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Introduction

Doping of RE ions in the 2D ZnO layered system
to achieve low-dimensional upconverted
persistent luminescence based on asymmetric
doping in ZnO systems

Bolong Huang

Herein, we dope a low-dimensional ZnO system with a wide range of rare earth (RE) ions. Through
systematic calculations, the dopable range of all ZnO systems was found to be asymmetrical, which
accounts for the difficulty in achieving p-type doping. Low-dimensional ZnO systems, similar to 2D
graphene-like nanosheets, have a wider doping limit. Thus, 2D ZnO is a promising candidate to achieve
a wider doping range in ZnO. To further examine energy transfer in upconversion luminescence, the
excited states of all lanthanide (Ln) elements in both the Ln?* and Ln®* ionic state in the bulk ZnO lattice
were extensively studied. The probability of mixed valences of the Ln dopant ions occurring in ZnO was
discussed, along with the analysis of the relative oscillator strengths. At the Ln?* states, the heavy lanthanide
elements usually dominated the energy transmission channel at high energy, the medium lanthanide
elements mostly occupied the middle range of the optical fundamental gap, and the light lanthanide elements
were widely spread over the optical band gap as well as the conduction band range. However, Ln*" ions, as
the sensitizing dopant, have reduced energy barriers for excited state absorption, showing wider energy
transfer channels that are evenly distributed within 3.0 eV, which is lower than the conduction band
edge absorption in Ln?*. Meanwhile, each energy level has an obviously stronger oscillator strength,
indicating a larger probability for excitation and energy transport between the inter-levels. Thus, in
physicochemical and biological terms, trivalent Ln doping follows the removal of apical dominance
concept, contributing more flexible energy transfer within the biological window for in vivo imaging or
other related optoelectronic devices.

biocompatibility and luminescence, which is often applied
in biomedical science, ZnO has potential in biophotonics and

ZnO, a transparent semiconducting oxide, has a wide band gap
of 3.4 eV with a large exciton binding energy of 60 meV' and
exhibits strong size-dependent electronic and optical properties.
Currently, scientific interest in the flexibility and the size- and
shape-controlled fabrication of nanomaterials is growing. Low-
dimensional ZnO nanostructures have great potential for human-
friendly nanodevices, biomedical science, and light-emitting
devices that require extremely low power consumption.”* Multi-
scaled, low-dimensional ZnO, which can be produced using
various novel fabrication technologies, has promising applica-
tions in solid-state, short-wavelength, light-emitting, trans-
parent, conducting, and piezoelectric materials, as well as in
room-temperature ultraviolet (UV) laser emission devices and
UV photovoltaic cells with tailored dimensions.>® Due to its
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biomedical applications for imaging living cells and tissue."

Recent experiments have shown that ZnO exhibits both two-
photon absorption (TPA) and two-step two-photon absorption
(TS-TPA) photon upconversions (UCs) with a tunable and energy-
efficient UC mechanism that persist even at low excitation
density."""* These pioneering experiments shed light on oppor-
tunities for modulating and improving the output luminescence
and device applications of ZnO nanomaterials.

UC has rapidly attracted great research interest in a number
of fields, with a focus on applications such as bioprobes, drug
delivery, tumor positioning in anti-cancer research, and opto-
electronics.** Ln*'-doped or Ln*'-based UC nanoparticles
(UCNPs) are of great interest for bioprobes, as they respond
to a wide range of stimuli"*'® and are superior to conventional
quantum dots and organic dyes, whose luminescence is sensitive
to their size and chemical surroundings.”*®"' Due to their near
infrared (NIR) emission and deep penetration depths by long wave-
lengths, UCNPs offer minimized photodamage, high signal-to-noise

Phys. Chem. Chem. Phys., 2017, 19, 12683-12711 | 12683


http://orcid.org/0000-0002-2526-2002
http://crossmark.crossref.org/dialog/?doi=10.1039/c7cp01623a&domain=pdf&date_stamp=2017-05-05
http://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7cp01623a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP019020

Open Access Article. Published on 19 April 2017. Downloaded on 4/25/2026 4:58:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

ratios and remarkable penetration depths for in vitro and in vivo
applications,>* >’ bioprobes,'>?® and drug delivery*>*° in bio-
logical chemistry and in biomedical treatment/therapy in anti-
cancer research.'®*>*%3173¢ The biosafety of UCNPs is relatively
stable, as determined by biotests,>®?” and UCNPs present low
nanotoxicity, as noted in a recent review.’® In addition, UCNPs
also exhibit promising applications in solar cells due to their
enhanced energy conversion efficiency resulting from their ability
to absorb solar light in the infrared region.”® Combinatorial
approaches have recently been developed to quickly screen UCNP
candidates for biological applications via high-throughput screen-
ing, modeling and applications using tailored 96-well microplate
parallel synthesis systems.*°

In fact, native energy transfer events in Ln**-doped UCNPs
dominate the UC efficiency,>* and the high-throughput synthe-
sis and screening of applicable UCNP candidates leads develop-
ments to remain in the experimental trial phase, as different
energy transfer pathways may vary the output color of UC
emissions because emission can proceed via various photo-
electron transport mechanisms.*' However, energy transfer studies
can manipulate the UC through guided theoretical energy transfer
mechanisms to achieve satisfactory efficiency and the desired
output color.

Epitaxial techniques are considered promising methods for
producing ZnO thin films for optoelectronic devices. In com-
parison with conventional vapor-phase deposition methods,
solution-deposition techniques, such as chemical bath deposi-
tion (CBD), have attracted attention because of their low-
cost setup, low processing temperature, high productivity, and
scale-up potential, especially for ZnO thin films grown on glass
substrates.>> Moreover, if the substrate is pre-seeded with ZnO
crystallites or a small amount of transition metal ions, such as
Fe”* or Fe*', drawbacks of CBD, such as the irreproducible
heterogeneous growth of the ZnO film, can be overcome.**®

The microemulsion-mediated hydrothermal approach is another
convenient route. A number of remarkable studies have reported
that Zn(OH),*>~ and Zn(NH,),>" can be used as precursors in
solution and have detailed simple strategies to obtain tunable,
multi-scaled, low-dimensional ZnO nanomaterials.>**> Zero-
dimensional (0D) nanoparticles as well as two-dimensional
(2D) nanoplates or nanosheets can be obtained via the oriented
attachment mechanism under hydrothermal conditions by the
following synthetic pathway:>*3°

dehydration
R E——

Zn(OH) 2~ ZnO nanoparticles

oriented attachment
———" = 7ZnO nanosheets

Following the above route, well-crystallized and monodis-
perse nanoparticles can be obtained through Ostwald ripening.
This synthetic strategy exhibits certain flexibility in controlling
the morphology and can tune the dimension of ZnO to either
one-dimensional (1D) or 2D nanocrystals. Hao et al. also attempted
a similar route, obtaining a different morphology.*®

Here, we emphasize that intermediates in the synthesis of
layered structural materials can act as generalized precursors,
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and outline a universal synthetic method to obtain 2D ultrathin
nanomaterials, which can be applied to obtain ZnO with a
2D layered structure.*® The findings recently reported by Yan
et al.*® not only allow the fabrication of a controllable ultrathin
2D nanomaterial but also contribute a cornerstone material
for related fundamental studies on the properties and perfor-
mances of these materials, as well as the future exploration of
new materials through this facile synthetic route.

To date, the energy levels of lanthanide (Ln) dopants in ZnO-
related nanomaterials, including the thermodynamic transition
levels, single-particle levels, and excitation levels, have not been
thoroughly studied. In particular, the nature and mechanism
of emission induced by different energy transfer events via
Ln*" in the ZnO system has not been well interpreted through
theoretical studies. Therefore, it is necessary to explore and
understand the intrinsic dopable range of lanthanide ions
and the excitations that lead to specific UC energy transfer
properties.

The n-type doping of ZnO can be achieved through electronic
modulation, while p-type doping is very difficult to achieve.*”*®
One of our collaborators suggested that this difficulty may be due
to asymmetric doping behavior resulting from native point defects,
especially oxygen vacancies (Vo) and zinc vacancies (Vy,).>>*°
Synthesized ZnO usually presents intrinsic n-type semiconducting
behavior,*"** which may be due to intrinsic defects or hydrogen
(H) atoms produced during synthesis.**"**

Bulk ZnO materials typically have two common crystal
phases: zincblende or wurtzite. Both phases show direct band
structures at the I point of the Brillouin zone (BZ).** However,
the optoelectronic applications of these materials are affected
by their limitations in p-type doping. These limitations arise
from native point defects, which control the boundary of the
bi-polar doping limit (n-/p-doping limit) and are largely composed
of intrinsic lattice defects, such as vacancies or interstitials.>” The
Fermi level cannot be easily modified by extrinsic dopants due to
the spontaneous formation of numerous native point defects,
which influences the n-/p-doping limit.**

Other lattice systems can be fabricated, such as the rock-salt
lattice, which can be obtained under high pressures of approxi-
mately 9-10 GPa, and the 2D graphene-like ZnO lattice, which
can be obtained using molecular beam epitaxial growth or the
microemulsion hydrothermal method. Moreover, amorphous
semiconductor thin films, such as amorphous ZnO (am-ZnO),
have relaxed k-selection rules and optical transition constraints,
endowing these materials with unique advantages over crystal-
line thin films or bulk materials. Additionally, the sample
preparation of am-ZnO has a lower cost and can be amended
to produce large-area sheets or thin films.*® Furthermore, solid
am-ZnO shows a better light conversion efficiency and improved
energy transitions between inter-level excitations. Herein, we
perform a preliminary study on the intrinsic dopable range in
am-ZnO.

