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In degenerate semiconductor nanoparticles, the tuning range of the plasmon resonance is directly

controlled by the electron gas concentration and thus by the dopant activation. Here, we investigate the

improvement of the dopant activation in ZnO-based nanocrystals for mid IR plasmonics. For that

purpose, we have synthesized Al-doped and Ga-doped ZnO nanocrystals in O-rich and O-poor

environments. We show that the free carrier concentration can be doubled for the samples grown in an

O-poor environment. Accordingly, the plasmon resonance shifts from 5 mm to 3.1 mm. In analogy with

previous results from Ga-doped ZnO thin films, we discuss the effect of the possible reduction of the

concentration of acceptor-like complexes such as AlZn–VZn and AlZn–Oi (resp. GaZn–VZn and GaZn–Oi)

on the activation improvement. Besides, whether long or rapid, thermal annealing does not improve the

compensation ratio. Consequently, the control of O content during synthesis remains the most valuable

tool to achieve the highest dopant activation in doped ZnO nanocrystals.
1. Introduction

The research in the eld of plasmonics is dominantly focused
on the UV-visible and near IR ranges. Comparatively, research
on mid infrared (MIR) plasmonics is emerging. Design and
optimization of MIR materials and devices are yet a challenge.
However, tuning the plasmon resonance to the MIR range
would allow the design of label-free chemical sensors of high
sensitivity since many chemical molecules (of pollutants for
instance) exhibit vibrational modes in that range. Conse-
quently, MIR plasmonic nanomaterials are key materials for
Surface Enhanced IR Absorption (SEIRA) spectroscopy.1,2

Doping of metal oxide nanocrystals for infrared (IR) plasmonics
has been recently investigated in order to tune the plasmon
resonance and amplify the associated local electromagnetic
eld across the IR range.3–10 Varying the dopant concentration
in degenerate metal oxide semiconductors can modulate the
free electron density over one order of magnitude (from a few
1019 cm�3 to more than 1021 cm�3).10,11 Accordingly, the
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plasmon resonance wavelength can be tuned from about 1 mm
to 5 mm. However, when the doping level reaches degeneracy,
the activation of dopant is reduced, as is evidenced by Brouwer's
diagram.12 Generally, much less than 1/2 of the dopant atoms
introduced effectively contribute to the free electron gas. Typical
values of the dopant activation usually range between 10% and
50%. This is particularly true for Ga and Al dopants in ZnO
nanocrystals or for Sn in indium tin oxide (ITO) particles.13,14

The issue of incomplete dopant activation has been addressed
rst by groups working on transparent conductive oxide (TCO)
thin lms. The dopant efficiency is reduced because of the
formation of compensating centers. For instance, in the case of
Sn doped indium oxide,15 complexes between substitutional tin
(SnIn) and oxygen interstitials (Oi) are increasingly stable and
act as acceptor centers, hence compensating the n-doping of Sn.
The same kind of mechanism has been evoked in Ga-doped
ZnO thin lms16 with the formation of GaZn–Oi and GaZn–VZn

acceptor complexes. Because of the required presence of defects
such as Zn vacancies (VZn) or O interstitials (Oi), the formation
energy of these complexes depends on the amount of oxygen
during the growth. Thus, in O-rich growth conditions, the
presence of both VZn and Oi is expected to be favored and the
formation energy of the GaZn–Oi and GaZn–VZn acceptor
complexes is low. On the contrary, in O-poor growth conditions,
the stabilization of the acceptor complexes is less likely. This
mechanism has been evoked to explain the improved electric
conductivity of TCO grown in O-poor conditions. It is thus
appealing to study the impact of oxygen on the electronic and
RSC Adv., 2017, 7, 28677–28683 | 28677
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optical properties of MIR nanocrystals, and hence on the tuning
of the plasmon resonance.

