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ABSTRACT

The technological interest in developing novel functional nano-objects which exhibit new
properties arising from their nanoscopic nature is undoubtful. Although bulk ZnO is considered
to be non-ferroelectric, herein the ferroelectric behavior of un-doped and self-standing ZnO
nanoparticles is reported for the first time. The nanoparticles (NPs) under study are synthesized
by an organometallic approach. When dispersed in a PMMA dielectric matrix clear
polarizations loops and antisymmetric switching currents are recorded for the NPs with the
larger volume, in coherence with the significant polar response of these NPs in solution,
measured by polarization-resolved second harmonic scattering (SHS) experiments. Structural
characterizations reveal that ferroelectricity is related to the appearance of a new hexagonal
crystalline phase, its unit cell being swelled with respect to the well-known wurtzite ZnO cell.
The volume fraction of this new phase, the polar SHS response and the amount of ferroelectric
polarization response are all linearly linked, underlining the consistency between these

complementary physical characterizations.



INTRODUCTION

Nanomaterials have revolutionized science and technology due to the unique properties
they exhibit.! In several cases, properties that are not observed in bulk materials have been
observed in nano-objects formed thereafter. These “unexpected” properties of nanomaterials
have attracted the scientific interest during the last decades, and have opened a new era of vast
opportunities for innovation in numerous technological fields. The knowledge-based
technology that hence emerges is expected to exploit nanomaterials in the products that will
dominate everyday life in the near future. ZnO nanoparticles are very promising candidates in

this direction.

Zn0O nanoparticles (NPs) have been extensively studied and tested in devices during the
last 20 years, thanks to the wealth of technologically interesting properties they present.> ZnO
is a wide band-gap semiconductor (E; = 3.37 eV at 300K) with a large exciton binding energy
(60 meV) which enables its use in opto-electronic and photonic devices, such as in LEDs or
UV lasers, especially in the UV or blue spectral range.® ZnO nanoparticles are used to form
transparent conductive oxide layers as well as electron transport/hole blocking layers in organic
photovoltaics* and perovskite solar cells.” They are reported to be biocompatible,® which
allows their use in medical and biological applications,’ and ferromagnetic-like when doped or
modified by ligands at room temperature.® Yet, a great number of applications stems from the
piezoelectric nature of ZnO. ZnO exhibits a large electromechanic coupling and therefore it is
used in electromechanical sensors and actuators.” The strong piezoelectric properties of ZnO
NPs combined to the semiconducting nature of this material gave rise to a whole new field of
research, that of piezotronics.! It is noteworthy that some of the attractive physical properties
of ZnO nanostructures undergo changes as the dimensions of the NPs shrink down.> '! The

particles size and size dispersity, their shape, the properties of their surface as well as their



crystal structure are some of the factors that can control the physical properties of the NPs. It
is well known that these factors depend on the synthetic method used and, as a consequence,
applications of nanomaterials are directly linked to the successful control of the synthetic

process.” 1213

ZnO crystallizes at the wurtzite structure (space group P63mc) which is polar and non-
centrosymmetric.>° The unit cell of ZnO comprises tetrahedrally coordinated O* and Zn>" ions
which are stacked alternately along the c-axis, forming electric dipoles. A spontaneous
polarization thus arises at the extremities of the crystal (at the (0001) basal planes),’ yet this
electric polarization cannot be switched by an external electric field due to the strong covalent
bonds that form the tetrahedron.!* Therefore ZnO is considered to be non-ferroelectric.
Nonetheless, ferroelectricity has been observed in doped bulk and thin ZnO films when Li, V,
Mg, Be, Cu, and Sb have been used as dopants.'>! The origin of ferroelectricity has been
attributed to structural modifications of the unit cell; when Zn atoms (the ionic radius of Zn**
is 0.74 A) are replaced by smaller or bigger substitutional atoms (e.g. Li* or Sb>" with ionic
radii of 0.60 A and 0.76 A, respectively), distortions of the unit cell can arise and permanent
electric dipoles can be locally induced,'® !¢ increasing the probability of ferroelectric

polarization switching in ZnO.

Recently, ferroelectricity has been also reported for un-doped ZnO nanorods that have
been grown vertically on a Pt substrate by a sol-gel method.?*>* Evidences of ferroelectricity
of this “nano-forest” have been provided by polarization — electric field (P vs E) hysteresis
loops. The ferroelectric behavior has been initially attributed to strain of the unit cell, induced
by the large lattice mismatch between Pt and ZnO.?? A refined characterization of these
nanorods highlighted the presence of basal stacking faults due to zinc vacancies. These

vacancies were assumed to modulate the p-d hybridization of the nanorods, generating



magnetic dipoles, which, in turn, induce a reversible electric dipole, and hence,

ferroelectricity.?