To study the persistent luminescence of ZnO, the defect
process and dynamics under external photoirradiation must
be understood. Charge transfer and energy transport must be
interpreted via accurate calculations of the energy levels with
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and without doping (e.g., n- or p-type doping).””*® On the
other hand, these calculations require a systematic study of a
range of native point defect levels in terms of the single-particle
levels (SPL), thermodynamic transition levels (TTL), and optical
vertical excitation levels under the Franck-Condon framework.*®
Moreover, to estimate the energy formation cost, note that native
point defects depend on the specific chemical potential limit
and the local structural relaxation and cross-section of defects
that capture charge carriers. Our recently developed model
shows that the long-decay recombination behavior of excited
electron-hole pairs occurs through a time-accumulated donor-
acceptor band, which has been continuously pumped by local
lattice distortions with a corresponding negative effective
correlation energy.**®" Our model not only combines a lattice
relaxation model resulting from defects such as DX and EL2
centers®>® and an energy barrier model involving the photo-
generated Coulomb potential from electron-hole pairs,>*~>° but
also shows a potential zero-phonon line electronic inter-band
transition, which can explain the energy conversion mechanism
leading to persistent luminescence.

To achieve a better combination of experimental observa-
tions and theoretical studies, electronic structure calculations
are necessary for each given ZnO system. As is well known, the
electronic structure of a given semiconductor material plays
a significant role in determining its potential applications.
Correct band structures and defect levels are important for
experimentalists engaging in defect engineering to tune the
electronic properties through extrinsic doping. However, the
doping limits determined by the native point defect levels are
still unknown. Therefore, we herein extend the doping limit
study to several ZnO systems to determine how the doping limit
varies with the symmetry and dimension of ZnO solid systems
via density functional theory (DFT) calculations.

Calculation setup
Ground state structure optimization

Our defect-state structural relaxation and formation energy
calculations were performed using the CASTEP code.’” Norm-
conserving pseudopotentials of Zn and O were generated by the
OPIUM code in the Kleinman-Bylander projector form,*® which
employs a non-linear partial core correction on the fully closed
3d"° shell® and a scalar relativistic averaging scheme® to account
for spin-orbital coupling effects. The Rappe-Rabe-Kaxiras—
Joannopoulos (RRK]) method was chosen to optimize the pseudo-
potentials.®* The PBE functional was chosen for PBE+U calcula-
tions, with a kinetic cutoff energy of 750 eV, which expands the
valence electron states in a plane-wave basis set. The ensemble
DFT (EDFT) method of Marzari et al.®> was used for conver-
gence when considering the am-ZnO system. To obtain the bulk
properties of WZ-ZnO, we used a 9 x 9 x 6 Monkhorst-Pack
(MP) k-point mesh, where the total energy convergence of each
atom was under 5.0 x 10~ eV. For the electronic structure
calculations of the 2D layered ZnO system, we examined a 4 X
4 x 1 supercell after the total energy convergence calculations
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using our developed pseudopotentials®® with a 750 eV cutoff
energy. The Hellmann-Feynman force on each atom was con-
verged to lower than 0.01 eV A™". To calculate the defects in
am-ZnO, we used a simple cubic cell containing 64 atoms. We
selected the (3, 4, 1) special k-point® in the simple cubic cell.
Geometry optimizations used the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) algorithm through all bulk and defect supercell

calculations.

Hubbard-U ab initio determination at each Zn and O site

As determined in the theoretical studies, the electronic and
localized defect states that occur in the optical fundamental
gap were less sensitive to the nonlinearity or orbital coupling of
Hubbard U parameters. Thus, the rotational-invariant DFT+
Hubbard U (DFT+U) method was used, which follows the
Anisimov-type approximation.®® To remove side effects of the
localized hole states produced by the 2p orbitals of O sites,
the self-consistently determined Hubbard U potentials were also
applied to the O-2p orbitals, which is a common practice®®®°
for many oxide materials. Therefore, self-energy corrections of
both the d- and p-orbitals of the various forms of zinc oxides,
especially the amorphous structures, must be considered.®*”% 7>
We have carried out series of ab-initio calculations on the on-site
orbital Coulomb potential parameter (i.e. Hubbard U) in any
given structures. This process returns the self-consistent para-
meters on each Zn and O sites based on our previously developed
method.”"”?

Defect formation enthalpy formula

We used the equation developed by Zunger et al.”® to calculate

the defect formation energy at different charge states (g). The
overall supercell was established and remained fixed for all
lattice parameters based on the ground state relaxed primitive
cell to reduce the effect of enthalpy changes resulting from cell
variations. The formation energy of a target defect (H,) at a
specific charge state g can be described as the relation between
the Fermi energy level (E¢) and the chemical potential Au of
defect species o, which is described as follows:

Hy(Er, 1) = [E;, — En] + q(Ev + AEr) + Y ny (1 + Ap,).

(1)

The variables E, and Ey are the total energy of a relaxed defective
lattice with charge state g and the corresponding ideal lattice
(defect-free) in the ground state, respectively; A Eg is the change in
the Fermi energy with respect to the valence band maximum
(VBM, Ey = 0) with the formation of the defect; n, is the number
of atoms of element o chosen as target defect sites; and finally,
1 is the reference chemical potential of the element a.

Charge point defect corrections within the periodic lattice

In the case of defects with g # 0, a Coulomb potential correction
is required to counteract the effects from the image charge of the
crystal lattice. To date, three corrections have been developed.
One is the band alignment correction developed by Van de Walle
and coworkers.”* The second is the dispersion correction of
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defects between the gamma point and Monkhorst-Pack point,
developed by Wei et al”” The third is the dipole correction,
which considers the Madelung effect based on static electric
Coulomb potential corrections, developed by Makov and Payne;”®
this method is the current popular correction scheme in DFT and
is used by us in this work. However, such image charge correc-
tions contribute only around ~ 0.2 eV in magnitude to the defect
formation energy. Our goal is to establish a physicochemical
trend, rather than highly accurate level calibrations, which require
demanding computations.

Results and discussion
Ground state electronic properties

We first examined the electronic structures of ZnO in different
lattice systems and compared the band structures of wurtzite
(WZ), zincblende (ZB), rock-salt (RS) and 2D monolayer ZnO,
as shown in Fig. 1. RS ZnO was shown to have an indirect
minimum band gap from L — I of the BZ, where the conduction
band minimum (CBM) is at the I' point. This arises because the
O sites have 6-fold octahedral coordination, which deviates from
the common 4-fold tetrahedral coordination of WZ-ZnO, as
shown in Fig. 1. The O-2p orbitals have largely re-distributed
energy levels along the new BZ in RS ZnO, compared with WZ
ZnO. Therefore, the VBM of RS-ZnO, which mainly consists of
O-2p orbitals, is different from that of WZ ZnO and does not
occur at the I' point.

Fig. 2 shows the total electronic density of states (DOS) of
ZnO in the different lattice systems. We further introduced an
am-ZnO model for comparison. Both ZB and RS ZnO present
van Hove singularities at the Zn-3d t,, levels, showing V£ = 0
near the highly symmetrical L — I' — X points. In the amor-
phous system, the long-range order of the Zn and O sites is lost,
while the local structures maintain short-range bonding angles
and lengths similar to those of the ZnO single crystal. Thus, the
Zn-3d t,g levels of am-ZnO appear as broadened and less intense
peaks, starting from 6.8 eV below the VBM.

As the electronic properties of WZ ZnO with native point
defects have been studied in previous works,**””” we further
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Fig. 2 The calculated total density of states (TDOSs) of wurtzite (WZ), AABB,
zinc-blend (ZB), rock-salt (RS), amorphous (am) and two-dimensional
monolayer (2-D) ZnO systems.

examined the formation energies of native point defects in relation
to the Fermi level (Eg) of WZ ZnO under different charge states
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Fig. 1 The calculated band structures of wurtzite (WZ), AABB, rock-salt (RS), and two-dimensional monolayer (2-D) ZnO systems.
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Fig. 3 Summary of native point defects in WZ-ZnO in O-poor (a) and O-rich (b) chemical potential limits. Summary of doping limits determined by
native point defects in both O-poor (c) and rich (d) limits, denoted by green arrows.

and chemical potential limits, which is typically done when
considering the formation energies of native point defects.
For comparison with other calculation methods using hybrid-
functional DFT,*>”® the formation enthalpy AH; of WZ ZnO is
—3.67 eV, which is much closer to the experimental data of
—3.60 eV at 300 K. The direct band gap was found to be 3.44 eV
from the band structure calculation based on the method we
developed”"”® using the new pseudopotential for Zn, as dis-
cussed in our previous report,®® and the Zn-3d tyg level started
from 7.1 eV below the VBM (Ey —7.1 eV).