In this work, we investigate the inuence of oxygen pressure
during the synthesis on the plasmon resonance in Al-doped
(AZO) and Ga-doped (GZO) ZnO nanocrystals. We report on
the physical synthesis of uncapped ZnO nanocrystals doped at
3% with either Al or Ga by an adiabatic plasma expansion in
high vacuum. The doping level of 3% was chosen as an optimal
compromise between an intense LSPR and a good reproduc-
ibility of the samples. Indeed, we have observed in a previous
work17 that for doping levels lower than 6%, the nanocrystals
are homogeneous in doping and thus are below the solubility
limit of Al or Ga within our synthesis process while exhibiting
clear and reproducible LSPR. Since the nanocrystals had
uncapped surfaces, they tended to spontaneously self-organize
through the oriented attachment (OA) process. Doped-ZnO
nanocrystals have been synthesized in O-poor as well as in O-
rich conditions. We have succeeded in modulating the plas-
mon resonance from 5 mm to about 3.1 mm by synthesizing the
nanocrystals in an O-poor environment. Correspondingly, the
resulting free carrier density has been increased signicantly.
We discuss about the possible relation between this increase in
free carrier density and the concentration reduction of acceptor
defects and complexes such as AlZn–Oi and AlZn–VZn (resp.
GaZn–Oi and GaZn–VZn as seen in Ga-doped ZnO thin lms).
Next we investigate the impact of a post-deposition annealing to
further improve the dopant activation. Contrary to what is
observed for thin lms, thermal treatment is detrimental to the
plasmon of the nanocrystals, questioning the metastability of
the dopants.

2. Methods

The nanocrystals have been synthesized by the low energy
cluster beam deposition (LECBD) technique described in.17,18 A
plasma is obtained from a target which is ablated using a pulsed
(10 Hz repetition rate) doubled (532 nm; 100 mW) YAG: Nd
laser. The 3% Al (Ga) doped ZnO pellet target consists of
a mixture of ZnO and Al2O3 (Ga2O3) (99.999% pure each)
microscopic powders sintered and annealed at 800 �C in air for
10 h. A constant ux of buffer gas is used to quench the plasma.
The gas ux was a mixture of 75% He and 25% O2 for the AZO
nanocrystals obtained in O-rich conditions. For the O-poor
synthesis, no O2 gas was added to He. Aer the ablation of
the target, the gas induces stabilization of nucleation embryos
(dimers and trimers). Subsequently the mixture of the plasma
species and buffer gas is expanded through amicrometer nozzle
while leaving the nucleation chamber at 20 mbar and reaching
the deposition chamber at 10�7 mbar. During this adiabatic
expansion, atoms from the plasma aggregate according to an
accretion process; at that point the formation of the clusters is
achieved. The resulting nanocrystals forming a supersonic jet
are deposited on silicon substrates or TEM grids. Despite their
high velocity, the atomic kinetic energy in the nanocrystals is
lower than the atomic binding energy. Therefore, the nano-
crystals do not fragment during deposition. The lms resulting
from the deposition of the nanocrystals are typically several
28678 | RSC Adv., 2017, 7, 28677–28683
hundreds of nm thick and foam-like, with a porosity estimated
to be about 70% according to the 3D percolation theory.

The structure of the deposited nanocrystals was investigated
by transmission electron microscopy (TEM) and X-ray diffrac-
tion (XRD). High resolution TEM images were acquired on
a JEOL 2010F operating at 200 kV, equipped with a Gatan Orius
100 CCD camera. XRD diffractograms were acquired on
a Rigaku Smartlab diffractometer using the Cu Ka1 radiation (l
¼ 1.54 Å), the incident beam was xed at a grazing angle of 0.4�

in order to increase the surface diffraction. The elemental
composition of the whole nanocrystal lms has been measured
by Rutherford Backscattering Spectrometry (RBS) using a 4He++

ion beam accelerated at 5 MeV delivered by the van de Graaff
accelerator of the Nuclear Physics Institute of Lyon (IPNL). A 13
keV resolution implanted junction, set at an angle of 172� with
respect to the beam axis, has been used to detect the back-
scattered particles. Chemical states of the constituents have
been analyzed by X-ray Photoelectron Spectroscopy (XPS), using
an Al anode. The spectra have been calibrated by using the C1s
level of adventitious carbon species as standard references with
a nominal value of 285.0 eV. Eventually, the plasmon reso-
nances have been probed by Fourier Transform Infrared Spec-
troscopy (FTIR) in the reection mode.