In this paper we report the ferroelectric behavior of ZnO nanorods. The nanorods that
are studied herein are pure, i.e. they haven’t been doped with substitutional atoms, and they are
free-standing, i.e. no external support has been used for their growth. A series of ZnO nanorods
with increasing length (from 15 nm to 50 nm) and similar average diameters of the order of a
few nanometers (< 10 nm) has been synthesized according to an adaptation of well-known
procedures,'> ! leading to ZnO nanorods functionalized with PEG amine ligands. For the
longer nanorods clear polarization loops have been obtained. Concurrently, antisymmetric
current peaks appear at the current-electric field plots that are associated with the switching of
ferroelectric domains. To further support the ferroelectric characterizations, polarization-
resolved second harmonic scattering experiments have been undertaken in order to qualify and
quantify the nature of the nanoparticles response.?** The origin of ferroelectricity in these
systems is discussed based on the structural information provided by grazing incidence wide
angle x-ray scattering experiments. Besides the scientific importance of our finding, the
coexistence of ferroelectricity in the piezoelectric ZnO is also technologically significant, since
ferroelectricity has been reported to increase the piezoelectric response in vanadium-doped

Zn0.%°

EXPERIMENTAL SECTION

Materials and Sample preparation
Synthesis of the ZnO NPs: methoxy-PEGamine750 (PEG-NH2) was purchased from Aldrich
and used as received. The zinc precursor [Zn(CeH11)2] was purchased from NanoMeps and

stored in a glove box as received. All reactions were carried out either in a standard vacuum



line or under argon atmosphere by using a MBraun Inert Gas System glove box. PEG-NH; was
added to [Zn(CeH11)2] (57.7 mg, 0.25 mmol) until a homogeneous solution is obtained. The
resulting solution was exposed to controlled amounts of water using a dedicated glass reactor.
A white luminescent powder was obtained after 4 days. The white powder is soluble in THF
and forms colloidal solutions.

ZnO:PMMA film and capacitor preparation: Solutions of the ZnO nanorods and the dielectric
polymer poly(methyl methacrylate), PMMA, (Mw = 19000 g mol?, synthesized in our group)
have been prepared in THF and stirred for 24 h at RT. The NPs concentration has been kept
constant for all samples, (38 wt %) in order to allow for the direct comparison between the
films. Films were prepared by spin-coating the blend solution on 15 mm x 15 mm Al or Si
substrates. Films formed on Al served to prepare capacitors for the ferroelectric
characterizations while those on Si served for the x-ray scattering measurements. The film
thickness is 95.0 £ 0.5 nm in all cases. Capacitors were prepared by evaporating 100 nm thick
Al bottom electrodes on cleaned glass substrates, on top of which the ZnO:PMMA blend films
were spin-coated. An Al layer (100 nm thick) was then deposited through a shadow mask and

used as the top electrode.

Characterization techniques

Second harmonic scattering measurements (SHS): SHS measurements were performed on
diluted solutions of ZnO nanoparticles in THF (HPLC grade). The NPs concentration ranged
between 10 and 100 nM. Concentrations were calculated assuming the bulk density of the ZnO
wurzite structure, 5.61 g cm.

The experimental setup used for SHS detection comprises a polarized incident beam that probes
the samples and a detection system that collects the scattered intensity at a 90° configuration

(Supporting Information, Figure S1). Briefly, the incident elliptical polarization, denoted by



the angle P, is obtained by using a combination of a rotating half-wave plate (A/2) and a fixed
quarter-wave plate (A/4). ¥ = 0° (90°) corresponds to a linear horizontal (vertical) polarization
H (V) and ¥ = £ 45° indicates a left/right circular polarization. The wavelength of the incident

beam is fixed at 1064nm while the second harmonic scattered light, 177, is detected at 532 nm

with a vertical polarization. A detailed description of the setup is provided in Supporting
Information. Additional information can be found elsewhere.?

For a binary solvent/NPs solution in the diluted regime (i.e. no absorption at the

harmonic frequency), 1. is related to the incident intensity /* through:

=olleloton ) renlffon), ] 0T ©

G is a global constant containing geometrical, optical and electrical factors of the experimental
setup, Cs or Cnps is the concentration (molarity) of the solvent or nanoparticles respectively,

£ is the hyperpolarizability of the corresponding component (i.e. of the solvent or the NPs)

and Cyy is the orientational average of the hyperpolarizability component of the solvent or of
the NPs. The first term of Equation 1 corresponds to the (molecular) solvent contribution. It
classically corresponds to a standard incoherent (denoted Incoh) response where the SHS
intensity depends linearly on concentration.?” This term is almost constant and it is used as the
internal reference.?® The solvent used herein (THF) has been calibrated based on chloroform.
The calibration curves are provided in Supporting Information (Figure S2) while a detailed
description of the calibration procedure can be found in our previous publication.?®

