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Abstract: Inorganic nanomaterials endowed with hierarchical
chirality could open new horizons in physical theory and
applications because of their fascinating properties. Here, we
report chiral ZnO films coated on quartz substrates with
a hierarchical nanostructure ranging from atomic to micro-
meter scale. Three levels of hierarchical chirality exist in the
ZnO films: helical ZnO crystalline structures that form
primary helically coiled nanoplates, secondary helical stacking
of these nanoplates, and tertiary nanoscale circinate aggregates
formed by several stacked nanoplates. These films exhibited
optical activity (OA) at 380 nm and in the range of 200–800 nm
and created circularly polarized luminescence centered at
510 nm and Raman OA at 50–1400 cm¢1, which was attributed
to electronic transitions, scattering, photoluminescent emission,
and Raman scattering in a dissymmetric electric field. The
unprecedented strong OA could be attributed to multiple light
scattering and absorption-enhanced light harvesting in the
hierarchical structures.

Optical activity (OA), as an essential attribute of chiral
materials, makes possible their use in many unique biologi-

cal,[1] mechanical,[2] electronic,[3] magnetic,[4] and optical[5]

applications. Chiral materials with OA are common in both
nature and manufacturing. Organic materials are usually
limited by their relatively poor intrinsic properties, whereas
natural inorganic crystals always exhibit refraction-based OA
without prominent intensities. There is a pressing need for
new inorganic materials with chiral structures that are able to
support more efficiently technologies in a variety of fields,
such as imaging, optical data storage, and optical communi-
cations based on their strong interactions with light. To
address this challenge, several chiral inorganic films have
been fabricated using engineered glancing-angle deposition[6]

and sculpturing[7] as well as duplication in nanocrystalline
cellulose.[8] These techniques are limited to either microwave
or scattering-based OA. Although many inorganic chiral
structure[9] and biomimetic exquisitely complex functional
materials[10] incorporating nano-, meso-, and microscale
features have been reported, these structures are still far
from being practical in chiral films.

In this work, we deposited chiral ZnO nanostructures on
a quartz substrate by a facile amino acid-induced self-
assembly strategy (see Figure S1 in the Supporting Informa-
tion).[11] The substrate was activated by simple potassium
permanganate solution treatment that forms Mn-(hydroxy)-
oxide deposits on the surface that act as an efficient seed layer
that allows the growth of hydroxide zinc carbonate (HZC) by
chemical bath deposition.[12] The chiral HZC nanostructures
were deposited on the activated quartz substrate from
a homogeneous solution composed of methionine, zinc salt,
ammonium carbonate, and deionized water under hydro-
thermal conditions. The l/d-methionine was selected as both
the structure-directing agent and the symmetry-breaking
agent for the asymmetric attachment and co-self-assembly
process with Zn2+ ions because of their coordinative bonding
behavior.[13] The ammonium carbonate hydrolyzed fast and
produced many OH¢ in a short period; the Zn2+ ions in
solution would precipitate out rapidly because of the high pH
environment and subsequently grow HZC.[14] The chiral ZnO
nanoparticles arrayed on the substrate could be obtained by
calcination of HZC. The chiral nanostructured ZnO films
(CNZFs) and chiral nanostructured ZnO powders (CNZPs)
were collected by simply removing the quartz wafer and
followed by centrifugation of the precipitate from the syn-
thesis solution.

Figure 1a and b presents scanning electron microscopy
(SEM) images of CNZFs with different distribution densities
synthesized using l-methionine as the structure-directing
agent and zinc acetate hydroxide as the zinc source. The
density of the chiral ZnO nanostructures on the substrate was
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controlled by adjusting the activation degree with different
concentrations of KMnO4 and different activation times. As
shown in Figure 1a1–4, the sparse CNZF synthesized on the
quartz substrate activated with a low KMnO4 concentration
of 0.04 mm was composed of particles with a circinate helical
morphology, which consists of several dozens of bended
nanoplates in a counterclockwise manner defined as sinis-
trorse or left-handed asymmetry (denoted l-CNZF; Fig-
ure 1a3 and c3). Although it is difficult to determine the
morphology and handedness of nanoplates using SEM images
because of their slight bending degree, the exclusive right-
handed stacking of the nanoplates can be observed in
Figure 1a4. Based on the bending direction of the nanoplates,
the right-handed stacking originates from the left-handed
chiral morphology of the nanoplates (Figure 1c4). The nano-
plates of l-CNZF were confirmed to be short segments of
helically coiled ribbons by electron microscopy. Therefore, in
the presence of l-methionine, the primary left-handed ZnO
coiled nanoplates were helically stacked in the secondary
right-handed form, which forms a left-handed tertiary circi-
nate helical morphology. The circinate ZnO nanoparticles
formed with d-methionine exhibited the same structure in the
opposite direction, that is, right-handed CNZF (r-CNZF;
Figure S2).