3. Results

The LECBD technique has been previously used to synthesize
undoped and Ga doped ZnO nanocrystals.17,18 As in these
previous cases, the Al-doped and Ga-doped nanocrystals
synthesized in both O-rich and O-poor environments are crys-
tallized in the wurtzite structure. This is conrmed by TEM
analysis in the high resolution mode and shown in Fig. 1. The
average size distribution of the nanocrystals (estimated over 100
particles) is 5.6 � 0.3 nm.

Fig. 2 shows the XRD diffractograms of AZO nanocrystal
lms. The peaks correspond to the wurtzite structure with no
additional peak indicating the absence of any other crystalline
phase (see Fig. S2 of ESI† for large scan diffractogram).
However, the average size of the crystalline domains, deduced
using Scherrer's equation and assuming perfect crystals without
defects, is 29 � 2 nm for all samples. This discrepancy has
already been pointed out and reported for pure ZnO18 and Ga
doped ZnO nanocrystals17 produced by the LECBD technique. It
results from the oriented attachment (OA) of the initial
uncapped nanocrystals (see Fig. S3 of ESI†). The nanocrystals
tend to reduce the surface energy of their facets through
epitaxial attachment. The inuence of the OA on MIR plasmon
resonance has been studied intensively in.17 We have shown
that it essentially leads to the inhomogeneous broadening of
the plasmon resonance but has almost no effect on the dopant
compensation. Moreover, the diffractograms do not show any
shi of the peak positions. In AZO nanocrystals synthesized by
wet chemical route, a slight increase of the peak position, cor-
responding to a small shrinkage of the lattice, has been re-
ported.19 Al having an ionic radius (50 pm) smaller than that of
Zn (74 pm), this shrinkage has been considered as a conrma-
tion of the substitution of Zn with Al. If this statement holds, we
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Low magnification TEM image of AZO nanocrystals. Inset: high
resolution TEM image of an AZO nanocrystal, doped at 3% and the
corresponding FFT, indicating the wurtzite structure of the nano-
crystal. The size distribution of the nanocrystals is also shown (lower
inset) revealing a mean size of 5.6 nm. The solid line is a fit to the data
with a log-normal distribution, typical of the accretion process
involved in the LECBD synthesis.

Fig. 2 Diffractograms of the ZnO nanocrystal sample and of O-rich
and O-poor AZO nanocrystal samples with 3% Al content.

Fig. 3 FTIR reflectance spectra of (a) AZO and (b) GZO nanocrystal
films synthesized in oxygen rich (O-rich) and oxygen poor (O-poor)
conditions deposited on Si substrates.
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can infer that, in our nanocrystals, not all the Al atoms are
incorporated on substitutional sites. Nevertheless, the incor-
poration of Al (or Ga) in our nanocrystal lms has been
conrmed by RBS. Themeasured content of Al in AZO and Ga in
GZO nanocrystals, whether obtained in O-rich or O-poor envi-
ronment, is 3% in atomic concentration with respect to Zn.

The effect of synthesizing nanocrystals in O-poor and O-rich
environments on the IR plasmon properties of the resulting
lms was investigated by FTIR reectance measurements. The
plasmon peaks of the 3% AZO and GZO nanocrystals synthe-
sized in O-rich and O-poor environments are shown in Fig. 3. As
This journal is © The Royal Society of Chemistry 2017
expected, the plasmon peaks are characterized by large broad-
ening. This broadening is a common feature of doped nano-
crystals.6,13,14,17 It is related to several distinct causes, such as the
inherent plasmon damping (in Drude's model), which leads to
the homogeneous broadening. It is also related to the inho-
mogeneity of the nanocrystal size and shape,20,21 the dopant
segregation among the nanocrystals, the variation of the elec-
tron concentration between nanocrystals12 and the nanocrystal
organization (oriented attachment). The sum of the optical
responses of nanocrystals of different sizes, shapes and electron
densities gives rise to a broad plasmon peak.