The second term corresponds to the nanoparticles’ contributions. Any individual
nanoparticle contribution can be decomposed into an incoherent contribution and a coherent
one (note the Incoh+Coh subscript). Scattering arises if the symmetry of the crystal is SHS
active, i.e. in case of a polar or octupolar class symmetry,?” and consequently in case of

ferroelectric (non-centrosymmetric) crystals. Coherent scattering arises in case of disordered



nanoparticles, where strong defects in periodicity, composition, etc, result in the release of the
selection rules at the I'point (center) of the Brillouin zone.? Nonetheless, in case of (defect-
less) nanocrystals, the correlation length is large enough with respect to the nanocrystals size

and, thus, selection rules still apply. Therefore, the overall NP’s molar polarized intensity

response is described by the term [{|/5’|2 CW} , Where g stands for the NP’s

Incoh+Coh j|Nps

hyperpolarizability component, andC,, (including both the incoherent and coherent

contributions) depends on polarization, i.e. on the angle ¥. Explicitly, C,, decomposes as

follows:

Cva = ClIP?\SOh + Ciﬁ’/h (2a)
C\'{E‘\(}Oh = cos* W + (7 — DR) cos? Wsin? ¥ + DRsin® ¥ (2b)
CEY = ACON cos? wsin? w (2¢)

The coherent contributions to SHS are quantified through the coefficient AC°",

DR stands for the depolarization ratio and is defined as:

DR=1, /I ?3)

Note that DR concerns only the incoherent response (Eq. 2b) and is expected to range between
two limiting values, namely 3/2 (for a pure octupolar response) and 9 (for a pure dipolar
response).?® A schematic representation of the polar plots that correspond to a pure dipolar and
a pure octupolar response is shown in Figure S3 (left). In contrast, the polar plot of the coherent
SHS response (quadrupolar effective, Figure S3-right) exhibits maxima at 45° modulo 90°,
with two nodal lines along the VV (y =90°, 270°) and the HV (y = 0°, 180°) axis, respectively.

In a SHS experiment two scans are typically performed per NPs concentration; a
polarization scan (which is only DR-dependent) and a power (I*) scan (which depends on DR

and on fsks). fshs stands for the unpolarized hyperpolarizability amplitude and is given by:



ﬂSHS:\/l\%C/O*'lIa \/| (1+1/DR) 4)

PsHs IS an extensive parameter that depends on the NPs concentration, as opposed to S
that is the corresponding intensive parameter. In the current procedure, DR and |B|? are
calculated by fitting the polarization and power scans, employing Equations 1 and 2. The fsns
hyperpolarizability values reported in Table 1 for each NP are calculated thereafter. Details on
the Methodology applied for the analysis of the SHS data are provided in a dedicated section
in Supporting Information. The SHS data collected for the 6 ZnO NP samples studied herein
(namely, the 3D representation of the SHS response as a function of the incident power and
NPs concentration, and the polar plots that are extracted by the polarization scans), as well as

the corresponding fits, are presented in Supporting Information, Figures S4 — S9.

Ferroelectric measurements: The ferroelectric properties were studied using the TF Analyzer
2000 of aixACCT Systems. All hysteresis loops shown in the manuscript were obtained with
a sinusoidal voltage signal, at a frequency of 0.1 Hz and at 100 V. The Dynamic Hysteresis
Measurement protocol was applied, which involves a pre-polarization pulse followed by three

bipolar excitation signals. For all samples the hysteresis loops are saturated.

GIWAXS: The internal structure of the ZnO nanorods was probed using Grazing Incidence
Wide Angle X-ray Scattering (GIWAXS). GIWAXS measurements were performed on the
Dutch-Belgian Beamline (DUBBLE CRG), station BM26B, at the European Synchrotron
Radiation Facility (ESRF), Grenoble, France.?® The energy of the X-rays was 12 keV, the
sample-to-detector distance and the angle of incidence, @i, were set at 8 cm and 0.15°,
respectively. The diffracted intensity was recorded by a Frelon CCD camera and was
normalized by the incident photon flux and the acquisition time (30 s). Flat field, polarization,

solid angle and efficiency corrections were subsequently applied to the 2D GIWAXS images.*°



No modifications of the scattering patterns were observed for 5 consecutive acquisitions
allowing us to conclude that the samples are stable to radiation damage during measurements.
The scattering vector g was defined with respect to the center of the incident beam and has a
magnitude of q = (4n/2)sind, where 26 is the scattering angle and /1 is the wavelength of the X-
ray beam. Herein we opted to present the wedge-shaped corrected images where gr and g, are
the in-plane and near out-of-plane scattering vectors, respectively. The scattering vectors are
defined as follows: qx = (2n/A)(cos(26r)cos(af)-cos(ai)), qy = (2m/A)(sin(26¢)cos(as)), Q. =
(2r/A)(sin(af)+sin(ai)), 2 = Ox2 + Qy?, and g2 = gr? + (2, Where as is the exit angle in the vertical
direction and 26 is the in-plane scattering angle, in agreement with standard GIWAXS

notation.3?

