phase: (I) RCP-RCP (incident and transmitted light both with the RCP state); (II) RCP-
LCP (incident and transmitted light with the RCP and LCP state, respectively); (III) LCP-RCP (incident and transmitted light with the LCP
and RCP states, respectively); (IV) LCP-LCP (incident and transmitted light both with the LCP state).

127 and right- handed (RH, Figure lc) NHs in one turn,
128 respectively.”” The rate of substrate rotation was controlled
129 to engineer the P in a range of 160—760 nm (according to eq $
130 (Materials and Methods) and Figure S1, I-VII). The NHs
131 were evaluated to have an average atomic Cd:Se ratio of ~2:3
132 (e, Cdy4Seqs), independent of the helicity (Figure S2). CdSe
133 NHs are polycrystals (insets in Figure 1b,d, and Figure S3a—g)
134 composed of the grains shrinking in size with an increase in P
135 (Figure S3h). They appear to have a broadening profile along
136 with their growth and possess rough and branching surfaces
137 (Figure 1b,d). The close-packed array of CdSe NHs, vertically
138 protruding on a supporting substrate in a random arrangement,
139 shows UV—visible—NIR broad-band extinction (Figure le-I).
140 Elongating P above 300 nm gradually reduces the optical
141 transparency of the NH arrays deposited on sapphires (Figure
142 S1d), where the extinction signals are out of the detection
143 range in the UV region (Figure S1a). The optical activity of the
144 CdSe NHs were characterized with circular dichroism (CD) in
145 the UV—visible—NIR region, denoted as the differential
146 extinction of incident LCP and RCP. The LH-CdSe NHs
147 exhibit bisignated CD signals composed of a negative mode
148 (CD < 0) in the UV region and a positive mode (CD > 0) in
149 the UV—visible region (Figure le-II). The bisignated CD
150 spectra flip around the zero-CD axis with a switch in the
151 chirality from LH to RH, illustrating that the CdSe NHs
152 possess intrinsic optical activity owing to their nanoscale
153 helicity. The intrinsic optical activity tends to red shift with the
154 elongation of P (Figure S1b). Both Ayy (the peak wavelength
155 of the CD mode in the UV region, Figure le-II) and 4, (the
156 zero-crossing wavelength of the bisignated CD peaks, Figure
157 le-II) linearly shift with P. Ay and A, have a red-shift slopes of
158 ~0.20 and ~0.26, respectively, which is nearly independent of
159 the helical handedness (Figure 1f). It is not convenient to
160 quantitatively study the P-induced red shift of another CD

mode in the UV—visible region, because it appears to split into
two peaks at some P value (Figure Slb, II-V). To
quantitatively evaluate the optical activity of individual NHs
in a close-packed array, the CD signals of a NH array were
normalized by the extinction 51%nals to evaluate the anisotropic

g factor (or gep), according to
_ CD
§cp 16500 extinction 2)

where CD is the ellipticity (units: degree, or deg). Due to the
saturation of the monitored extinction signals in the UV region
when P > 300 nm, only the UV—visible CD mode could be
evaluated in terms of gcp with the elongation of P in the full
range of 160—760 nm (Figure Slc). gcp is evaluated to be as
large as 0.4 in the visible region, 1 order of magnitude higher
than the largest g value for CdSe chiral nanostructures
reported previously,” to the best of our knowledge (Table
S1). The integrated area of the UV—visible gcp peak (A
Figure 1le-III) was calculated as a function of P, apprommately
showing a volcano profile that reaches the maximum optical
activity at a P ~ 480 nm (Figure 1g).

With an incidence of RCP or LCP irradiation from the top
of individual CdSe NHs vertically protruding on a sapphire
substrate, the transmission light was simulated according to the
experimental CD measurement (Figure 2a, and Materials and
Methods, Numerical Simulation). One NH with the broad-
ening profile was modeled with the helicity composed of P, coil
diameter D, and wire diameter gradually increasing from the
bottom (dj) to the top (d,) along with the helical growth. The
random assembly of the NHs was approximately modeled with
a periodic assembly in a square lattice (with a period of a,
Figure 2d-I). All of these modeling parameters are summarized
in Table S2, according to the structural characterization with
SEM. It is very challenging to model CdSe NHs made of a
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193 rough, branching surface, and thus smooth surfaces were . RH: — , —H— . . RH: ===, =O-—
din th deli Experiment Simulation
194 constructed in the modeling. LH: — , —m-— LH: === , =O-—
195 The simulated CD spectra qualitatively have good agree- 0.6 1400 07
ith the experimental results (Figure 2b and Fi ® (@ s o,
196 ment w1t the experlmen?a I‘eSlAl ts (Flgure 2b an Fl‘gl.lre S4a ~o4 B 700 o © ﬂh?' 3
197 versus Figure S4b). The simulation results show the bisignated < e g ./ﬁ o| &
198 CD features that have a red shift with the elongation of P. 2 02 = o'o*i\” ”””” o °°§
199 Some deviations from the experimental results were observed. SRIIT N .oi _°=_a g ©