Native point defects and dopable range in WZ ZnO

As seen in Fig. 3(a), the formation energy of oxygen vacancies
(Vo) is 0.98 eV in the neutral state under the O-poor limit, which
gives a reasonable prediction of the defect concentration at
approximately 900 K and is consistent with experimental
data.’®®! The defect with the second lowest formation energy
is zinc interstitials (Iz,), with a value of 3.84 eV, and the (+/0)
transition level within the conduction band (CB) is located at
Ey +4.21 eV, where Ey = 0 at the VBM. 1, is a possible donor
source that provides charge carriers by donating electrons.
However, in our calculations, the formation energy of I, in
the neutral state is relatively high and is nearly 2 eV higher than
that of Vo. Meanwhile, Vo does not provide any mobile charges
and instead contains strongly bound electrons that possess a

This journal is © the Owner Societies 2017

negative Uegr (Uesr = —0.65 €V), showing a spin-paired correlation
that cannot be detected by electron spin resonance (ESR) measure-
ments.®> Moreover, V5 and Iz, have almost the same formation
energy trends in relation to Ef, indicating their similar behavior as
defect trap centers within the ZnO lattice. This finding implies that
most experimental research has misunderstood the role of V, and
Iz as donor centers due to their similar behavior.*"* Fig. 3(b)
shows that V, and I, are negatively charged defects with relatively
low formation energies of 3.16 eV and 2.97 eV, respectively, under
the O-rich limit. These defect sites also present negative Ues
features with —1.04 eV and —1.58 €V, respectively.

Next, we considered the doping limit in WZ ZnO, as shown in
Fig. 3(c). When E is raised to the CBM by a donor dopant, the
n-type doping limit (upper bound) is the point at which negatively
charged native point defects spontaneously form to compensate for
the charge. Thus, either Vz, or I determines the n-type limit energy
level. Considering the band gap area, V, has a neutral formation
energy similar to Io. However, due to the shallower (0/2—) transition
level at Ey +0.67 €V compared with that of Io, VZ, shows enhanced
stability within the band gap area. Therefore, Ey = Ey +4.09 eV is the
critical point at which V3, spontaneously forms to compensate for
the n-type dopant under the O-poor limit, while the critical point is
Ep = Ey +2.25 €V under the O-rich limit.

Similarly, for p-type dopants (acceptors), E is lowered to the
VB edge Ey, and as Eg varies, donor defects, such as Vo and Iz,
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will spontaneously form to compensate for the charge if relatively
low formation energies are reached. Accordingly, in the O-poor
limit, the lower bound of the doping limit is determined by
V& due to its slightly lower formation energy in the band gap
area compared with I35,. Therefore, the p-type limit energy levels
are 2.53 eV and 0.21 eV. Note that Robertson et al. showed that the
lower bounds of the E area are 1.80 eV and 0.20 eV, respectively.*
This difference arises in the O-poor limit because the formation
energy of Vo, determined by the pure Zn-rich chemical limit, is
relatively low in the neutral state at 0.85 eV, which is 0.1 eV lower
than most of the reported DFT calculation results.*>** The source
of error may be the formation enthalpy of —3.37 eV given pre-
viously,>>*° which is 0.32 eV higher than that found experimen-
tally. Compared with our calculated values of 4.09 eV and 2.25 eV
for the n-type limit at different chemical potential limits, their
source of error results from their formation energies of V, at the
various charge states being too high, which led to a wider range
for the upper bound of the doping limit (n-type limit).*> We have
discussed doping limits in other systems, which were then used to
achieve persistent luminescence via doping.®*

The RS ZnO system does not have a doping limit at which to
tune the Fermi level pinning boundary by extrinsic doping.
Moreover, this system has an indirect band gap, which lowers the
optical vertical transition efficiency via k-selection rules. Thus,
this system was not considered.

Native point defects in amorphous ZnO

We then examined continuous random ZnO networks (CRN-ZnO)
as more realistic am-ZnO models. For this work, we built short-
range disordered ZnO in a 64-atom supercell using the RS ZnO
lattice. The RS structure has many possible distortion directions,
and there are many ways to generate distorted ZnO models. The
building and generation of an amorphous model structure is an
art in and of itself, as summarized by Drabold et al., and usually
requires equilibration over long time periods to achieve dynamic
randomization and geometry relaxation at 0 K to guarantee that
high-energy features of the structural configuration are mostly
absent.*> Am-ZnO structures have many potential applications.
Thus, there are numerous generation paths for modeling the
amorphous structures, which means there may be no universal
method for generating amorphous metal oxide materials for a
specific purpose. Falk et al. showed a recent example with a much
more elaborate generation of am-ZnO structures.®®

Ab initio molecular dynamics (MD) are typically used to model
experimental environments. Here, am-ZnO was obtained using
MD simulations with a 64-atom supercell (Zn;,0;,). First, the
volume of the ideal 64-atom RS ZnO cell was held constant using
the experimentally reported density, and the cell was melted at
1500 K for 2.5 ps (time interval of 1 fs). Second, the supercell was
simulated at 600 K for 1 ps to represent an annealing process.
Third, the model was further simulated at 300 K for 4 ps to obtain
thermal equilibrium. The final structure was obtained after
geometry relaxation by varying the cell size at the ground state.
In the final structure, the weighted average coordination num-
bers of Zn and O were 3.6 and 3.5, respectively. Nearly 44% of the
Zn sites were 4-fold coordinated with tetrahedral configuration,
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and nearly 50% of the O sites had tetrahedral configuration. The
Zn and O coordination numbers of am-ZnO were lower than
those of WZ-ZnO at around 3.

We next considered native point defects in am-ZnO, as well
as their influence on the electronic properties. By projecting
each orbital component of the electrons in the defective systems,
we illustrated the partial density of states (PDOS) of am-ZnO with
oxygen and zinc vacancies at different charge states.

As seen in Fig. 4(a) and (b), the difference in the coordination
of the O vacancies leads to localized defect states with slightly
different depths. The higher the Vi, coordination number, the
deeper the donor-like trap levels within the band gap. The 4-fold
coordinated O vacancy (Vpo4) has a trap level of Ey +2.17 eV,
where Ey = 0 at the VBM, while V3 has a defect trap level of Ey
+2.29 eV. Moreover, the localized defect states are contributed by
the components of the p- and s-orbitals of the two electrons on
the adjacent 3 or 4 Zn sites. Compared to V in the WZ ZnO
system, the trap levels of Vo, and Vp; in am-ZnO are 0.1-0.2 eV
deeper than the trap level in WZ ZnO (Ey +2.38 eV) according to
our PDOS calculations. Moreover, the perturbed hole states
(PHSs) are approximately 0.2 eV below the CBM, similar to the
results of Lany and Zunger.*®

Fig. 4(c) and (d) shows the two different charge states of V,
in am-ZnO. The neutral Zn vacancy (V2,) in am-ZnO indeed acts
as an extra deep acceptor next to the CB edge (0.2 eV higher
than the CBM), with contributions from the two different
p-orbitals of the hole states localized on the adjacent O atoms.
Similarly, V2., in WZ ZnO is located at the CB edge. For Vz, in
the am-ZnO system, the localized hole state is reported to be
localized on only one of the adjacent O sites or delocalized over
the system, depending on the calculation level and modeling of
the self-energy of the electrons in the orbitals.®*”"7%8* vZ_ in
am-ZnO captured two electrons in the neutral state of the defect,
acting as an acceptor-like trap.*® In Fig. 4(d), the two captured
electrons are localized right up to the VBM with energy intervals
of approximately 0.1 eV due to contributions from the compo-
nents of the p- and partially filled d-orbitals of the adjacent Zn
and O sites.

Fig. 5 shows the charge density of the above defects in am-ZnO
in different charge states. The relaxations of adjacent Zn ions next
to Vo in am-ZnO are illustrated by arrows, indicating a strong
Coulomb repulsive interaction of each nearby Zn ion when the
localized electrons are ionized away (Vg in am-ZnO). Va,, in ZnO
induces two localized hole states in the p-orbitals of two adjacent
O sites in different spin-up and spin-down configurations, respec-
tively. The charge density of Vz, confirms that the single localized
hole is present in the p state at only one of the adjacent O sites,
which is consistent with the results of Clark et al.*° In the VZ, state
of am-ZnO, two additional electrons fill not only the p-orbitals of
the O sites but also the d-orbitals of the second nearest neighboring
Zn sites; thus, the charge density of Vz, shows the co-existence
of p- and d-orbitals of the localized states.

2D monolayer ZnO system

As is well known, ZnO is a wide-band-gap semiconductor oxide
with a direct gap of approximately 3.4 eV (at 300 K), and

This journal is © the Owner Societies 2017
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Fig. 4 The calculated partial DOSs (PDOSs) of am-ZnO with Vo4 (a) and Vosz (b) in neutral states. The PDOSs of am-ZnO with Vz, in neutral (c)

and —2 charge (d) states.

Fig. 5 Charge density of the 3-fold and 4-fold coordinated oxygen vacancy (Voz and Vo) for its neutral and 2+ charge states. The relaxation of Zn ions
is indicated by arrows. Charge density of the Zn vacancy (Vz,) for its neutral (with spin-up and spin-down), 1—, and 2— charge states. The charge density
of Vz, is a p-state localized on only one of the adjacent oxygen atoms (Zn = grey and O = red).

its monolayer can be used as a charge trapping layer in CMOS
memory cells. Recently, many studies have shown that low-
dimensional ZnO nanomaterials can be synthesized and pre-
sent promising potential in renewable energy or electronics

This journal is © the Owner Societies 2017

applications, for example, the near 0D quantum dot synthe-
sized by Dutta et al.,*” the 1D nanowire synthesized by Hwang
et al.,*® and the 2D nanolayer synthesized by Lau et al.®® The
physicochemical trends of the 2D ZnO system have shown that

Phys. Chem. Chem. Phys., 2017, 19, 12683-12711 | 12689


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7cp01623a

Open Access Article. Published on 19 April 2017. Downloaded on 4/25/2026 4:58:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

2D ZnO can be tuned to be both n- and p-type, presenting doping
flexibility.®> Moreover, the formation stability of the ideal 2D
monolayer ZnO system has been studied and predicted by first-
principles calculations.’®** Meanwhile, interfacial charge trans-
fer between monolayer ZnO and graphene is a promising method
for 2D electronic modulation with application in high-speed
electronic response devices.