TEM and HRTEM: Transmission Electron Microscopy was used to observe the nanoparticles,
measure their size and estimate their dispersion rate. Samples for TEM studies were prepared
by slow evaporation of droplets of colloidal solution deposited on carbon-supported copper
grids. The TEM observations were performed on a JEOL JEM1011 electron microscope
operating at 100 kV with a resolution of 0.45 nm. The nanoparticle size distribution histograms
were determined using magnified TEM images by measuring a minimum of 300 particles of
each sample. High Resolution TEM (HRTEM) observations were performed using a JEOL
2200 FS equipped with a field emission gun, operating at 200 kV and with a point resolution
of 0.23 nm. High-resolution transmission electron microscopy micrographs were acquired with
a Gatan Ultrascan CCD 2k — 2k and digital diffraction patterns were calculated using the
Gatan Digital Micrograph program. Moreover, in order to be representative and statistically
meaningful, many images from several regions of various samples were recorded and the most

characteristic results are presented here.
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RESULTS & DISCUSSION

The ZnO nanorods studied herein were obtained via RT hydrolysis of the biscyclohexyl
zinc ([Zn(CeH11)2]) precursor in the presence of methoxy-PEGamine750 (mean molecular
weight 750 g mol™?) in the absence of solvent, using a procedure similar to the one previously
reported by our team.?® The mixture of Zn-precursor and ligand was prepared in glove box
conditions (argon) and then exposed to controlled amounts of water using a glass reactor that
allowed the slow diffusion of water vapor into the sample. The amount of ligand, p, which is
the molar ratio of ligand versus zinc precursor, was varied from 0.1 to 2. After 4 days, the
resulting white powder was diluted in THF to give colloidal suspensions with concentrations
of 4 mg mL1. TEM was used to characterize the NPs, measure their size and estimate their size
dispersion. Figure S10 (Supporting Information) presents typical TEM images of the ZnO NPs.
The average length of the obtained nanorods ranges from 15 to 50 nm (the polydispersity being
around 20% for all batches) while the diameter is 7.5 £ 1.5 nm, depending on synthetic

conditions. The nanorods characteristics are reported in Table 1.

NP-1 NP-2 NP-3 NP-4 NP-5 NP-6
<> (nm?) 491+180 705+207 1418+589 1530 +587 2051+525 3544 + 763

» 2 15 0.1 2 1 05

Temperature (°C) 40 40 40 RT 40 40
Pous(iN10° ) 1o 003 050+003 110006 1.67+000 265+014 471+0.24

atomlc unlt) a) . — . . —_— . . — . . —_— . . —_— . . —_— .

DR 2504003 247+006 259+002 248003 256+002 2.77+0.02

Type 1 1 1-2 2 2 2

3 1 atomic unit of g = 3.62x10*2 m*V! = 8.641x10"* esu.

Table 1. Characteristics of the ZnO NPs that are studied herein. The average NPs volume <V>

has been calculated based on the diameter and length that have been derived from TEM images.

Herein it is expressed in nm3. p denotes the amount of ligand, i.e. the molar ratio of ligand

11



versus zinc precursor. The temperature during synthesis is included. Hyperpolarizability, Ssks,
and depolarization ratio, DR, have been deduced from SHS measurements at 1064 nm on the

solutions of the ZnO NPs in THF. fsus is expressed in atomic units @ using convention T.%2

In order to measure their ferroelectric properties, the ZnO NPs have been dispersed in a
poly(methyl methacrylate), PMMA, matrix, a well-known dielectric polymer that does not
contribute to electrical conduction or to ferroelectric effects.®® Figure 1a shows the polarization

versus electric field, P vs E, hysteresis loops for the NP-4, NP-5 and NP-6 nanorods.

0.6 50
——NP-4 40| ——NP4
0.4} ——NP-5 30l —*—NP-5
—* NP6 - —+—NP-6
«— 02 g 2 )
' S 10
0.0 = 0
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£ e -10
- -0.2 =)
5 -
o
04 O 30 1
a) -40 b) ]
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Figure 1. (a) Polarization and (b) current vs electric field curves for the ZnO:PMMA blends of

the ferroelectric nanorods NP-4, NP-5 and NP-6.

A clear hysteretic behavior and a bistable polarization switching are observed, with a
coercive field, Ec, of 1400 MV m* which is constant for all three samples. This value is almost
two orders of magnitude bigger with respect to the Ec reported for Sh-doped nanobranched
ZnO films (23 or 63 MV m™, depending on doping)?* and three orders of magnitude bigger
than the one reported for the un-doped ZnO nanoforest (about 2 MV m™).2® Yet no conclusion
can be derived based on this comparison, given the dissimilar nanostructure of ZnO in these
three systems and the different origin of ferroelectricity, as will be discussed below. It is

noteworthy that the constant E¢ that is measured for our samples could be indicative of a
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switching field value that is intrinsic to pure ZnO, given that the film thickness and the ZnO
concentration in PMMA have been kept fixed. In case of the Sh-doped ZnO nanostructure, the
E. is reported to depend on the doping ratio,?! thus it is not intrinsic to ZnO and no comparison
with the value measured for our systems is valid. As far as the remanent polarization is
concerned, it increases from 0.28 mC m to 0.38 mC m to 0.45 mC m for NP-4, NP-5 and
NP-6, respectively. This increase follows the increase of the average NP’s volume <V> that is
reported in Table 1. No hysteretic behavior has been recorded for the rest of the ZnO NPs that
have been studied herein, that are in fact smaller in diameter and length (and consequently in
volume) compared to the three samples discussed so far.