200 The simulations reveal that the CD peak in the UV region

201 tends to split into two peaks when P > 400 nm and that in the 8
202 UV—visible region does not. In contrast, it was experimentally _g‘
203 monitored that the peak splitting occurred in the UV—visible E
204 region in the P range of 400—660 nm but did not occur in the =
205 UV region. The simulated CD intensities are stronger than the & ‘
206 experimental results, and the red-shift slope of A, which was 850 1 0.6 02 12
207 simulated to be 0.45 (Figure 2c), is larger than the 0.15 (c)hi 1.6 100
) . : ®
208 experimental result (~0.26, Figure 1f). The A, values of the L= -
209 UV—visible gcp peak were simulated to linearly increase with = E
210 the elongation of P in the range of 200—520 nm, reach a s 0.0 ‘s 10
211 plateau in the P range of 520—590 nm, and then continuously L
212 increase at P > 590 nm (Figure SS). However, the 015 - i 1
213 experimental results showed that A, had a volcano profile 580 670 (nm;“) 850 200 40'}:(“,6)00 800
214 with P (Figure 1g). These deviations can probably be ascribed
215 to those in the structural modeling. The CdSe NHs were Figure 3. CPLE of one-turn LH (with P = 486 nm) and RH (with P
216 modeled with the smooth surfaces in a periodic assembly, so = 462 nm) CdSe NHs, characterized with (a) photoluminescence,
217 that the complicated optical scattering from the rough, (b) CPLE, and (c) gcpie spectra. (b, c) CPLE and gepy spectra

simulated with P = 460 nm for both LH- and RH-CdSe NHs. Plots
of (d) CPLE, (e) gcpLp and (f) EF

&cPLE

218 branching surfaces and in the random assembly could not be

219 simulated. measured at a wavelength of

220 The amplitude and phase distributions of the near-field ~688 nm'(marked with a gray dashed line in (a—c) and Figure $6)
221 polarization, which contribute to the far-field transmission versus P in a range '?f 160—760 nm. (a—f) LH{ re"i symbols; RH,
225 from each local point of the LH-CdSe NH (i.e., with P = 300 blue symbols. Experimental results: (a—c) solid lines and (d—f)

solid lines with solid squares. Simulation results: (b, c) dashed

23 nm), were calculated (Figure 2d,e, respectively). The lines and (d, ¢) dashed lines with hollow circles.

224 amplitudes of the RCP-LCP and LCP-RCP components
25 (Figure 2d-1I,d-1II) are much weaker than those of the RCP-
226 RCP and LCP-LCP components (Figure 2d-1,d-IV). The approximately show a volcano-like profile with the elongation 256

227 phase distribution shows a significant difference for the of P, reaching the maximum value of 1036 and —914 mdeg for 257
228 incident and transmitted light with polarization combinations the RH (at P = 564 nm) and LH (at P = 574 nm) CdSe NHs, 258
229 (Figure 2e), and the intensity of the far-field transmitted light respectively (Figure 3d). According to eq 1, the gcp g spectra 259
230 depends on where the constructive or destructive interference were calculated as a function of P (Figure 3e and Figure S6¢). 260
231 conditions are satisfied. It should be noted that the incident gcpre at ~688 nm shows a volcano profile with an increase of 261
232 light experiences complicated scattering processes in the P, and the Igcp; gl values reach the maximum value of ~0.15 at a 262
233 randomly close-packed arrays, leading to the complicated P =~ 570 nm (Figure 3e). With a comparison to the smallest 263
234 amplitude and phase distributions. Therefore, it is challenging gcpwg Value measured at a P ~ 160 nm (or gep (P &~ 160 nm), 264
235 to explicitly correlate the near-field information with the an enhancement factor (EF, , ) was calculated by 265
236 measured CD values. It further illustrates that the differential