As shown in Fig. 6(a) and (b), the band structure and density
of states show tail states due to the absence of long-range
crystal field interactions vertically along ZnO(0001), and the
3d levels are split into two peaks due to an evident difference in
p-d coupling along and perpendicular to ZnO(0001). The band
gap increased to 3.57 eV, in comparison to the bulk phase value
of 3.44 eV, which was determined from our calculations. The
start of the 3d level is 0.5 eV deeper than that in the bulk (ie.,
—7.0 eV by calculation). The formation entropy of bulk ZnO is
—3.70 eV, which is consistent with the experimentally reported
value of —3.60 eV at 300 K. Fig. 1 and 2 give the basic electronic
properties of bulk WZ and monolayer ZnO, respectively.

The oxygen hole levels in metal oxides and wide-band-gap
semiconductors have long been of interest, particularly those in
Zn0,’*°® where the localized hole levels drive the Fermi level
deeper in the gap. We investigated a single zinc vacancy (Vz,),
as this state can induce two holes localized at nearby O sites.
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localized
holes

localized
electrons

-U

TDOS

pinned E¢

56 57
Energy (eV)

-10

(c)

View Article Online

PCCP

However, this state cannot be clearly modeled by LDA/GGA
calculations, as the homogeneous electron gas treats the two
hole states as degenerate and delocalized around the V, site.
Our GGA+U calculation stabilizes the hole states and produces
clear electron-hole interactions under different charge states,
as shown in Fig. 6(a). This result has also been reported in our
previous works.®»”*"%7%%* Fig. 6(b) shows that neutral V, has a
negative effective correlation U (negative Ue) value of —0.57 eV for
the process of Z(V%n) — (Vin) + (Vzu). Such exothermal reaction
indicates that one of the O sites, which are the nearest neighbors
of V9, acted as an acceptor, capturing two electrons and easily
overcoming the onsite Coulomb repulsive energy. The other two
localized hole states were repulsive, while the electron acceptor
sites moved towards the hole sites. This behavior induces a planar
Jahn-Teller distortion effect, where the symmetry is reduced from
Dsy, to Dyy,. The other two charge states, Vi, and Vz,, also show the
same trend. The total energy of the system decreases during the
structural relaxation. As seen in Fig. 6(c), the localized hole states
have n-like orbitals near the CBM that are perpendicular to the
(0001) plane in real space, showing p,-orbital character (with a,
symmetry). However, the electron acceptor site has a similar n-like
orbital along the (0001) plane, which is a feature of the p-orbital.
This interesting behavior gives the monolayer ZnO system with the
existence of a single neutral V, antiferromagnetic (AFM) features.

V,,, in monolayer ZnO
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Fig. 6 (a) TDOS of the monolayer ZnO system with intrinsic neutral Zn vacancy (V2,). (b) Formation energy vs. Fermi energy within different charge
states of 1—, 0, and 1+, for Vz, in monolayer ZnO. (c) Localized orbitals electron and oxygen hole states near the valence and conduction band edges
within charge states of 1—, 0, and 1+ (Zn = grey, O = red, spin-up hole state = pink, spin-down hole state = green, and spin-up and spin-down electrons =
golden and blue). (d) Schematic diagram illustrating the decrease of energy as the symmetry is reduced from D=, to Dy, and the Dirac-cone levels pinned
in the mid-gap of the host monolayer ZnO within the system of graphene/monolayer ZnO.

12690 | Phys. Chem. Chem. Phys., 2017, 19, 12683-12711

This journal is © the Owner Societies 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7cp01623a

Open Access Article. Published on 19 April 2017. Downloaded on 4/25/2026 4:58:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

We also found that the hole and electron levels are not
free-charge-carrier supply centers but are instead localized trap
states. The intrinsic conductivity of monolayer ZnO may largely
be restricted by such native defects. The Ex was actually pinned
near the midgap. If we interface the system with a graphene
layer, the position of the Dirac cone (cone apex level) will be
pinned near the midgap of ZnO, owing to subtle electron-hole
interactions (illustrated in Fig. 6(d)). This behavior can be under-
stood by considering two extreme points in the CBM and VBM of
the ZnO-graphene hybrid system. The electrons of the ZnO host
lattice are delocalized, but the holes are bound and localized in
the CB, while in the VB, the electrons are bound and the holes are
freely delocalized. The Dirac cone apex level denotes the 2D free
electron gas (from the graphene system) without the effective
mass and presents the largest mobility, where electrons at that
level are constrained in the graphene system. This means that in

(a)

View Article Online

Paper

such 2D hybrid systems, competing interactions in the Coulomb
potential are counteracted or balanced at the midgap where the
cone level is located.

Additionally, Jahn-Teller distortion occurs in monolayer
ZnO with V, because the asymmetry between the occupancy of
the p,, and p; orbitals within the planar monolayer ZnO is larger
than that in non-centrosymmetric bulk WZ ZnO. This asymmetry
can also be found in ZnO but is negligible.”

Doping limit in amorphous, 2D, and AABB ZnO

We further examined the amorphous and 2D monolayer ZnO
systems. As seen in Fig. 7(a) and (b), the amorphous system has
a doping range that is similar to that of WZ ZnO between the
p- and n-type doping limit, which are 1.23 eV and 1.56 eV for
amorphous and WZ ZnO, respectively. Remarkably, the p-type
doping limit in the O-rich chemical potential of am-ZnO shifted
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to the VB edge and overlapped with the Er below the VBM. In
the O-poor limit, the p-type doping limit is approximately Ey
—0.26 eV (0.26 eV below the VBM), which is contributed by the
positive doubly charged, 4-fold coordinated O vacancy (Vay) in
am-ZnO. The only difference in the 3-fold coordinated O vacancy is
in the formation energy at the neutral state in the O-poor limit,
which is 1.36 eV and 0.80 eV for V3, and Vg, respectively. Though
V&5 is almost the same as Vay, Va; shows a positive Ueg with a
value of Uy s = +0.86 €V, indicating the possibility of detection
by ESR measurement. Vg, has a relatively small negative Ueg of
—0.13 eV, which is 20% of that of WZ ZnO. Thus, the amorphous
structure not only possesses distorted Zn and O sites with
randomly varied coordination but also reduces the Anderson-
type effective spin correlation effect of multi-electrons at the
same atomic site, leading to a reduced negative effective correla-
tion energy (—Ueg) or even turning to the positive value.

V2 has an n-type doping limit of 3.02 eV and 1.45 eV in the
O-poor and O-rich limit, respectively. Note that the n-type
doping limit in the O-poor limit deviated from the CB edge,
showing lower n-type conductivity achieved by extrinsic donor
dopants, such as Aly,. This indicates that am-ZnO can poten-
tially easily adopt a p-type dopant under the O-rich limit, while
still showing n-type dopable behavior under the O-poor limit
because the n-type boundary overlaps with the CB. Therefore,
am-ZnO has a bi-polar doping capability depending on the
chemical potential limit, but the dopable range is relatively small
compared to that of WZ-ZnO, due to the n-type limit shifting
away from the CB.

Another important system is 2D ZnO, which consists of pure
3-fold coordinated Zn and O sites with a honeycomb lattice. As
seen in Fig. 7(c) and (d), the dopable range increased from 1.56 eV
to 3.13 eV. The variation in the doping limit under different
chemical potential limits is very similar to the behavior of WZ
ZnO. The p-type limit begins at Ey +2.01 eV and Ey +0 €V in the
O-poor and O-rich limit, respectively, as determined by V&'". The
n-type doping limit was determined by V2,, and was Ey +5.14 eV
and Ey +3.13 eV in the O-poor and O-rich limit, respectively.
Our calculations show the physicochemical trend that 2D ZnO
can undergo p-type doping. Moreover, an experimental study
showed that a similar system can undergo both n- and p-type
doping for flexible modulation of the doping behavior.*’

From Fig. 7(e) and (f), AABB-type stacking in ZnO shows
a similar doping limitation as that in the WZ lattice. In the
O-poor limit, the Er range without the spontaneous formation
of native point defects spans from Ey, +2.45 €V to Ey +4.10 eV.
This range also overlaps with the CB, which is consistent with
the conclusion that ZnO is an intrinsic n-type dopable solid
system. In the O-rich limit, the dopable Er range spans from Ey,
+0.13 eV to Ey +1.78 eV. This range is closer to the VBM than
that calculated for the WZ system. However, this range still
shows that this system has less flexibility for p-type doping than
the am-ZnO and 2D ZnO systems discussed above. Thus, modula-
tion of the 3D lattice stacking in bulk ZnO does not substantially
improve the range to achieve p-type doping.

In contrast, GaN has a wide doping range, although it is also
a wide-band-gap semiconductor like ZnO. GaN can be easily
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Table 1 Summary of calculated bulk properties such as optical funda-

mental band gap, formation enthalpy, as well as O- and Zn-vacancy under
different chemical potential limits in this work (unit: eV)

Band gap  Formation enthalpy ~ V{ (O-poor) Vg, (O-rich)
wz 3.444 —3.667 0.975 3.164
RS 3.883 —3.377 1.361 2.227
Am 3.250 —3.133 1.364/0.804 3.536
2D 3.570 —3.061 0.810 2.909

doped by both n-type and p-type dopants over its wide band gap
area, while ZnO possesses asymmetric doping features, except
in the 2D ZnO system. Most structures, such as WZ, ZB and am-
ZnO, present only good overlap with the CB edge in the O-poor
chemical limit, corresponding to the intrinsic n-type behavior
of ZnO, and the Er can be easily tuned by a donor dopant near
the CB edge. However, the p-type limit shows that the Er cannot
be easily shifted towards or overlap the VB edge; thus, p-type
doping is rather difficult to achieve in ZnO, as ZnO possesses an
asymmetric dopable range according to the different chemical
potential limits (Table 1).