When the substrate surface was treated with a high
KMnO4 concentration (10 mm), the resulting large number of
activation sites made possible the growth of HZC and the
production of high-density ZnO nanoparticles. As shown in
Figure 1b1–4, the transparent l-CNZF with a smooth and
uniform surface was composed of dozens of compactly
arrayed bended nanoplates with lengths of 0.5–1.5 mm,
thicknesses of about 20 nm, and heights of about 1.5 mm

(Figure S3) grown almost vertically from the surface of the
substrate in an interval space of 50–200 nm. Although non-
clear chiral morphologies and structures similar to the
circinate aggregates shown in sparse CNZFs were observed,
small amounts of nanoscale circinate aggregates still existed,
implying that the dense CNZFs showing three levels of
chirality were formed with the crowded nanoscale circinate
aggregates.

The crystalline structure of the CNZFs was analyzed using
wide-angle X-ray diffractometry. Figure 1d shows the XRD
patterns of the l-CNZF and l-CNZP shown in Figure 1b and
Figure S4a, respectively. The reflections in the resulting
spectrum indicate identical structures of the wurtzite hexag-
onal phase of ZnO [JCPDS file 36-1451] with the space group
P63mc and lattice parameters of a = 3.25 è and c = 5.21 è.[15]

The intensity of 0002 and some other reflections of the CNZF
are much lower than those of CNZP, suggesting that ZnO
crystals were parallelly grown along [0002] on the substrate
(Figure 1 f). No other peak related to impurities, such as zinc
carbonate, zinc hydroxide, was detected.

The intrinsic chiral nature and fine crystalline structure of
the ZnO nanoplates has been determined from transmission
electron microscopy (TEM), as shown in Figure 2. Figure 2a–
c shows low-magnification TEM images and the correspond-
ing selected area electron diffraction (SAED) patterns of the
l-CNZF are depicted in Figure 1b; they reveal the single-
crystal-like structure of the nanoplate. When the SAED
pattern in the top part is aligned in the [10-10] direction, the
zone axis becomes misaligned in the middle and bottom parts.
By tilting the nanoplate along its [10-11] axis by 2.9788 and
6.2288, the middle and bottom parts, respectively, become well
aligned, indicating that the crystal structure is continuously

Figure 1. a1–a4) SEM images at varying magnifications of sparse l-CNZF, b1–b4) dense l-CNZF and c1–c4) a schematic drawing of the
hierarchical chirality in l-CNZFs. d) The XRD patterns of dense l-CNZF and l-CNZP centrifuged from the same autoclave as CNZF. e) The crystal
structure and f) growing direction of the ZnO nanoplates along the substrate. The synthetic molar composition was 1.0 l-methionine:1.5
Zn(CH3OO)2 :0.5 (NH3)2CO3 :1389 H2O.
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tilted slightly along its [10-11] axis. The slight bending caused
small distortion of the SAED patterns. Based on the XRD
results and the above TEM analysis, it can easily be estimated
that in the chiral nanoplates a segment of the left-handed
coiled ribbon would be grown parallel along [0002] and tilted
along [10-11] axis (Figure 2a5, b5, and c5).

High-resolution transmission electron microscopy
(HRTEM) images and corresponding Fourier diffractograms
(FDs) of the nanoplates (Figure S5a1-4) reveal the well-
resolved lattice fringes of the single-crystalline wurtzite ZnO
taken along the [01-10] direction. Notably, the single-crystal
shares a similar bend orientation to the entire nanoplate. By
taking the FDs from different parts, a small rotational
relationship of the reflections can be observed. The reflec-
tions rotate counterclockwise from the top to the bottom,
indicating a coiled distortion of the crystal structure (Fig-
ure S5b1–4). These results indicate that the helically coiled
nanoplates are formed by the helical distortion of ZnO single
crystals. Based on the tilting angle and corresponding
distance, the pitch length was calculated to be as long as
30 mm. The crystal forming the nanoplate would be helically
distorted with a very subtle left-handed malposition along the
[10-11] axis (Figure S5b1).

An oriented distortion of the ZnO crystal could be
induced by the chiral center of the methionine molecules
through coordination bonding (Figure S6), which would force
the ZnO crystal to form some lattice defects. Because the

ZnO P63mc structure prefers to form a flat morphology, its
crystal structure cannot accommodate a large tortuous angle,
resulting in fracture and deflected crack holes (Figure S7), but
the single crystal still coiled with a very subtle distortion along
[10-11] axis might because of the lower surface energy of the
{10-11} plane.[16] This behavior makes the nanoplate more
prone to coiling, and subsequent stacking leads to the
circinate helical architecture.