237 extinction, including not only the absorption by the NHs but EE. = gCPLE(P)

238 the scattering in the random assembly, accounts for the EceLe gCPLE(P ~ 160 nm) (3) 26

239 measured CD signals. '
240  Strong, Tunable CPLE of CdSe NHs. Under a 532 nm where gepp(P) represents the gepip value for a given P, 267

241 excitation, the CdSe NHs emit red photoluminescence at a measured at the wavelength of ~688 nm. EF,  reaches a 54
242 wavelength of ~688 nm (Figure 3a). The photoluminescence maximum value of ~40 at P & 570 nm, that is, the elongation 269
243 profile appears to be independent of the helical chirality (LH of P from ~160 to ~570 nm results in a 40-fold amplification 270

244 and RH), and the red photoluminescence barely shifts with the of geprr (Figure 3f). The CdSe NHs have a moderate geprp 271
245 elongation of P (Figure S6a). The CdSe NHs are value, compared to those reported for the CdSe chiral 272

246 luminophores and show strong optical activity with respect nanostructures (Table S3). For those to achieve gep g larger 273
247 to the differential extinction (including absorption, reflection, than this work, multiple fabrication processes were generally 274
248 and scattering) of LCP and RCP irradiations, so they could be performed, including the synthesis of luminophore quantum 275
249 CPLE active owing to the CPL and CPS. The CdSe NHs show dots, fabrication of chiral templates, and chiral template- 276
250 red CPLE on resonance with their photoluminescence; assisted assembly of the quantum dots. In this work, the one- 277

—

251 according to eq 1, RCP and LCP lights are preferentially step GLAD was applied to generate the CdSe NHs, which will 278
252 emitted from the LH- and RH-CdSe NHs, respectively (Figure be facilely adapted to mass production of CPLE devices for 279

253 3b). Switching the chirality from LH to RH causes the CPLE advanced optic applications. 280

254 spectrum to flip around the zero-CPLE axis (Figure S6b). The It has been widely studied that the optic dissymmetry g 281

255 CPLE values at the peak wavelength of ~688 nm also factor of CPL (i.e., gi,m) emitted from the subwavelength chiral 252
D https://doi.org/10.1021/acsnano.3c07663
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283 molecules is proportional to gCD.(’O However, the gcp g values
284 measured at the peak wavelength of ~688 nm show a variation
285 with P obviously different from the gcp values measured at the
286 CPLE-excitation wavelength of 532 nm (Figure S7). It is
287 illustrated that the CPS plays a significant role in the CPLE of
288 the CdSe NHs with a P value comparable to the excitation
289 wavelength through Mie scattering of the incident light in a
290 chiral, inelastic manner and that of the CPL emitted from the
291 CdSe NHs in a chiral, elastic/inelastic way.

202 To study the CPLE mechanisms, numerical simulations
293 were performed with an incidence of monochromatic non-
294 polarized light from the bottom of a CdSe NH to simulate the
295 emission of the LCP and RCP lights (Figure 4a), according to

| -RCP ;-LCP

(b) (©)
|E| (a.u.)
1
(@)
chi iRCP
g 0
(d (e)
‘<$ @ [
¢ |
-7

Figure 4. Numerical simulation of CPLE of the one-turn LH-CdSe
NHs having P = 460 nm. (a) Schematic of simulating the CPLE of
a LH-CdSe NH excited with a nonpolarized light at a wavelength
of 532 nm, while the emission lights with the LCP and RCP states
are simulated. The distribution of electric field (E, at the
wavelength of 690 nm) at the helical surfaces simulated in terms
of (b, c) the amplitude and (d, e) phase. In the simulation, the
nonpolarized incidence is composed of eight linearly polarized
lights with a polarization angle interval of 22.5°. (b—e) The
incident light is linearly polarized along the x axis, and the
emission light is in the (b, d) RCP and (c, e) LCP state.