Wide selection and dopable range for rare earth (RE) ions in the
2D ZnO system

ZnO is a transparent semiconducting oxide with a wide band
gap of 3.4 eV and can accommodate a wide range of RE ion
dopants to modulate the output luminescence. Based on the
above calculations and discussions, we found that the 2D 3-fold
symmetrically arranged ZnO layered structure can adopt a rela-
tively wide dopable range compared to the 3D bulk ZnO system.
Therefore, it is highly desirable to conduct a preliminary theore-
tical study on RE ion doping and the related electronic states and
properties. In this study, we mainly considered the RE*" doping
level. This study gives not only a theoretical reference for modu-
lating the output luminescence via UC energy transfer but also
theoretical guidance for future applications of low-dimensional,
RE ion-doped, persistent phosphor luminescence materials.

We divided the RE elements doped in the ZnO system by
their RE separation level: La, Ce, Pr, Nd, and Pm (radioactive)
are the light RE elements; Sm, Eu, Gd, Tb, and Dy are the
medium RE elements; and finally, Ho, Er, Tm Yb, and Lu are
the heavy RE elements.

For the light RE elements, we first looked at the La-doped 2D
ZnO system, as shown in Fig. 8(a). Substitution of the neutral
La dopant at the Zn site (Lag,) gives a localized electronic state
with an s-orbital component near the CBM at Ey +3.0 eV
(By denotes the position of the VBM). This accords with the
fact that the 6s> electrons in the valence orbitals of RE ions are
the most easily ionized. The s-orbital electrons are donated into
the system and aligned in a filled state below the CBM. Both the
5d and 4f states are above the CBM, and the CB in the system
shows ferromagnetic (FM) spin alignment. The localized states
are Ey +6.3 eV and Ey +7.2 eV, respectively. Doping with the
singly positively charged species (Lag,) induces AFM behavior,
and Ey +6.0 eV and Ey +6.6 eV for the 5d and 4f empty states,
respectively. Meanwhile, the top of the valence band of the ZnO
host lattice is also slightly modified. For the doubly positively

This journal is © the Owner Societies 2017
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Fig. 8 The projected partial density of states of light rare earth (RE) elements
(b) Cezp, (c) Przn, (d) Ndz, and (e) Pmz,.

charged doping state (LaZy,), the localized hole state remains at
Ey +0.3 eV above the VBM. The empty 5d and 4f levels produced
by the La dopant slightly change to Ey +6.3 eV and Ey +6.9 eV,
respectively. The top of the valence band is similar to that in the
La?, system but with slight FM behavior.

In the Ce-doped 2D ZnO system (Fig. 8(b)) at the CeJ,, doping
state, the 6s® electronic state occupies the Ey level (Ey +3.2 €V)
below the CBM, and the 4f filled state is 0.2 eV below the E,
or Ey +3.0 eV. The localized 4f empty states are at Ey +6.2 €V in
spin-up configuration and at Ey +7.0 eV in spin-down configu-
ration, showing FM spin alignment. The 5d empty states are
nearly delocalized at Ey +6.8 eV and Ey +7.2 €V in the spin-up
and spin-down configurations, respectively. For the Cey,, state,
the 4f filled state is localized at Ey +1.8 eV within the band gap
of the ZnO host system and occupies the Er of the whole system,
and the level of the s-orbital is 0.4 eV above this Eg level.

This journal is © the Owner Societies 2017

Ndz,

PDOS (A. U.)

Ndz;,

Energy (eV)

doped in 2D-ZnO layer structure (light RE: La, Ce, Pr, Nd, and Pm). (a) Laz,

The 4f empty state in spin-up configuration is at Ey +5.1 €V,
and in the spin-down configuration is at Ey +5.8 €V. The spin-up
configuration of the 5d level is relatively more distinguishable
and is found at Ey +5.9 eV. In the Cej, state, the system shows
AFM behavior in the 4f and 5d spin alignments. The 4f states
are all empty and localized at Ey +1.8 eV above the VBM, and
the empty 5d levels are even higher at Ey +5.0 eV, approximately
1.5 eV above the CBM.

In the Pr-doped ZnO system, the neutral doping state (Pr2,)
shows a localized 4f filled state at 1 eV above the VBM (Ey +1.0 €V)
that is located near the midgap, as shown in Fig. 8(c). The Ex
is also aligned with the s-orbital level. In the CB region, the
localized 4f empty states have four levels with two spin-up orienta-
tions at Ey +5.7 €V and Ey +6.2 €V, while the spin-down levels are at
Ey +7.4 €V and Ey +8.4 €V. The localized 5d empty states remain at
Ey +6.5 eV and Ey +6.8 V. The Pry,, state of ZnO shows a localized
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4f filled state 0.2 eV below the VBM (Ey —0.2 eV). The 4f empty
states with spin-up configuration remain at Ey +4.5 eV and
Ey +5.2 eV, while the spin-down states are at Ey +5.8 eV and
Ey +6.3 eV. In the Pr3;, state, the 4f empty states are well
distributed within the band gap of the host ZnO system. The
spin-up configuration of the empty 4f localized levels remains
at Ey +0.4 eV and Ey +0.7 eV, while the spin-down levels are
localized at Ey +2.1 eV and Ey +3.2 eV. All of the localized 5d
empty states are located at higher levels than the 4f orbitals,
which remain at Ey, +4.5 eV and Ey, +5.1 eV.

In the Nd-doped 2D ZnO system, as shown in Fig. 8(d), the
neutral state (Nd9,,) shows a localized 4f filled state at 4.0 eV
below the VBM (Ey —4.0 eV) that is buried within the valence
band. As is known, the valence band mainly consists of O-2p
orbitals of the ZnO system. The 4f empty states are 5.8 above the
VBM (Ey +5.8 eV) in the spin-up configuration and at Ey +7.9 eV
and Ey +9.0 eV in the spin-down configuration. The 5d empty
states remain at Ey +6.3 eV and Ey +7.0 eV. For the Ndy, state, all
of the 4f levels are shifted to lower energies. The filled 4f orbitals
are at Ey —4.8 eV, while the empty 4f orbitals are at Ey +4.9 eV
in the spin-up state and at Ey +7.1 eV and Ey +8.2 €V in the
spin-down state. The 5d levels are localized at Ey +5.8 eV and
Ey +6.2 V. In the 2+ charge state of Nd, doping (Ndzy,), a shallow
hole state is localized at 0.2 eV above the VBM (Ey +0.2 €V),
occupying the p-orbitals of O sites. The localized 4f filled level
remains at Ey —4.8 eV below the VBM, which is almost unchanged
from that of the 1+ state. The 4f empty states show a slight
difference and are localized in the CB at Ey +5.2 eV in the spin-
up configuration and at Ey +7.3 eV and Ey +8.4 eV in the spin-
down configuration. The 5d empty levels accordingly remain at
Ey +6.1 eV and Ey +6.5 eV.

The element Pm is radioactive. Although it is unsafe to
actualize Pm-doping in ZnO, we still investigated the electronic
properties of its doping in the 2D ZnO layered system, as shown
in Fig. 8(e). In the PmY,, state, the 4f filled state is localized at
Ey —5.3 eV below the VBM in the spin-up configuration. The
corresponding empty states are localized at Ey +5.8 eV in the
spin-up configuration and at Ey +8.6 eV and Ey +9.8 eV in
the spin-down configuration. The 5d-orbital levels overlap with
the 4f empty states at Ey +6.3 eV and Ey +7.2 eV. In its 1+ charge
state (Pmy,,), the 4f filled level shifts to Ey —6.3 €V. The 4f empty
states are at Ey +4.8 eV in the spin-up configuration and at
Ey +7.5 eV and Ey +8.6 eV in the spin-down configuration. The
5d levels are localized at Ey +5.7 eV and Ey +6.2 eV. For the
2+ charge state (Pmj;), the 4f filled level is at Ey —6.1 eV.
Similarly, the doping state produces a localized hole state at
approximately 0.2 eV above the VBM, contributed by the
p-orbitals. The 4f empty states remain at Ey +5.1 €V in the spin-
up configuration and at Ey +7.8 €V and Ey +8.9 eV in the spin-down
configuration. The localized 5d levels shift to Ey +6.0 eV and
Ey +6.6 €V.

For the medium RE elements, Sm doping shows a behavior
that is different from that of the light RE elements (Fig. 9(a)).
In the neutral state (Sm3,), the 4f filled orbitals show a wider
energetic range spanning from Ey —4.0 eV to Ey —6.0 eV, which
overlaps with the O-2p orbitals. The empty states of the
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4f orbitals remain at Ey +9.6 eV and Ey +10.6 eV in the spin-
down configuration and are at Ey +5.5 eV in the spin-up configu-
ration. The 5d orbitals of Sm,, remain at Ey +6.2 €V and Ey, +7.5 V.
Smy,, doping gives 4f filled states localized below the VB, in con-
trast to the neutral state. The two peaks remain at Ey, —5.3 eV
and Ey —6.0 eV. The empty states of the 4f orbitals are located at
Ey +4.6 eV in the spin-up configuration and at Ey +8.2 eV and
Ey 19.5 €V in the spin-down configuration. The 5d orbitals are
intermediate between the 4f empty states and are localized at
Ey +5.5 €V and Ey +6.4 eV. For SmZ}, doping in the ZnO system,
the 4f filled state is localized in the range of Ey —4.8 eV to
Ey —6.5 €V. The shallow hole state is localized at 0.2 eV above
the VBM in the spin-down configuration. The 4f empty state is
4.9 eV above the VBM in the spin-up configuration, while the
spin-down states remain at 8.6 eV and 9.9 eV above the VBM.
The spin-up and spin-down states of the 5d orbital are located
at 5.8 eV and 6.8 eV above the VBM, respectively.