In Fig. 3a, we observe that the plasmon resonances of AZO
nanocrystal lms resulting from a synthesis in O-rich and O-
poor environments peak at 2000 cm�1 (5 mm or 0.25 eV) and
3200 cm�1 (3.1 mm or 0.40 eV), respectively. For GZO nano-
crystals (Fig. 3b), the shi is slightly lower, ranging from 2000
cm�1 (5 mm or 0.25 eV) to 2700 cm�1 (3.75 mm or 0.33 eV). From
the observed plasmon resonances, we deduce the free electron
density according to Drude's model. The frequency of the bulk
plasmon resonance up is related to the electron density n
through the following expression:

up ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ne2

303rm*

s
(1)
RSC Adv., 2017, 7, 28677–28683 | 28679
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Fig. 4 XPS spectra of the O1s level for 3% AZO nanocrystals synthe-
sized in O-rich conditions (a) and O-poor conditions (b). The experi-
ment results correspond to A symbols. The O1 and O2 contributions
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with e the electron charge, m* the effective mass of free elec-
trons in ZnO, 3o the permittivity of vacuum and 3r the relative
permittivity of ZnO. The localized plasmon induced in nano-
crystals dispersed in a surrounding medium (i.e. foam-like thin-
lm) with a permittivity 3m is:

usp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

up
2

3N þ 23m

s
(2)

where 3N is the high frequency permittivity of AZO or GZO
(assumed to be equal to 3.7, the ZnO value). 3m is deduced from
the Bruggeman model since it is the most suited to describe our
samples, where nanocrystals are connected and in contact with
each other forming a random network with 70% porosity (as
explained before). The effective medium surrounding each
nanocrystal is thus a mixture of 70% of air and 30% of other
identical nanocrystals. Using the expression of usp, we extracted
the electron density values. The free carrier concentration for
AZO nanocrystals from O-rich environment is 2 � 1020 cm�3,
while it is 4.1� 1020 cm�3 for AZO nanocrystals from the O-poor
environment. For GZO nanocrystals, the carrier concentrations
are 2 � 1020 cm�3 and 3.4 � 1020 cm�3, respectively. In other
words, these quantities represent roughly 700 and up to 1600
free electrons per nanocrystal. We have to concede that these
values of free carrier concentrations are approximations (over-
estimations). This is a consequence of the inherent error
induced by eqn (2) for degenerate semiconductor nano-
crystals.18 We observe that the carrier density in AZO nano-
crystal lms synthesized in O-poor conditions has doubled as
compared to the one prepared in O-rich conditions and has
been multiplied par a factor of 1.6 for GZO nanocrystal lms.
Accordingly, the fraction of active dopants amounts roughly to
1/6 in the O-rich AZO nanocrystals and to 1/3 in the O-poor ones
(1/6 in the O-rich GZO nanocrystals and about 1/4 for O-poor
GZO nanocrystals). The improvement trend is common to
AZO and GZO but the improvement magnitude is somewhat
smaller for Ga doping.

Synthesizing AZO or GZO nanocrystal lms in O-poor
conditions is conclusively benecial for the improvement of
the free electron density. This observation has been demon-
strated for GZO16,22 or AZO23 thin lms. As mentioned in the
introduction, in the latter case, the improvement has been
assigned to the reduced concentration of the GaZn–VZn or GaZn–
Oi acceptor complexes. Demchenko et al.16 have computed the
formation energy of these complexes and shown that in O-rich
conditions, when the Fermi level is high, as in the case of
degenerate ZnO, it is lower than that of the donor GaZn. Actu-
ally, the most stable and thus most likely complex is GaZn–VZn.
In O-poor conditions, the formation energy of both complexes is
higher by 6.70 eV making them less likely to exist. Hence, the
compensating effect is reduced. This is a common feature in Al
or Ga doped ZnO thin lms. Moreover, other kinds of acceptor
defects have been pointed out. At odd with the DFT calculations
from Demchenko et al. which do not predict VZn as a stable
defect, Look et al. have noticed that, in lms grown with pulsed
laser ablation, VZn can compensate partially the donors.24