296 the experimental measurement of CPLE. The nonpolarized
297 light was simulated to be composed of eight linearly polarized
208 lights with a polarization angle interval of 22.5°. The simulated
299 results (Figure S8) are in good agreement with the
300 experimental measurements, with respect to the spectral
301 profiles (Figure 3b,c, respectively) and the volcano profiles
302 of CPLE and gcpy g versus P (Figure 3d,e, respectively). Some
303 deviations were also observed: the simulated CPLE spectra
304 tend to have a red shift with the experimental results, the
305 volcano peaks were simulated to be located at a shorter P
306 compared to the experimental measurements, and the
307 simulated gcprp values are generally larger than the
308 experimental values in the whole P range. These deviations
309 can probably be ascribed to those in the helical modeling.

310 To better understand the far-field intensity of the CPLE, we
311 also calculated the near-field distribution of the electric fields
312 of LH-CdSe NH (P = 460 nm). As an example, linearly
313 polarized (along the x axis) pump light at a wavelength of 532
314 nm was used as the excitation light. In the simulation model,
315 the propagation effect of both the pump light and photo-
316 luminescence are taken into account. The calculated amplitude
317 (Figure 4b,c) and phase (Figure 4d,e) distributions of the RCP
318 and LCP emission light at a wavelength of 690 nm are shown

®

=

O

—

in Figure 4b—e. At each local point of the NH, we can assume 319
that there is a dipole emitter which has spatially variant 320
amplitude and phase. The emitted light from each point will 321
pass through the NH arrays and be reflected or scattered. 322
Therefore, it is very difficult to simply tell which circularly 323
polarized component is stronger until calculating the 324
integrated local fields, even though the local field distributions 325
of the photoluminescence light can be calculated. The 326
numerical simulation further verifies that both the CPL and 327
CPS contribute to the observed CPLE. 328

Chiroptically Active Ceria NHs with Controllable 329
CPLE. It is a practical demand to produce CPLE emitted in 330
a controlled spectral region. For instance, UV—blue CPLE can 331
be generated from the ceria NHs. GLAD was performed to 332
fabricate a close-packed array of one-turn ceria NHs vertically 333
protruding on a supporting substrate in a random assembly 334
(Figure Sa,c), and P was tuned in a wide range of 100—1100 335 fs
nm. The ceria NHs are polycrystalline and have fluorite ceria 336
structures with dominant crystal orientation direction along 337
(111) (Figure S9a—f and insets in Figure Sb,d), and their grain 333
size tends to increase with the elongation of P (Figure S9g). 339
Monitored with X-ray photoelectron spectroscopy (XPS), the 340
stoichiometric y value of oxygen atoms in ceria (CeOy) was 341
evaluated to increase from 1.8 to 1.9 with the elongation of P 342
(Figure S10), indicating the existence of oxygen vacancies in 343
the ceria NHs. Analogous to the CdSe NHs, the ceria NHs 344
have rough, branching surfaces with the broadening profile 345
(Figure Sb,d). They show extinction (Figure Se-I) and CD 346
(Figure Se-II) signals mainly in the UV—blue region (Figure 347
S11a,b), where switching the helicity from LH to RH generally 34s
caused the CD spectra to flip around the zero-CD axis. 349
Therefore, the ceria NHs intrinsically are optically active due 350
to their nanohelicity. In the broad P range, the extinction peak 3s1
wavelength (Agxr, Figure Se-I) is generally shorter than the CD 3s2
peak wavelength (Acp, Figure Se-Il); the elongation of P 3s3
results in a red shift of Agyr from 294 to 308 nm and that of 3s4
Acp from 310 to 345 nm (Figure S11). Acp tends to have a 3ss
linear red shift with elongation of P (fitted with a red-shift 3s6
slope of 0.03), and Agyy appears to deviate from the linear 357
variation (Figure Sf). The Igcpl values measured at the peak 3ss
wavelength (4,, Figure 4e-III) tends to increase from 0.05 at P 359
~ 100 nm to 0.13 at P = 800 nm, followed by reaching a 360
plateau of 0.13 in the P range of 800—1100 nm (Figure 5g). 361
The variation of lgcpl and the red shift of Agxr and Acp induced 362
by the elongation of P appear to be independent of the helical 363
handedness. 364