These evidences on ferroelectricity provided by the P vs E data are further supported by
the current versus electric field, I vs E, plots which are presented in Figure 1b. Antisymmetric
current peaks are recorded for all three samples and are attributed to the switching of
ferroelectric domains. The switching peak position corresponds well to the coercive field value
deduced from the polarization loops of NP-4 and NP-6, while for NP-5 switching appears to
take place for a lower electric field. Note that the presence of small leakage currents, of the
order of 5 nA at zero applied electric field, are evident in this Figure for NP-5 and NP-6. Yet,
these currents are not significant compared to the 30 nA — 40 nA that have been recorded during
switching. On the other hand, the capacitors made with the ZnO:PMMA blends of the NP-1,
NP-2 and NP-3 nanorods do not exhibit switching current peaks (Figure S11 in Supporting
Information), in consistence with the absence of hysteresis in the polarization loops. Therefore,
no evidences on a ferroelectric behavior of these nanorods were obtained. The small currents
of the order of nA that are recorded in all cases show that the ZnO nanoparticles have been
well-dispersed within the dielectric matrix and the potential formation of conduction pathways
(assuming that the ZnO nanorods are semi-conducting, as it is the case for bulk ZnO) is

hindered. Note that in case of resistive nanorods, losses due to conductivity could result in a
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response resembling to ferroelectric switching. In order to confirm ferroelectricity,
complementary characterizations are indispensable to support the polarization data, excluding
any electrical effects.

Non-linear optics and in particular second harmonic scattering (SHS) provide an
alternative pathway for probing ferroelectricity although indirectly, even in samples where
conductivity losses hinter electrical measurements.* When a system of nuclei and electrons is
subjected to an external electric field, a dipole moment is produced. The total moment (which
includes the induced moment) per unit volume, or polarization P, may be expanded as a power

series in the applied field E:

P(E) = Py + eg(YWE + yPE2 + y®E3 +...) (5)

P, is the spontaneous polarization and the expression in the parenthesis corresponds to the
induced polarization due to the action of an external electric field E. The linear susceptibility
term y( describes the induced moment for moderate field strengths, but when intense fields
are used, the nonlinear susceptibilities ¥ and y®) contributions may become significant.
Note for example, the second-order susceptibility y®, which is a three rank tensor with
Cartesian subscript ijk, is at the origin of the Pockel effect (electro-optical process) or of
second-harmonic generation when using high—powered pulsed lasers (two photon excitation
process). The prerequisite for the generation of the second harmonic wave is the lack of
inversion symmetry of the material, which is the case for polar materials that includes the class
of ferroelectric materials as demonstrated by Denev et al.®* SHS, called also hyper-Rayleigh
scattering, has been proved to be a more accurate technique for the study of nano-objects.? In
a SHS experiment an incident wave of frequency w interacts with the material non-linearly,
and a scattered wave of frequency 2w is recorded. Herein we study the polar response of
individual nanorods by recording the SHS intensity of dilute solutions of the ZnO nanoparticles

in THF. For such binary solvent/NP solutions in the dilute regime, the SHS intensity is given

14



by Equation (1) (Experimental Section), where the polar response is quantified by the
unpolarized hyperpolarizability, Ssus, which is related to the second-order susceptibility y

by the relation:

)((2) = Bsus/V (6)

where V corresponds to the volume of the scattering nano-object. Equivalently, Equation 6
suggests that y® corresponds to the slope of the linear dependence of Ssus on the NP’s volume.
For the shake of completeness, it is worth mentioning that the total SHS signal radiated by a
NP may also include the contribution of the surface. The surface contribution is a Kerr
contribution called electric field induced second harmonic (EFISH), which involves the third-
order susceptibility, ¥, of the NPs and the interfacial potential o originating from the surface
charge density.?® In that case, the surface contribution is purely dipolar with DR = 9, and we

expect a linear dependence of fsns with the surface.
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Figure 2. SHS responses of the NP-3 ZnO NPs dispersed in THF: a) Quadratic dependence as
a function of the incident power for different NPs concentrations; b) The corresponding polar

plot, extracted from the polarization curve of the ZnO NPs. Circles represent the experimental
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data and solid lines represent the best-fitted curves. Fitting was performed according to

Equation 1 for Figure 2a and Equation 2 for Figure 2b.