Nevertheless, this study also points towards the role of Zn
28680 | RSC Adv., 2017, 7, 28677–28683
deciencies, and thus indirectly to the O pressure during the
growth, since a large O pressure is expected to favor the pres-
ence both VZn and Oi. In Ga-doped ZnO thin lms, the
compensation ratio was reduced from 90% to less than 30%
(ref. 14) or set at 57% by controlling the synthesis ambient. In
our AZO nanocrystal lms the compensation ratio is reduced
from 83% to 65%. Since we experience exactly the same
behavior related to the O conditions of growth, we believe that
in our system, acceptors either related to VZn or Oi are involved,
possibly the GaZn–VZn or GaZn–Oi acceptor complexes.

In order to support this hypothesis, we have analyzed the
chemical states of O within the nanocrystals by XPS. The O1s
levels of O-rich and O-poor AZO nanocrystals are shown in
Fig. 4. Both spectra show two distinct contributions labelled O1
and O2. The O1 contribution, peaking at 530.6 eV, is ascribed to
O2� ions in a well-crystallized wurtzite environment, in accor-
dance with ref. 25 and 26. The second contribution O2, peaking
at 532 eV is assigned to O from hydroxide groups or to O in an O-
decient environment. O2 line is thus and indirect signature of
O vacancies (VO). The ratio of the intensities of the O1 and O2
lines changes from 1.6 for the O-rich nanocrystals to 0.6 for the
O-poor ones. The OH content being identical in both samples,
the change of the O1/O2 ratio indicates the reduction of O
content in the nanocrystals synthesized in O-poor conditions.
are shown as the result of their sum (solid line).

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 FTIR reflectance spectra of (a) 3% AZO nanocrystal films
annealed in air at 50 �C and 400 �C for 30 minutes and (b) of 3% AZO
nanocrystal films annealed by RTA at 350 �C for 1 mn and 2 mn.
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Accordingly, the presence of Oi and VZn is expected to be dras-
tically reduced, as is the presence of related compensating
centers.

Even though we managed to reduce the acceptor complexes
concentration, we note that our samples still have other
compensating defects. Indeed, the presence of uncapped
surfaces, of grain boundaries and twin boundaries resulting
from the oriented attachment may play also a role. Embedding
the AZO (or GZO) nanocrystals in a matrix leading to a clean and
passivated surface of the nanocrystals might reduce signi-
cantly the acceptor-like defects (see27). Moreover, controlling the
position of the donor centers among the nanocrystals could also
be benecial, as revealed byMilliron et al. for nanocrystals15 and
by Look et al. for thin lms.28 Eventually, we have to consider the
possibility that the dopants do not go on the proper sites. In the
drastically kinetic conditions of our growth process, we cannot
discard that some Al or Ga atoms are incorporated on O sites
(anti-sites) or interstitial sites. This would lead to metastable
acceptor defects. As evidenced previously, the high resolution X-
rays diffractograms of pure ZnO and 3% AZO nanocrystals
(synthesized in O-rich or O-poor condition) do not show any
shi of the peak positions. This may reveal that a signicant
part of the Al ions is not incorporated in Zn sites.