Under the 320 nm excitation, the ceria NHs emit a UV— 365
visible broad-band photoluminescence with a peak at ~390 366
nm, nearly independent of the helical handedness (Figure 6a 367 f6
and Figure S12a). The ceria NHs emit CPLE mainly in the 368
UV-—Dblue region, which quenches quickly in the visible region 369
(Figure 6b and Figure S12b). Analogous to the CdSe NHs, the 370
LH- and RH-ceria NHs preferentially emit RCP and LCP light, 371
respectively. Both the CPLE intensity and gcp (Figure 6¢) 372
monitored at ~390 nm shows a volcano profile with the 373
elongation of P (Figure 6d and Figure 6e,f respectively). For 374
the RH-ceria NHs, the gcprp value reaches the maximum of 375
0.06 at P = 830 nm, which has a EF,_  value of 1.7 X 10° 176

(Figure 6g). The gcpy g value of the LH-ceria NHs reaches the 377
maximum of —0.0§ at P = 809 nm, which has a EF,  value of ;5

1.3 X 10%. The enhancement factor EFy.,, for the ceria NHs is 5,4
calculated by 380
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Figure 5. GLAD of one-turn ceria NHs: (a, b) LH with a P of 1053 nm, (c, d) RH with a P of 1036 nm. (a, c) SEM tilted images (insets, SEM
top-down images; scale bar, 500 nm). (b, d) TEM images of individual ceria NHs (insets: SAED images). UV—visible—NIR spectra of the
close-packed arrays of ceria NHs: (e-I) extinction, (e-II) CD, and (e-III) gcp. (f) Plots of Agyr and Acp (marked in (e-I) and (e-II),
respectively) versus P. The plot of Ay, is linearly fitted, and the plot of Agyy is fitted with an exponential function. (g) Plots of gc, measured
at A, (marked in (e-IIT)) versus P, fitted with a parabolic function. (f, g) Monitored parameters shown in an average value and a standard
deviation (shown in scale bars), with not less than three samples being monitored for the statistical analysis. (e—g) LH, red symbols; RH,

blue symbols.
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Figure 6. CPLE of one-turn LH (with P = 605 nm) and RH (with P
= 632 nm) ceria NHs, characterized with (a) photoluminescence,
(b) CPLE, and (c) gcpig spectra. Plots of (d) CPLE, (e, f) gcpip
and (g) EF measured at a wavelength of ~390 nm (marked
with a black dashed line in (a—c) and Figure S12) versus P varying
in a range of 100—1100 nm. (a—g) LH, red symbols; RH, blue
symbols.
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352 where geprp(P) and geprg(P ~ 110 nm) represent the gepig

383

values for a given P and P &~ 110 nm, respectively. The RH-

384 and LH-ceria NHs have a gcp; value of 3.5 X 107° at P = 109

385

nm and 3.9 X 107> at P = 108 nm, respectively. Therefore, the

CPLE of ceria NHs can be facilely enhanced in 3 orders of 386

magnitude with respect to gcprg, through elongating P from
~110 to ~800 nm. Analogous to the CdSe NHs, the variation
of gcprg as a function of P obviously differs from that of gcp
measured at the CPLE excitation wavelength of 320 nm
(Figure S13), illustrating that the CPLE can be attributed to
not only the CPL but also the CPS.

Different from the CdSe NHs, the ceria NHs appear to
consist of numerous nanowhiskers growing from their helical
cores (Figure Sb,d). The modeling of the ceria NHs with
smooth helical surfaces, analogous to that of the CdSe NHs,
made the simulation results of CD and CPLE significantly
deviate from the experimental measurements. This further
illuminates that the CPS, stemming from the nanowhiskers,
plays an essential role in the CPLE of the ceria NHs.

CONCLUSIONS

GLAD enables the one-step fabrication of diverse inorganic
NHs to emit CPLE with material-determined color: for
example, the red and UV—blue CPLE emitted from the
CdSe and ceria NHs, respectively. The circular polarization for
CD and CPLE is simply changed by rotating a substrate
clockwise or counterclockwise during the GLAD of inorganic
NHs on the substrate. The CPS makes an important
contribution to the CPLE of luminophore inorganic NHs,
which have nanoscale helicity comparable to the excitation
wavelength. The gcp; g values sensitively depend on P that is
controlled with the rate of substrate rotation, showing a
volcano profile with the elongation of P. The CdSe NHs show
a gcp value of 0.4, the highest optical activity compared to
other chiral CdSe nanostructures previously reported, and have
a moderate gcpr; value of 0.15 at P & 570 nm, with a 40-fold
amplification of gepr g compared to that at P & 160 nm. The