The values obtained for the Ssns hyperpolarizability and the depolarization ratio DR for all
ZnO NPs are presented in Table 1. A typical representation of the second harmonic scattering
response of the ZnO NPs dispersed in THF is shown in Figure 2a. These data concern NP-3.
The data collected for all samples are presented in Supporting Information, Figures S4-S9.
Figure 2a nicely reports the quadratic dependence of the collected signal upon the incident
power following Equation (1). The underlying linear relationship of the SHS response with the
NPs concentration (additive incoherent scheme) is a constraint of the fitting procedure and can
be better visualized in the 3D representation plots of the SHS response (Figures S4-S9). Figure
2b presents a typical polar plot of the polarization curve of the NP-3 dispersion in THF.
Similarly to all NPs examined herein, each polar plot (see Figures 2b and S4-S9) exhibits two
lobes with a maximum at the V'V (i.e. at the parallel) configuration and a depolarization ratio
DR between 2.5 and 2.8 (Table 1). A similar value of DR= (0.41)!= 2.44 has been reported in
similar ZnO nanorods.?* These depolarization ratios are closer to 3/2 than 9, indicating that the
octupolar contribution dominates the dipolar one (see Figure S3a and the related discussion in
the Experimental Section). Moreover, the measured DR values suggest that no significant
surface contribution is detected for the ZnO NPs, since such a contribution would result in a
clear dipolar character with DR = 9. This implies that the sizes of the NPs are large enough to
render the surface/volume ratio negligible and to rule out any surface contribution to the SHS
response.

In addition, no nodal line along the VV (y =90°, 270°) and HV (v = 0°, 180°) polarization
is observed in the extracted polar plots (Figures 2b and S4-S9), which indicates no significant

quadrupolar effective SHS response and, subsequently, no coherent contributions to scattering
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(AC°" in Equation 2c tends to zero). Notably, only a dominant incoherent contribution is
measured for the ZnO NPs, with an intermediate octupolar/dipolar feature.®® Such an
incoherent response is actually typical of a volume contribution of perfect nanocrystals, where
selection rules at the center of the Brillouin zone (I" point) apply. A previous unpolarized SHS
(called therein hyper-Rayleigh scattering) study on ZnO nanoparticles also reported that the
signal is dominated by the volume contribution so they could monitor the different stages in
the synthesis of sub-10 nm ZnO NPs in ethanol.®® Note that, following Equation 6, when the
volume contribution dominates, the fsns hyperpolarizability of the NPs depends linearly on the
volume and must intersect the origin. The linear dependence of Ssns on the average NP volume
<V> for all ZnO NPs is demonstrated in Figure 3. The error-bars on <V> correspond to the
polydispersity in volume, induced by the polydispersity in NPs length and diameter. Although
this polydispersity is quite important, a linear dependence is well reproduced for NP-1, NP-2
and NP-3, which clearly intersects the origin, as expected and in consistence with Equation 6.
We call this contribution Type 1. Interestingly, samples NP-4, NP-5 and NP-6 follow a
different linear dependence, outside the Type 1 one. This dependence exhibits a significantly
different slope and does not intersect the origin. We call this contribution Type 2. The Type 1
and Type 2 volume contributions intersect at ca <V> = 1000 nm®. Note that NP-3 and NP-4
samples are at the borderline of the two Types and, within the experimental errors, could fit in

both.
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Figure 3. Linear dependence of the SHS responses with the average total volume of the ZnO
NPs which denotes two types of contributions. The grey area denotes the border between pure

Type 1 contribution and possible coexistence of Type 2 contribution.

Samples NP-4, NP-5 and NP-6 (i.e. the NPs of Type 2) clearly present an excess of SHS
response with respect to the extrapolated values from samples NP-1, NP-2, and NP-3, which
stresses an additional polar contribution of these NPs. Yet this contribution is not related to
surface/interface effects, since the measured DR and their intermediate octupolar/dipolar SHS
response exclude such a hypothesis. In fact, only the NPs with this additional SHS response
were found to exhibit a ferroelectric response. The remnant polarization was found to increase
with the average volume, similarly to the Ssns dependence on volume. These observations put
forward the role of the NP’s volume on the appearance of ferroelectricity in these systems and

will be further discussed below.
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Figure 4. GIWAXS 2D images and the corresponding 1D scattering patterns acquired for the

various ZnO:PMMA films studied herein.

In order to understand the origin of ferroelectricity in these pure and free-standing NPs a
thorough structural study is mandatory. Figure 4 presents the 2D GIWAXS images obtained
for the NPs under study, as well as the corresponding 1D scattering patterns that were obtained
after radial integration and background subtraction of the wedge-corrected (g, gr) images. A
zoom in the 1D scattering patterns is provided in Figure S12, in Supporting Information. The
data recorded for NP-4 are presented and discussed in Supporting Information, Figure S13. No
clear evidences of crystallization are observed for NP-1 and NP-2. The broad scattering ring
that is centered at around 1.4 A is attributed to the amorphous halo of the methoxy-
PEGamine750 ligand, while the faint rings at 2.3 A are related to ZnO scattering. Yet, no
clear peaks that would corroborate crystallization are observed in the corresponding 1D

profiles, which in fact is the case for samples NP-3, NP-4, NP-5 and NP-6. The scattering
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pattern of NP-3 exhibits three peaks located at 2.22 A, 2.42 Aand 2.53 A that correspond
well to the (100), (002) and (101) diffraction peaks of the wurtzite structure of ZnO.% * Note
that the amorphous halo of methoxy-PEGamine750 is not apparent due to the low quantity of
ligand used during synthesis (only 0.1 equivalent for this sample, while 2 and 1.5 equivalents
have been used respectively for samples NP-1 and NP-2, see Table 1).