Materials with definite spatial orientations will interact
preferentially with polarized electromagnetic waves, leading
to the phenomenon of OA. The different OAs originate from
the different scales of chirality. The chiral distorted crystalline
structure and helically aggregated nanounits that are smaller
than the Bohr radius[17] cause a dynamic Coulomb interaction
in a dissymmetric field electron transition from the valence
band to the conduction band of ZnO,[15] and vice versa.[18] This
results in electron transition-based and emission-based OA
on the basis of structural considerations.[9b, 19] Similarly, vibra-
tional absorption-based OA will be generated in the infrared
and far-infrared regions. The circular dichroism (CD) reflects
the OA and molecular conformation in the electronic ground
state, whereas circularly polarized luminescence (CPL)
reflects OA in the electronic excited state involved in the
emission process (S1 for fluorescence) and Raman OA
(ROA) provides vibrational dissymmetry information.[18]

These behaviors occur because the chiral centers exist in
dissymmetric environments in the transitions of electronic

Figure 2. TEM images and corresponding SAED patterns of the nanoplate as well as its schematic structural model of left-handed form. a1–
5) The nanoplate is bent, and the [01-10] axis can be aligned only with the incident electron beam from the top region. By tilting the crystal along
the [10-11] axis by 2.9788 and 6.2288, respectively, b1–5) the middle and c1–5) bottom parts can be aligned.
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and vibrational states.[17, 20] Consequently, the absorption-,
vibration-, and emission-based OAs originate only from the
primary crystalline chirality of the CNZFs and are impossible
from micrometer-scaled secondary and tertiary chirality. A
medium with left-handed helical structure absorbs right-
handed circularly polarized light and exhibits exciton cou-
pling signals changing from negative to positive with short-
ened wavelength. The left-handed helical structure prefers to
emit left-handed circularly polarized light and display a pos-
itive CPL signal.[20]

The helically stacked nanoplates beget the chiral mor-
phology of the ZnO nanostructures, and the chiral morphol-
ogy begets the chiral interface between two media with
different permittivities (ZnO and air here), resulting in
selective reflection of one-handedness of circularly polarized
light and transmission of the other handedness, which could
contribute to scattering-based OA.[1a, 6b, 8a,b, 21] A medium with
a right-handed helical structure reflects right-handed circu-
larly polarized light.[22] Therefore, the three chirality levels of
the CNZFs are all able to produce scattering-based OAs on
the electromagnetic wavelength scale.

First, the OA was detected using transmitted UV/Vis and
CD spectroscopy (Figure 3 a1). Experimental mirror-imaged
CD spectra were obtained for antipodal dense CNZFs. The
transmitted CD spectra of l- and r-CNZFs on the quartz
wafer exhibited signals that were so strong that they exceeded
the acceptable range of the instrument. As shown in the
schematic illustration (Figure 3a2), the transmitted CD
signals include both absorption-based parts and scattering-
based parts [CD = (AL¢AR) + (SL¢SR)].

To discriminate between these two parts and separate out
absorption-based OAs, the CNZFs were further examined by
addition of water (isotropic liquid). After infiltration with
water, the scattering-based OA weakened dramatically (Fig-
ure 3b1) because the optical chiral morphology disappeared
with decreasing difference between optical refractive indices
of two materials (ZnO and air, ZnO and water).[6b, 8a] A sharp
peak centered at 380 nm corresponding to the characteristic
absorption band of ZnO was observed. Because the refractive
indices of water (n = 1.33) and ZnO (n = 1.9) are not perfectly
matched, a small residual scattering-based OA is expected
and another sharp couplet of absorption-based OA is not