387

417

ceria NHs have a gcp value of 0.13, and show a gcp value of 418

~0.06 at P ~ 830 nm, with a 10°-fold amplification compared
to that at P ~ 110 nm. The GLAD-based nanofabrication
platform is devised to produce inorganic NHs with high optical
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activity (gcp on an order of 107") for the emission of CPLE
having high gcpp values in a range of 107°—10"". To
understand the measured results, we developed a simulation
model using COMSOL Multiphysics, in which the propagation
effect of the pump wave was taken into account. Therefore, the
photoluminescence behavior of the close-packed NHs can be
accurately calculated by assuming that they are uniformly
assembled in a square lattice. Due to the complicated
propagation effect of light in the three-dimensional helical
structures (ascribed to the CPL and CPS), it is difficult to
intuitively understand the relationship of the near-field
distributions of light and their far-field intensities. However,
the theoretical model developed in this work will be useful to
further optimize the optical performance of the NHs.

The GLAD technique has been adapted to the fabrication of
a wide range of inorganic semiconductor nanostructures with
diverse band gaps®' and has been demonstrated for large-area,
uniform, repeatable fabrication.®” The circular polarization of
CPLE can be simply changed by rotating a substrate clockwise
and counterclockwise, the purity of circular polarization (or

442 gcprp) can be significantly amplified in 3 orders of magnitude
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by adjusting the substrate rotation rate to tune P, and the
CPLE color can be flexibly tailed with semiconductor
materials. Therefore, this work devises a versatile NH-
fabrication platform that will potentially promote the mass
production of CPLE devices with promising applications in the
fields of 3D display, information storage, anticounterfeiting,
bioimaging, and biometry.

MATERIALS AND METHODS

GLAD. In a custom-built physical vapor deposition chamber
(JunSun Tech Co. Ltd., Taiwan), GLAD was performed at a
deposition angle (a) of 86° (with respect to the normal direction of a
substrate) and in a high vacuum of 1077—107° Torr. CdSe (99.99%,
Fuzhou Innovation optoelectronic Technology Co., Ltd.) and CeO,
(99.99%, Fuzhou Innovation optoelectronic Technology Co., Ltd.)
were applied with electron-beam evaporation to condense on silicon
wafers (Semiconductor Wafer, Inc.) and sapphires (MTL, Hong
Kong) in an area of 1.5 X 1.5 cm® The deposition rate (Ry) was
monitored by a quartz crystal microbalance to be 4 A/s for CdSe and
3 A/s for CeO,, at an electron-beam accelerating voltage of 8.0 kV
and emission currents of 4—8 mA for CdSe and 25—30 mA for CeO,.
During GLAD, the substrate temperature was controlled at ~0 °C
using a water-cooling system. The LH and RH NHs were sculpted by
rotating substrates in counterclockwise and clockwise, respectively. P
(in units of nm per revolution) can be engineered by

360R,
p=2"4d
R, (8)

where R, is the substrate rotation rate (in units of degrees per
second). Ry was calibrated as 1.5 A/s for CdSe and 1.7 A/s for CeO,,
with respect to an a value of 86°. The helical P was experimentally
evaluated with
H

Hh (6)
where H is the helical height and n is the number of helical turns
(equal to the number of substrate rotations during GLAD). In this
work, the NHs were composed of one helical turn (or n = 1) so that
H = P. H was measured with SEM (Oxford, LEO 1530) cross-
sectional images, whereby multiple positions of a sample were
monitored to obtain an average H (or P) value. The CdSe and ceria
NHs had P values in the ranges of 160—760 and 100—1100 nm,
respectively.