NP-4, NP-5 and NP-6 exhibit more complicated scattering patterns. Concerning NP-5,
besides the ligand’s amorphous halo, two families of reflections are apparent in the scattering
image, one in the 1.8 A* —2.2 A range and one in the 2.2 A1 — 2.6 A range. The 1D profile
(Figure 4 and Figure S12 in Supporting Information) reveals that the second family is located
at the same g-range as the ZnO wurtzite peaks observed for sample NP-3. The broad scattering
feature recorded in this g-range exhibits two weak maxima at 2.37 A and 2.48 A that (despite
being slightly shifted with respect to the theoretical values) we assign to the (002) and (101)
ZnO peaks. Assuming a hexagonal structure, the corresponding (100) peak would be located
at 2.19 A, where an intense peak is indeed observed. The fact that the peaks are not well
resolved can be attributed either to a slight disorder of the crystalline unit cell that would result
in the broadening of the diffraction peaks, or to size distribution effects, such as a broad
distribution of the diameter or the length of the NPs. The first family of reflections is located
at lower g-values and, once more, a broad scattering feature is mainly observed. The maxima
that are recognized at 1.92 At and 2.07 A* could be very well assigned to the (100) and the
(002) peaks of a hexagonal unit cell. The corresponding (101) peak would be located at 2.19
A1, We suggest that this family corresponds to a new phase of ZnO that crystallizes at the
hexagonal structure, similarly to the well-known ZnO wurtzite structure, but exhibits a swollen
unit cell with respect to the usual one. For the rest of this manuscript this new phase will be
called 8 phase, o phase being the well-known ZnO wurtzite structure. The unit cell parameters

of phase a are a = 3.27 A and ¢ = 5.21 A, which result in c/a = 1.59, while those of S phase are
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a=3.80 A and ¢ = 6.07 A and thus c/a = 1.60. These values suggest an increase of the a and ¢
axes length by 16%.

It is noteworthy that wide scattering spots are evident on the scattering image of NP-5
instead of rings. These spots are located at y = 0° and 60° in case of S phase and at y = 30°, 60°
and 90° in case of a phase, y being the polar angle that is defined with respect to the out-of-
plane (gr = 0) direction. The emergence of distinct spots located at specific angles is indicative
of a preferential orientation of the corresponding crystallites with respect to the substrate. The
30° or 60° shifts between the spots correspond well to the angles formed between planes in a
hexagonal structure. The most interesting observation concerns the fixed relative positions of
the spots that correspond to the two phases; this is suggestive of a tied orientational relationship
between « and S phases, which we attribute to the coexistence of the two phases in each single
NP, rather than the formation of nanorods that fully crystallize in a given phase. Similar
GIWAXS patterns have been reported for self-assembled nanocrystal superlattices where a
high degree of orientational coherence exists between the superlattice and the lattice of the
constituent nanocrystal building blocks.®’-8 Inspired by the superlattice cases, we suggest that
such coexistence of the two phases in each single NP could arise in case of a core-shell
nanoparticle’s structure. Although still a hypothesis, we suggest that the ferroelectric NPs could
be described by core-shell cylinders, where o phase forms the core (the c-axis being parallel to
the long axis of the cylinder) and S phase forms the shell. Dedicated simulations of the
GIWAXS patterns could possibly support this hypothesis and provide information about the
relative orientation of the two phases at the grains boundary of the core-shell structure.

Concerning the structure of sample NP-6, several sharp isotropic rings appear on its’
scattering image (Figure 4). The corresponding 1D profile contains well-defined peaks between
1.8 Atand 2.6 AL, the position of which match perfectly the peaks already observed in samples

NP-3 and NP-5 for the two phases of ZnO. The (100), (002) and (101) peaks of g phase are
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very well apparent in this sample and their intensity is higher than that of the a phase peaks.
This clearly indicates that the crystallization of ZnO in this new phase is enhanced, i.e. that the
volume fraction of f phase with respect to o phase has increased.

To complete the structural characterization, HRTEM images have been recorded in order
to visualize the nanorods and to look for additional proofs in direct space of the co-existence
of the two phases and their arrangement (Figure S14, Supporting Information). Almost all
studied nanorods are monocrystalline and only a few microstructural defects — such as stacking
faults — can be detected, in consistence with the incoherent SHS response that was recorded for
these NPs. A representative perfect nanocrystal is shown in Figure S14b, along with the
corresponding electron diffraction pattern. Slight differences in the lattice dimensions can be
found by direct measurements on the HRTEM images. However, discriminating the two phases
IS not possible, due to the small differences between their lattice size parameters. Therefore,
the discussion is continued based on the information obtained by GIWAXS.