Figure 3. Transmitted UV/Vis and CD spectra and schematic illustration of a) the antipodal dense CNZFs formed with l/d-methionine and b) the
antipodal dense CNZFs infiltrated with water, indicating the electron transition- and scattering-based OAs. c) PL and CPL spectra at an excitation
wavelength of 325 nm, indicating the emission-based OA. d) SCP ROA of the antipodal CNZFs (solid lines) and CNZPs (dashed lines). I is the
incident light (IL = IR), A is the absorbed light, T is the transmitted light, S is the scattered light, D is the detected light, F is the fluorescent light
and RS is Raman scattered light. According to the characteristic mechanism, the detected signal for transmitted light is D= T, and transmitted
CD = (IL¢DL)¢(IR¢DR) = (IL¢TL)¢(IR¢TR) = [IL¢(IL¢SL¢AL)]¢[IR¢(IR¢SR¢AR)] = (SL +AL)¢(SR + AR) = (AL¢AR) + (SL¢SR); after infiltration with
water, the reflection arising from the Bragg resonance disappeared and I =A +T, the CD = (IL¢DL)¢(IR¢DR) = (IL¢TL)¢(IR¢TR) = AL¢AR ; the
detector signal for CPL is D = F, and CPL=FL¢FR ; in SCP ROA, the Raman-scattered light (RS) were detected, SCP ROA= RSR¢RSL. When
incident light (532 nm) reached the ZnO film first, the left-handed circularly polarized light (532 nm) would be selectively scattered by the left-
handed structure of the ZnO film based on Bragg resonance reflection. At the same time, selective Raman scattering occurred with other
wavelengths from chiral ZnO. On the other hand, right-handed circularly polarized light (532 nm) transmitted more than left-handed, which
enhanced selectively Raman scattering with other wavelengths by induced chiral quartz. Thus quartz exhibit so high ROA intensities by which the
ROA of ZnO is not obvious.
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obvious. Therefore, for the l-CNZF, it can be considered that
the scattering-based CD signals changed from negative in the
range of 400–800 nm to positive in the range of 200–400 nm
(Figure S8), indicating that this film reflected right-handed
circularly polarized light at long wavelengths and left-handed
circularly polarized light at short wavelengths. In transmission
CD measurement, the negative and positive scattering-based
OA peaks originate from the right-handed stacking nano-
plates and left-handed coiled nanoplates, respectively. The
absorption-based negative couplet CD signals at 380 nm
overlap with scattering-based OA in the range of 200–400 nm.
The results were confirmed by the as-synthesized chiral HZC
films (Figure S9). Furthermore, remarkably strong intensities
of CD peaks in the range of 200–400 nm might attribute to
multiple light scattering and absorption-enhanced light har-
vesting in the hierarchical structures.

Figure 3c1 shows the photoluminescence (PL) and CPL
spectra of antipodal CNZFs. The CNZFs exhibit CPL
centered at 510 nm corresponding to the PL, with CPL
values of 500 mdeg at an excitation wavelength of
lex = 325 nm, which is consistent with the fluorescence
maximum. It has been suggested that the green emission
band corresponds to the singly ionized oxygen vacancy in
ZnO and results from the recombination of a photogenerated
hole with the single ionized charge state of this defect.[18] The
positive CPL signal from the l-CNZF confirms that the
primary chirality of the nanoplates is in the left-handed
form.[20]

The chirality of CNZFs in angstrom scale was unambig-
uously detected by ROA with scattered circular polarization
(SCP) measurement strategy in this work. The dashed lines in
Figure 3d1 show the ROA of antipodal CNZPs. All observed
peaks can be assigned to a wurzite ZnO structure.[15] The
presence of a high intensity, sharp and dominated E2 and
other weak modes showing mirror images in the SCP ROA
spectra indicates that the antipodal CNZPs are highly
crystalline with opposite chirality. However, the Raman and
ROA spectra of CNZFs (solid lines in Figure 3d1) exhibit the
counterparts of TO-LO pairs in vitreous SiO2.

[23] It can be
presumed that the ROA of quartz was induced in the
interface and amplified by the CNZFs, which is so strong
that the ROA of the CNZFs is buried. The ROA amplifica-
tion of quartz can be explained in terms of the behavior of the
interaction between light and media. The incident light is
selectively transmitted by the CNZFs and Raman scattered
by quartz resulting in enhanced opposite ROA signals of
achiral quartz coated with antipodal CNZFs.

It can be concluded that three levels of hierarchical
chirality exist in the CNZFs. Using l-CNZF as an example,
the three levels of chirality can be described as follows: 1) the
highest tertiary chirality has a circinate architecture with
a defined sinistrorse or left-handed asymmetry (Figure 1 c3);
2) the secondary chirality consists of right-handed chiral
stacking of nanoplates (Figure 1c4) and is responsible for the
scattering-based OA in the range from 400 to 800 nm; and
3) the primary chirality originates from left-handed chiral
nanoplates that stretch like a coiled ribbon and arises from
the distorted single crystals (Figure 1 c4 and Figure S5b). This
primary chirality produces absorption- and scattering-based

OAs in the range of 200–400 nm, the CPL centered at 510 nm
and the SCP ROA range from 50–1400 cm¢1.

In summary, chiral ZnO thin films with hierarchical chiral
structures, including atomic, nano-, meso-, and microscales,
were synthesized for the first time by self-assembly of
a symmetry-breaking chiral molecule and an inorganic
source, which might contribute to comprehensive under-
standing of biomineralization. To the best of our knowledge,
this is the first example of chiral inorganic films that exhibits
multiple OAs, such as prominent electron transition-based
OA, scattering-based OA, CPL, and ROA simultaneously.
These remarkably high CD, CPL, and ROA dissymmetry
might attribute to multiple light scattering and absorption-
enhanced light harvesting in the hierarchical chiral structures,
which are in accordance with natural biomaterials. These
solid-state nanomaterials with multiple OAs over a large
range of wavelengths with strong intensities and high CPL,
ROA dissymmetry demonstrate the potential of ZnO for
future device applications in optics, optoelectronics, sensors,
actuators, energy applications, spintronics, and other areas.
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