Optical Characterization. Bio-Logic CD (MOS 500) and DSM
1000 CD (Olis Inc.) were used to monitor the UV—visible extinction

and CD spectra of the NHs deposited on sapphire, respectively, with
an incidence along the normal direction of the sapphires. CPLE
spectra of the close-packed NH arrays deposited on sapphires were
monitored with a JASCO CPL-300 Spectro under ambient
conditions, at a scanning speed of 200 nm/min with the “Continuous”
mode. Both the CD and CPLE spectra were monitored with
transmission mode. The CdSe NHs were excited with a nonpolarized
532 nm light along the normal direction of the sample, and a 650 nm
optical filter was placed behind the measured sample. A nonpolarized
320 nm irradiation was applied to the ceria NHs, and a 360 nm
optical filter was placed behind the sample. The “slit” mode was
applied to monitor CPLE spectra, with an Ex slit width of 3000 ym

483

and an Em slit width of 3500 ym. To eliminate the disturbance of 495

linear birefringence and linear dichroism to CD and CPLE due to the
anisotropic growth orientation of the protruding NHs, the CD and
CPLE spectra were monitored using the following procedure. For one
sample, four spectra in the UV-—visible—NIR region were sub-
sequently recorded. After a spectrum was monitored, the sample was
manually rotated at an angle of 90° around its normal axis before
measuring the next spectrum. Then, the four spectra were
algebraically averaged to obtain a spectrum of the sample to eliminate
the linearly anisotropic effects. It was monitored that the rotation of a
sample (e.g, the ceria NHs) had a negligible effect on the CD and
CPLE spectra (Figure S14). This illustrates that the close-packed NH
arrays possess optical activities barely disturbed by the linearly
anisotropic effects.

Nanomaterial Characterization. The as-deposited samples were
mechanically split, leaving the freshly exposed surfaces for the
characterization by SEM (Oxford, LEO 1530). The inorganic NHs
were scratched off the substrates and dispersed well in ethanol via
ultrasonication for 15 min. Several drops of the mixture were applied
to a transmission electron microscope (TEM) grid with lacey carbon
film (Electron Microscopy Sciences). The grid was dried under
ambient conditions and then characterized by TEM with a SAED
instrument (Tecnai G2 20 STWIN). With no postdeposition
treatment, the samples were characterized by X-ray diffraction
(XRD, Bruker, nonmonochromated Cu Ka X-rays with a wavelength
of 0.15418 nm, Advance D8 multipurpose X-ray diffractometer) and
XPS (performed in an ultrahigh-vacuum surface analysis system
equipped with an ULVAC PHI 5000 VersaProbe III spectrometer,
monochromatic Al Ka radiation of 1486.6 eV).

Numerical Simulation. The COMSOL Multiphysics software
was used for the numerical simulation of CD and CPLE. The
simulations were simplified by an assumption that the inorganic NHs
in the randomly distributed close-packed arrays are periodically
arranged in a square lattice with a period of g, using the refractive
index of CdSe previously reported.”> The periodic boundary
conditions were set in the x and y directions, and the perfectly
matched layers were set in the z direction. The helical nanostructures
were defined by the parameters summarized in Table S2, which were
measured from the SEM images. In the COMSOL Multiphysics
software, the electric field vector of the LCP is defined as E (2, + fey) /

2 when power flow is along the positive z direction, where ¢, and ¢,
are the unit vectors along the x and y directions, respectively.

In the simulation of CD, the LCP or RCP light is incident from the

496
497
498
499
500
501
502
503
504
50S
506
507
508
509
510
S11

527

529
530
531

top of the vertically protruding NHs (Figure 2a). The electric fields of 538

the incident light in the NHs and the output plane were recorded, and
then the LCP and RCP components were calculated. Thus, CD

measured in a degree of ellipticity € can be written as
Eicp—E
CD = arctan[u]
Epcp + Ercp (7)

where E;cp and Epcp are the amplitudes of the electric fields under
LCP and RCP incidence, respectively.

In the simulation of CPLE (Figure 4a), the electric field was
obtained first by an incident monochromatic nonpolarized light
consisting of eight linearly polarized lights with a polarization angle
interval of 22.5° on the NHs. Then the polarization of the electric
dipole in the NHs was deduced from P = gyyE, where y is the electric
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550 susceptibility and is set as unity for simplification. Afterward, the LCP
551 and RCP components in the emission spectrum were retrieved by
552 making the electric dipole the source of photoluminescence.
553 Accordingly, CPLE and gcp y were calculated by

Lep— 1
CPLE = X2 __RPp(y)

554 Licp + Lcp (8)
g _ _ler ke
CPLE — 1
o 7 (ep + Tpcp) )

556 where I cp and Icp are the intensities of emitted LCP and RCP light,
ss7 respectively, and DC(A) is the normalized experimental DC (or
ss8 photoluminescence) spectrum which reflects the contribution of
559 photoluminescence from unstructured materials.
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