This observation has been made also for thin lms and the
latter are oen subject to post-deposition annealing. Conse-
quently, we have rst annealed our 3% AZO O-rich nanocrystal
lms in air for 30 minutes at low temperature (50 �C) and high
temperature (400 �C). In Fig. 5, we clearly observe that the low
temperature annealing has no effect on the LSPR while the high
temperature one leads to its complete disappearance. This is in
fair agreement with results from Kortshagen et al.27 where the
disappearance of the LSPR in AZO nanocrystals was observed
aer a 1 h annealing at 650 �C. Thus, instead of improving the
activation of the dopants, it clearly shows that either the latter
are in a metastable state or annealing induces additional
compensating centers. Taking this metastability into account
and considering that the diffusion length of Al in ZnO at high
temperature can be as large as few nanometers, we next
annealed the 3% AZO O-rich nanocrystal lms by Rapid
Thermal Annealing (RTA) in vacuum at moderate temperature
(350 �C) for 1 or 2 minutes. This temperature was chosen from
studies in the literature showing improvements of degenerate
ZnO close to this value.29–32 The results are presented in Fig. 5b.
Here again annealing leads to the annihilation of the LSPR. Our
results emphasize a discrepancy between certain studies
regarding degenerate ZnO thin lms and our nanocrystals since
in thin lms a RTA has been shown to improve the dopant
activation.16 However, for the sake of rigor, we mention that
even in degenerate thin lms, annealing at moderate temper-
ature (ca. 350 �C) has been show to degrade the dopant
concentration and thus the electron gas concentration.33 Actu-
ally, the annealing atmosphere matters. It seems that annealing
in air, oxygen or nitrogen reduces the carrier concentration32,33

whereas annealing in reducing atmosphere seems to improve
it.34–36 To further check the inuence of the annealing atmo-
sphere, we have repeated the RTA in a neutral ambient, Ar. The
reduction of the electron gas concentration is still observed but
This journal is © The Royal Society of Chemistry 2017
to a lesser extent (see ESI S4†). Eventually, we have annealed an
O-rich 3% doped AZO nanocrystal sample in H2 (400 �C, 30
min). The MIR reectance spectrum, presented in (Fig. S5 of
ESI†), does not show any LSPR anymore. This highlights that
both mechanisms are involved. The addition of compensator
centers is evidenced by the fact that the reduction of the LSPR is
larger with an oxidizing ambient. On the other hand, when
annealing in an inert atmosphere, the introduction of charged
species is less likely. Eventually, the annealing in a reducing
atmosphere should provide extra electrons to help saturating
the electron traps. However, in the annealing conditions used
here, this is not the case. The duration of the annealing seems
to matter. The LSPR disappearance thus questions the meta-
stability of the acceptors.

Another important point concerns the homogeneity of the
compensation. We have no evidence about its possible variation
from nanocrystal to nanocrystal but we can expect at least some
stochastic variations. Since it has been shown that variations of
the free electron density between different nanocrystals lead to
an inhomogeneous broadening of the LSPR,13 it would be very
interesting to measure the compensating ratio at the nano-
crystal scale and see how it can be controlled in order to design
nanocrystals with very sharp LSPR.
RSC Adv., 2017, 7, 28677–28683 | 28681
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4. Conclusion

To conclude, we have investigated the improvement of dopant
activation in ZnO nanocrystals for Mid IR plasmonics. First, the
inuence of the O amount during the growth on the LSPR of
AZO and GZO nanocrystals has been studied. We have synthe-
sized nanocrystal lms either in O-rich or O-poor environment.
While the Al (or Ga) content is not affected, the carrier density is
doubled, varying from 2 � 1020 cm�3 for the O-rich synthesis to
4 � 1020 cm�3 for the O-poor one. Accordingly, the compensa-
tion ratio decreases from 83% to 65%. In analogy with previous
calculations and observations on Ga-doped and Al-doped ZnO
nanocrystal lms, we propose that the increase in the carrier
density is related to the concentration reduction of acceptor-like
defects and complexes such as AlZn–VZn and AlZn–Oi. Despite the
improvement of the compensating ratio the carrier density
absolute value remains rather low, pointing to the presence of
other compensating centers. Contrary to what has been
observed for thin lms, the removal of the latter cannot be
achieved by post-synthesis thermal annealing. Instead, the
annealing questions the metastability of the dopants within the
nanocrystals and is accompanied with the disappearance of the
LSPR. Thus, the control of the synthesis conditions, and among
them the amount of O, is of prime importance to enhance the
activation of dopants in degenerate ZnO nanocrystals.
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Juste, L. Liz-Marzán, N. Del Fatti and F. Vallée, Nano Lett.,
2013, 13, 2234–2240.

22 H. Y. Liu, V. Avrutin, N. Izyumskaya, M. A. Reshchikov,
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