It is interesting to compare the 1D scattering profiles of NP-3, NP-4, NP-5 and NP-6
(Figure S12, Supporting Information) and to discuss them in conjunction with the SHS
response and the ferroelectric properties of each sample. These scattering profiles attest the
transition between single o phase ZnO NPs and NPs where both « and f phases coexist. The
single a phase NPs (NP-3) has a lower SHS response (note that in Figure 3 the corresponding
Pshs is intermediate to Type 1 and Type 2), and they are not ferroelectric. NP-4 is the first
sample that exhibits a ferroelectric behavior, it’s hyperpolarizability is enhanced by 50% with
respect to that of NP-3 and, interestingly, it exhibits two crystalline phases. Two phases also
exist in sample NP-5, where the new S phase appears, yet in minority with respect to a phase,
and Ssws increases significantly, i.e. it almost triples compared to the NP-3 response.

Concurrently, a clear ferroelectric loop is recorded for this sample. Concerning NP-6, the f
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phase is now in majority and the corresponding SHS response is almost 5 times higher than the

one of NP-3. The highest remnant polarization has been recorded for this sample.
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Figure 5. Correlation between the SHS responses (fshs), the volume fraction of the # ZnO

phase and the ferroelectric remnant polarization, Pr.

A correlation between the structural (elastic) characteristics, the SHS response and the
ferroelectric response is attempted in Figure 5. In consistence with the qualitative observations
described above, the volume fraction of £ phase and the remnant polarization, Pr, are plotted
as a function of the SHS response. The volume fraction of £ phase has been roughly estimated
by integrating the scattered intensity between 2.2 At — 2.5 A and comparing with the total
integrated area in the 1.8 A"t — 2.5 A g-range of the background-subtracted scattering profiles.
The volume fraction of the swollen phase in NP-4 has been estimated in the same way and for
simplicity it is assimilated to phase f. Linear-like relationships link the polar response fshs to

both the volume fraction of £ phase and the spontaneous ferroelectric polarization. These
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results highlight that the appearance of the second phase is strongly related to the origin of
ferroelectricity and that its amount is quantitatively dictating polarization.

Considering the core-shell nanoparticle model we proposed based on the scattering
features, we can suggest that the shell dimensions and volume fraction control the magnitude
of the observed ferroelectricity. The nanoparticle volume appears to be an important parameter,
as it was already highlighted based on the polar SHS response, but also the nanorods length
and eccentricity (i.e. diameter/length) should play a crucial role, as ferroelectricity appears only
on the longer and more anisotropic particles. Dedicated studies to unveil the role of each
geometric factor are necessary and already planned.

Concerning the origin of ferroelectricity, the data acquired so far suggest that the
coexistence of two crystalline phases in the same nanorod is necessary. We propose that during
the nanorods synthesis a phase transition between the “prototypic” phase a (high symmetry
space group P6smc) and the S phase takes place, resulting in the core-shell structure described
above.3*4% We suggest that the primary order parameter is a spontaneous strain triggered by
the PEG ligands at the surface of the nanorods and the secondary order parameter is the
spontaneous electric polarization. Hence, this phase transition is Ferroelastic and Ferroelectric,
and the ferroelectricity observed herein is not an intrinsic property of ZnO (in consistence with
what observed in the bulk), but a second-order effect.3-° In this case a relationship between
the polarization and the piezoelectric constant dj; (or equivalently the SHS hyperpolarizability
Pshs) is expected. Finally, this “improper” nature of the observed ferroelectricity can explain
the huge coercive field 1400 MV m™ that was measured, since Aizu* has calculated that the
coercive forces for the ferroic state shifts are considerably higher than those observed for first-

order effects.
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CONCLUSIONS AND OUTLOOK

In this work we report for the first time the appearance of ferroelectric switching in pure
and free-standing ZnO nanoparticles. Clear polarizations loops and antisymmetric switching
currents have been recorded for NP-4, NP-5and NP-6 when dispersed in a PMMA dielectric
matrix. In coherence with this observation, a significant SHS polar response has been recorded
for these NPs when dispersed in THF, with fsus increasing rapidly with the average
nanoparticle volume for the ferroelectric NPs. The structural studies showed that
ferroelectricity is related to the appearance of a new hexagonal crystalline phase, its unit cell
being swelled with respect to the well-known wurtzite ZnO cell. Interestingly, the volume
fraction of this new phase, the polar SHS response, and the spontaneous polarization are all so
far linearly linked, underlining the consistency between these complementary physical
characterizations.

Although the hypothesis on the core-shell structure of the ferroelectric NPs and the
improper ferroic behavior driven by a Ferroelastic-Ferroelectric coupling could answer some
of the questions on the origin of ferroelectricity that inevitably arise, additional studies should
be conducted to shed light on its origin. The synthetic method certainly plays a crucial role and
the effect of each parameter should be examined independently. Yet, the nanoscopic origin of
this new property of ZnO must be stressed. The anisotropic shape and the nanoscopic size, the
high eccentricity, the large surface to volume ratio result in properties that are inherently
forbidden in bulk ZnO. The NPs that were examined herein constitute one more fascinating
example, where nanomaterials exhibit unprecedented properties, never met to their bulk

counterparts.
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