In Eu-doped ZnO, shown in Fig. 9(b), the 5d-4f level transi-
tion leads to red emission through dipole energy transfer. In
the neutral state (Eug,,), the 4f filled state shifts higher than the
VB of ZnO, indicating that the 4f occupied orbital levels are
energetically higher than the 2p orbitals of the O sites in the
host materials, which are at Ey +0.5 eV. In the singly positively
charged state (Eug,), the 4f filled states are below the VBM with
a slight overlap, remaining at Ey —5.3 eV and Ey —6.2 eV. In the
doubly positively charged state (Euzy), the 4f filled states are
almost unchanged, where the empty states remain at Ey +2.8 eV
and the lowest 5d level remains at Ey +5.3 €V. The energetic
interval between the 4f empty state and the 5d state ranges
from Ey +3.2 eV to Ey +5.2 eV, which affords red emission at
610 nm due to electronic de-excitation from 4f°5d" to 4f’.

With increased electronic occupation of the 4f orbitals, the
4f filled state of Gd further lowers and begins to overlap with
the t,; component of the 3d"'° orbitals of the Zn sites, as shown
in Fig. 9(c). Meanwhile, due to the repulsive Coulomb potential,
the t,, level of the 3d"? orbital shifts to a lower level compared
to that in the undoped ZnO system. In this doping system, Gd2,,
contributes to the 4f filled state at Ey, —7.2 €V below the VBM,
while only one 4f empty state is present at Ey +8.2 €V above the
VBM. The 5d levels occupy positions in the CB at Ey +6.2 eV and
Ey +7.7 eV, showing FM behavior. In the Gdy, state, the 4f filled
level overlaps with and is buried into the 3d"° orbitals of the Zn
sites. This behavior arises because the positive charge state
weakens the shielding effects of the valence shell of the Gd sites
due to the reduced 6s> environment, thus leading to a stronger
repulsive interaction between the Gd-4f and O-2p orbitals and
reaching Ey —8.2 eV. The 5d empty state is localized within the
ZnO band gap at Ey +2.6 €V, and another two levels are located
at Ey +5.3 eV and Ey +6.8 eV, overlapping with the CB of ZnO.
The 4f empty state is found to be Ey +7.9 eV above the VBM.
In the GdZ}, state, the behavior of the 4f filled state is similar to
that of the singly positively charged state, but the level is raised
by 0.4 eV to Ey, —7.8 eV. Similarly, a localized shallow hole state
results from the p-orbitals of the O sites of ZnO at 0.2 eV above
the VBM. The localized 5d level in the band gap shifts to a
higher energy of Ey +2.9 eV, and the other two levels remain
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at Ey +5.6 eV and Ey +7.2 eV in the CBM. Meanwhile, the
4f empty state is also 0.3 eV higher (Ey +8.2 eV) than that in the
Gdy,, state.

The Tb-doping ZnO system (Fig. 9(d)) shows a different
behavior from the Gd-doped system discussed above, especially
in the 4f positions of both the filled and empty states. In the
neutral doping state, Tby, in ZnO leads to a 4f filled state
localized within the valence band of ZnO contributed by the
O-2p orbitals, which is Ey —3.3 eV below the VBM. However,
this state does not contribute to the electronic transitions via
energy transfer because parity selection forbids p—f transitions.
Furthermore, other 5d and 4f filled states are also found to be
localized within the band gap of ZnO at Ey +1.7 eV and Ey +2.2 eV
in the spin-up and spin-down configuration, respectively. The
4f empty states overlap with the CB at Ey +6.5 eV and Ey +7.0 €V,

This journal is © the Owner Societies 2017

both in the spin-down configuration. The 5d empty states remain
high at Ey +7.7 eV, Ey, +8.3 €V and Ey, +9.8 eV. In the Tb,, doping
state, the 4f filled state shifts lower to Ey —9.3 eV and overlaps
with the 3d'° orbitals of the Zn sites. The E level is pinned at
the VBM with a localized 5d-orbital contributed by the Tb site.
The 4f empty state is localized near the midgap with an energy
of Ey +1.5 eV. This behavior is completely different from that
of the other medium RE elements but similar to that of the
Ce-doped system. The 5d states are located at Ey +5.1 eV and
Ey +7.0 eV in the CB. In the Tb2}, doping state, the 4f filled states
are intermediate between the 3d'® and 2p orbitals, with twin
peaks at Ey —6.2 eV and Ey —7.2 eV in the spin-up configu-
ration. The Ey. is also pinned near the VBM in the range of Ey to
Ey +0.05 by two 4f orbital levels, one filled and the other empty.
The filled 4f state remains at the VBM, and the empty 4f state is
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hybridized with the neighboring O-2p orbitals, contributing a
shallow hole level localized near the VBM. Therefore, TbZ, in
ZnO may be a good shallow acceptor. The empty states of the
4f orbitals remain near the CBM, with levels of E, +2.8 eV and
Ey +3.6 eV in spin-down alignment. The 5d levels are located at
Ey +5.2 eV and Ey +6.6 €V.

In the Dy-doped system, as shown in Fig. 9(e), the 4f filled
states are widely spread over the valence band and band gap,
which is consistent with our previous work on the Ca$ system.®*
In the neutral state (Dy3,,), the lowest two 4f filled states overlap
with the bottom of the VB at Ey, —4.2 eV and Ey —5.2 eV. The
third 4f filled state occupies the VBM at 3.0 eV below the
Er level. The 5d filled level partially occupies the Er level, while
the empty state is located at Ey +6.2 eV. Meanwhile, the 4f empty
states remain at Ey +7.0 eV and Ey +7.7 eV. For the Dyy,, state, the
lower three 4f filled states partially overlap with the O-2p orbitals
at the bottom of the VB and remain at intermediate levels
between the O-2p and Zn-3d orbitals at Ey —4.5 eV, Ey —5.6 eV
and Ey —6.2 €V, all in the spin-up configuration. The highest
occupied 4f orbital level is in the VB range at Ey, —1.0 eV below
the VBM in the spin-down configuration. The 5d levels remain in
the gap at Ey +2.8 eV and in the CB at Ey +5.8 eV and Ey +6.7 eV.
The 4f empty states are also in the CB at Ey +6.2 eV and
Ey +7.2 €V in the spin-down configuration. For the Dy;, doping
state, the 4f filled levels are slightly different from those in the
1+ charge state, which are Ey —0.7 eV, Ey —4.2 eV, Ey —5.3 eV
and Ey —5.9 eV below the VBM. A shallow hole state is localized
on the p-orbital of the O sites at 0.3 eV above the VBM. The
5d level is localized at Ey +3.2 eV below the CBM. The higher
energy levels are located at Ey +6.2 eV and Ey +7.1 €V in the CB.
The 4f empty levels remain at Ey +6.5 eV and Ey +7.6 €V in the
spin-down configuration.

We next examine the doping of heavy RE elements in ZnO,
beginning with Ho (Fig. 10(a)). All the 4f filled states show the
physical trend of lower energy levels resulting from increased
4f occupations. In the neutral state (HoZ,), the 4f filled states
are located below the VBM, with one in the VB at Ey, —3.0 eV
and two between the Zn-3d and O-2p orbitals at Ey —5.3 eV and
Ey —6.4 eV. The 4f empty state is localized at Ey +7.0 eV between
the two localized 5d empty states, which are located at Ey +6.9 eV
and Ey +7.8 eV. In the Hoy, doping state, the 4f filled states are
localized at the lower energy levels of Ey —4.2 eV, Ey —6.5 eV,
and Ey —7.6 eV. The 4f-emtpy states remain at Ey +5.6 eV and
Ey +6.2 eV. The 5d empty states are localized at Ey +6.0 eV and
Ey +6.8 eV. In the Hojz,, doping state, the 4f filled states are
shifted to a slightly higher energy range and are located at
Ey —3.9 eV, Ey —6.1 eV, and Ey —7.3 eV. The 4f empty states
remain at Ey +6.0 eV and Ey, +6.6 eV. The 5d orbitals are localized
as empty states at Ey +6.5 eV and Ey +7.1 eV.

Er doping in ZnO provides interesting results, as shown in
Fig. 10(b). In the neutral doping state (Erj,), the 4f filled states
show similar behavior to those in the Ho-doped system. The
filled levels are localized at Ey, —1.3 eV, Ey —2.5 €V, and Ey —3.0 €V.
For the empty states in the CB of ZnO, the 4f empty state is
localized at Ey +8.8 eV in the CB, while the 5d states remain at
Ey +6.8 €V and Ey, +7.5 eV. For the Ery, doping state, the 4f filled
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states are shifted down to Ey, —4.4 €V, Ey —6.0 €V, and Ey —7.1 eV.
The 4f empty state is localized at Ey +7.6 eV. The 5d levels remain
at By +6.0 eV and EV +6.5 eV. For the Er;, doping state, the 4f filled
states are even lower than the 3d'° level of Zn in the ZnO system
and are localized at Ey, —10.0 eV, Ey —12.4 €V, and Ey; —13.6 €V.
The 4f empty states are well localized within the band gap and
range from EV +0.5 eV and EV +2.4 eV. The 5d states are also
localized within the band gap at EV +0.4 eV above the VBM.
Another three 5d states remain at EV +3.6 eV, EV +4.4 eV, and
EV +5.6 eV. This doping state (Erz;,) may actualize NIR emission
at a wavelength of approximately 654 nm (i.e., photon energy of
1.9 eV). This energy transfer is primarily accomplished by the
two localized d states within the band gap. As is known, the
d-d transition is parity disallowed. However, the noncentro-
symmetric local lattice of the RE dopant will relax the selection
rule for electronic transitions. Fig. 10(b) shows the substantial
p—-d orbital overlap within the band gap at EV +0.4 eV above the
VBM. At the same time, the ZnO lattice system possesses an
inherent noncentrosymmetric atomic arrangement. Thus,
electronic transitions under external photoirradiation, such as UV
light, will occur resulting in higher level d orbitals at EV +3.6 V.
Upon overcoming the small energy barrier, the excited electrons
can flip to a spin-down configuration (or the spin direction of
the excited electrons can be reversed). Then, a triplet electronic
de-excitation occurs between the higher energetic 5d level and the
lower energy level of the 4f empty state. The direct minimum
energetic interval of such de-excitation ranges from 1.7 eV to
1.9 eV, which is in good agreement with the experimentally
suggested potential of the 654 nm NIR output emission.

The Tm-doped ZnO system, shown in Fig. 10(c), has no
localized states within the band gap. In the neutral doping state
(Tm3,,), the 4f filled states largely overlap with the O-2p band (VB).
The states are localized at Ey —3.4 eV, Ey —4.0 eV, Ey —4.5 €V,
and Ey —5.7 eV. The 5d states are localized at EV +7.0 eV and
EV +7.4 eV. The 4f empty state is localized at EV +7.3 eV. In the
Tmy,, state, the 4f filled states are localized below the VBM at
Ey —5.2 eV, Ey —5.6 €V, and Ey —6.9 eV in the spin-up con-
figuration and at Ey —3.6 eV, Ey —4.3 €V, and Ey —4.8 €V in
the spin-down configuration. The 4f empty states remain at
EV +6.2 eV, and the 5d states are localized at EV +6.3 eV and
EV+6.6 eV. For the Tm2, doping state, the localized states of the
4f and 5d orbitals are similar to those in the +1 charged state.
The 4f filled states are localized at Ey —3.4 €V, Ey —4.2 €V, and
Ey —4.6 eV in the spin-down configuration and at Ey —4.8 eV,
Ey —5.3 eV and Ey —6.4 €V in the spin-up configuration. The
shallow hole state is contributed by the distorted O sites
occupying 2p orbitals at 0.2 eV above the VBM. The 4f empty
state remains at EV +6.5 eV, and the 5d levels remain at EV +6.6 eV
and EV +7.0 eV.

In Yb-doped ZnO (Fig. 10(d)), the 4f filled states are widely
distributed within the valence band, which consists of O-2p
orbitals, as seen in the neutral doping state (Yb2,,). The CB shows
FM spin alighment, and the Eg is pinned at the CBM, which is
contributed by the s-orbitals of the Zn sites. The 4f empty state is
localized at EV +5.0 eV, and the 5d levels are located at Ey, +7.1 eV
and EV +7.4 eV. In the 1+ charge state (Yby,), the 4f filled states
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are more localized than those in the neutral doping state and
overlap with the O-2p orbitals. The 4f filled orbitals remain at
Ey —2.2 eV and Ey —3.3 €V in the spin-down configuration and
at Ey —3.9 eV, Ey —4.6 eV, and Ey —5.6 eV in the spin-up
configuration. The 5d orbital levels are also localized in the gap
at EV +2.8 eV, as well as at higher levels at EV +6.5 eV and
EV +6.6 €V. The 4f empty state remains at EV +3.9 eV higher than
the CBM. For the YbZ;, doping state, the 4f filled levels move to
higher positions at Ey —2.0 €V and Ey —3.0 €V in the spin-down
configuration and at Ey —3.4 eV, Ey —4.4 eV, and Ey —5.2 €V in the
spin-up configuration. The shallow hole state is 0.3 eV higher than
the VBM, occupying the O-2p orbitals. The 4f empty state remains
at EV +4.2 eV, overlapping with the CB.

For the Lu-doped ZnO system (shown in Fig. 10(e)), the neutral
doping state (Lud,) produces a 4f filled state that is strongly

This journal is © the Owner Societies 2017

localized near the bottom of the VB of ZnO at Ey, —5.6 €V.
Meanwhile, no localized 4f empty states are found in the ZnO
system due to the 4f** valence configuration of the Lu doping state.
The 5d levels are located at EV +7.3 eV and EV +7.4 eV. The 4f filled
state is lower in the Lug,, doping state and is located at Ey, —6.8 eV.
The 5d levels give two localized states at EV +2.8 eV below the CBM,
while another two states are found in the CB at EV +6.7 eV. For the
Lugz;, doping state, the 4f filled state shifts to Ey —6.6 €V. The
5d localized states in the gap are also shifted to EV +3.2 €V below
the VBM, and another two states remain at EV +6.9 eV.

Thermodynamic transition levels of RE ions in the
2D ZnO system

The stability of the valence state of the doped RE ions in relation
to the Er position within the band gap area is significant and
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can be determined by the TTLs, which is an important set of
energy levels for measuring the zero-phonon line widths related
to the CBM. As indicated in Fig. 11, most of the lanthanide
elements in the REz,-doped systems provide rather shallow
donor levels close to the CBM or within the CB range at the (0/+)
transition. However, the transition level for the (+/2+) state is a
deep donor level, which hardly provides the mobile electrons
necessary to ionize electrons with large energy barriers into the
CB (Ec in Fig. 11). Most of the lanthanide substitutional dopants
show positive U features and can be detected on the surface of
the sample using the ESR technique.

The Cey, dopant is a relatively typical case in that its (+/2+)
level is not as deep as that of other elements, while Tb;, has a
negative U.g of —0.1 eV with a deep (0/2+) transition level. This
behavior clearly shows that the Tb,, dopant is not a donor
source that provides freely mobile electrons in the ZnO lattice.
Euz, doping also gives deep donor levels. As shown by the blue
line in Fig. 11, the (0/+) and (+/2+) transition levels remain at
EV +2.50 eV and EV +1.72 eV, respectively. These deep levels can
only trap electrons at the Euy, site and may not ionize the electrons
due to the large energy barrier below the CBM. Meanwhile, the
single-particle calculation, shown in Fig. 9(b), indicates that Euzy,
may not be a red-emission center due to the 4f°5d"'-4f” dipole
transition, as the (0/+) level lies between the optical transitions and
acts as an energy-depleting quench state.

More unusually, Erz, is found to be an extraordinary dopant
with two contrasting (0/+) and (+/2+) TTLs. Er' in the 2D ZnO
system is stable and energetically favorable throughout the
entire band gap area with variations in the Eg. The (0/+) level
is very shallow and aligns with the bottom of the CBM. Moreover,
the TTL of the (+/2+) transition is found to be 0.76 eV below the
VBM (or Ey —0.76 eV, Ey denotes the VBM), as shown in red in
Fig. 11. As is known, the VB is the region in which bound valence
electrons or delocalized energy transitions into free holes. This
indicates that the (+/2+) transition produces free holes, and thus,
Er** doped in the 2D ZnO system acts as a shallow acceptor
center for capturing electrons or releasing free holes. This
transition behavior may account for the experimentally reported
enhanced NIR emission at 1540 nm induced by Er-doped ZnO
nanomaterials.”®%’

Excited states and relative oscillator strengths

The excited states in ZnO doped with different divalent lanthanide
ions (Ln®', from La to Lu) were examined by a series of
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TD-DFT calculations, as shown in Fig. 12(a). These excitation
energies correspond to the locations of the absorption peaks in
the optical spectrum of a material and are more accurate than
Kohn-Sham excitation energies. Some of the de-excitation paths
between different energy levels correspond to the emission peaks
from the output luminescence spectrum. The calculations were
performed using the Tamm-Dankoff approximation.”® This
method allows us to calculate the full set of optical properties
with the support of the excitation energies and the corres-
ponding transition probabilities. This study is also applicable to
low-dimensional ZnO systems, as extra effects such as boundary
effects, quantum-confinement effects, and different coordination-
induced mixed-valence effects are necessarily taken into account.

Fig. 12(b) shows the excited state energy levels of trivalent
lanthanide ions doped within the bulk ZnO host lattice. In
contrast to the divalent ion-doped systems, the excited state
energy levels are mostly distributed within the band gap area,
especially in the lower energy range (<2.0 eV). This behavior
indicates that Ln*" ions have a much wider absorption window
in the NIR excitation range than Ln** ions, as most of the Ln**
excited state levels are near the CBM of the host ZnO with
excitation energy near the band gap of ZnO (~ 3.4 eV), as shown
in Fig. 12(a).

Notably, Dorenbos et al. examined divalent and trivalent
states of lanthanide elements doped in a crystal host (e.g., ZnO)
and determined the minimum energy levels of the excited
states.”*"*” This examination of energy levels provides a significant
starting point for further examination of energy transfer between
different lanthanide ions, especially in the case of co-doping.

Meanwhile, it is helpful to consider the work-function or
position relative to the vacuum level of a multi-faceted, low-
dimensional ZnO nanomaterial system exposed to vacuum. This
model is more realistic for the study of UC luminescence energy
transfer in nanoparticles or nanocrystals. The calculations in
this study are based on the bulk system, since the energy transfer
mechanism and photoelectronic dynamics related to intrinsic
defects or extrinsic dopants are still not very clear. Thus, we first
examine the bulk system and then plan to extend our computa-
tional approach to other low-dimensional ZnO systems in the
following studies.

Valence states of Ln ions doped in ZnO

We also considered Ln ions with mixed valences doped in ZnO.
It is synthetically possible to produce mixed valence states of Ln
ions between Ln>" and Ln*'. These states may have different
transition behaviors between excited state energy levels compared
to the single-valence Ln*" or Ln** ionic states. Here, we introduce
that the excited state energy levels computed by TD-DFT together
with the oscillator strength can be used to distinguish the
different contributions to luminescence from the excited state
energy level transitions. The relative oscillator strength deter-
mines the intensity of the absorption and emission by an
external excitation source. Meanwhile, the relative oscillator
strength illustrates the probability of transitions for the excited
electrons and the kinetic rate constant for transitions among
the different levels.
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Fig. 12 (a) Excited state levels for Ln?* doping ions in ZnO. (b) Excited state levels for Ln** doping ions in ZnO. (c) The oscillator strength for each
corresponding excited state of the Ln?* doping ion. (d) The oscillator strength for each corresponding excited state of the Ln®** doping ion. (e) The
calculated oscillator strengths for Eu?* and Eu®* doping in ZnO are shown for comparison (G.S. denotes the ground state level located at 0 eV).

Following the above discussion, we extracted the optical
matrix elements from the calculations and converted them into
relative oscillator strengths (transition probabilities) to discuss
the probabilities of energy transfer as well as the lifetime of
excited electrons at the specific level. The relative oscillator
strength for each excited energy level is demonstrated in
Fig. 12(c) and (d) for both Ln*" and Ln*" in the bulk ZnO lattice.
In some cases, these excited state energy levels are dominated by
contributions from the Russell-Saunders term **'L;, and the
presentation of ladder-like energy levels is similar to the work of
Dieke'® or Carnall et al.'®* However, in most cases, the crystal-
field splitting components, which contribute 4f" fine levels, are
evident and rather dense in the energetic intervals,'® as shown
in Fig. 12(a) and (b), which is in agreement with the work of
Morrison et al.'®® Here, in the wavefunctions, we account for all
the effects of the energetic differences of the valence electrons
with different behaviors. The physicochemical trend of the energy
excitations of the electrons follows a similar trend as seen in the
work of Carnall et al.'® Some deviations can be attributed to the
bonding in ZnO, which is not a fully ionic crystal, such as LaFs;,
and contains partially covalent bonding features.

As shown in Fig. 12(e), Eu-doped ZnO can output red emission
with a wavelength of approximately 650 nm (or 1.9 eV photon
energy). In our calculated excited state, approximately 1.80 eV is
necessary for the excited electron to de-excite back to the ground
state. However, intermediate low energy states at approximately
1.0 eV may act as energy depletion paths to reduce the intensity
of the emission, even though the oscillator strength is as
small as 0.01. Meanwhile, as our thermodynamic transition

This journal is © the Owner Societies 2017

levels illustrated, the deep transition levels of Eu-doped ZnO
are unlikely to maintain the Eu®>" charge state in the energetic
range of optical transitions near the midgap. Therefore, EuZ}, in
the ZnO system may not be a highly efficient NIR/red lumines-
cence center within the wavelength range of the first biological
window. This corresponds to the experimental report that stated
that the existence of Eu*" in ZnO is actually responsible for the
red luminescence.'®”'°® Meanwhile, the higher energy emission
at 590 nm (2.1 eV), which was reported experimentally,*® that
neighbors the Eu-intrinsic de-excitation at 615-650 nm is rather
low and could be viewed as having zero oscillator strength, as
shown in Fig. 12(e). Theoretically, both Eu”" and Eu*" can
account for the observed red emission in ZnO, showing a similar
trend as a recent experimental report.'’” The probability analysis
(oscillator strengths) of the divalent and trivalent states of Eu
shows that two different energy transfer mechanisms can lead
to red luminescence. Eu** shows two de-excitations from higher
lying excited states back to the lower °Dj, level, followed by the
second transition of °D, back to “F,. For Eu®", the electrons at
two different excited states are de-excited back to the ground
state, as shown in Fig. 12(e).

How can we further distinguish the real valence state of
Eu ions doped in the ZnO system? Using TD-DFT calculations,
we confirm that the transitions of Eu excitation levels in ZnO
can be distinguished through differences in the luminescence
intensity. According to the experimental observation by Hao
et al.,*® longer wavelength emissions are always more intense in
Eu-doped ZnO systems. As shown in Fig. 12(e), Eu”" has a higher
probability for energy transfer at larger energetic intervals.
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Thus, the divalent state of Eu does not act as the dominant red-
emission center. Meanwhile, the mechanism for emission at
600 nm is unlikely to be the sole de-excitation from UC among
the excited states. Indeed, red emission is supported by inter-
defect-level transitions among the zero-phonon lines (with
negative U.g), leading to enhanced luminescence.*"

Er doped in ZnO has been experimentally reported to generate
NIR output luminescence at approximately 1540 nm (0.8 eV
photon energy)."'® In the Er** excited levels shown in Fig. 12(a),
de-excitation from the first excited state back to the ground
state (0 eV) may correspond to the luminescence energetic
output with an interval of 0.81 eV (1530 nm wavelength). For
the Er’* excited states, the output may result from a transition
from the second excited state back to the first excited state with
an interval of 0.52 eV, which is slightly larger than the Er**
emission wavelength. However, in the medium energetic scale,
Er-doped ZnO outputs green emission, showing twin peaks
from 525 nm to 560 nm."'° As shown in Fig. 12(a) and (b), Er**
and Er’* both contribute to energy transitions, with Er** showing
a slightly higher oscillator strength. Therefore, luminescence
in ZnO due to Er doping probably has a mixed valence state
between 2+ and 3+ or potentially exhibits a valence state transi-
tion resulting from different external excitations, such as differ-
ent injection currents or voltages via the electroluminescence
(EL) technique.'™

Er doping in wide-band-gap, group III-V semiconductors
has been studied at low temperature, and emission at 1540 nm
has been reported to result from transitions from the first
excited spin-orbit state “I,5,, to the “I;5,, ground state of Er**
(4f'"). However, so far, there is no conclusive evidence of the
lattice site of luminescent Er ions in a specific valence state.***
The (Er,Tm) co-doping of ZnO has also shown that emission at
1540 nm can be observed by Er and Tm individually, which
indicates that the energy scale allows for intrinsic transitions of
Tm ions doped in the ZnO lattice."™? As seen in Fig. 12(c) and
(d), Tm>" ions lead to very small energy splitting between the
spin-orbit transition from *F, to *Hg, while Tm** ions undergo
a transition with similar energy and a relatively high oscillator
strength. For emission in the shorter wavelength range, the
Tm-doped ZnO thin film can achieve the observed blue (480 nm)
and red (800 nm) emissions via the electroluminescence (EL)
technique, using a higher injection current and voltage.'® As
shown in Fig. 12(c), there are two distinctly high oscillator
strengths below 3.0 eV at approximately 1.61 eV and 2.60 eV.
Therefore, Tm®" in ZnO is responsible for the long-wavelength
NIR emissions at 1540 nm and 1800 nm,"*? while Tm*" in ZnO
can account for the emissions at 480 nm and 800 nm generated
by the electroluminescence (EL) technique.'*

Energy transport and modulation

We summarized the oscillator strength and the corresponding
excited state energy levels of all 15 lanthanide ions in the 2+ and
3+ charge states, as shown in Fig. 13(a) and (b), respectively. In
the Ln** doping state (Fig. 13(a)), energy transitions at the CBM
edge absorption or higher (~3.4 eV or >3.4 eV) predominate
medium and heavy lanthanide ions. The light lanthanide
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elements have excited state energy transition levels within the
band gap with lower oscillator strength compared to the medium
or heavy lanthanides.

However, the situation is clearly different for the Ln*" doping
state (Fig. 13(b)). The oscillator strengths of all lanthanide ions
are reduced, and the excited state energy levels are shifted to
below 3.0 eV. This phenomenon is very similar to a famous
concept in biology called the removal of apical dominance. This
concept is usually observed in living plants, in which the apex of
the plant has a rather strong tendency to grow, resulting in
inhibited development of the lower branches. This originates
from unbalanced plant food absorption, which is stronger at the
top apex than in the branches. Continuous energy harvesting
induces transportation paths for growth auxins (or phytohormones),
which is the main cause of inhibition. Manually removing the
apex will stop energy transport to the top and shift it to the lower
branches so that the living plant can achieve wider plant growth.
Analogous to energy transport and conversion in Ln-doped
UCNPs, Ln*" ions, as the sensitizing dopant, reduce the energy
barrier for excited state absorption, showing wider energy trans-
fer channels that are evenly distributed within 3.0 eV, which is
lower than the CB edge absorption in Ln**-doped ZnO. Meanwhile,
each energy level has a stronger oscillator strength, indicating a
larger probability for excitation and energy transport between the
inter-levels. This phenomenon for trivalent Ln doping, in physico-
chemical and biological terms, follows the removal of apical
dominance concept, leading to more flexible energy transfer
within the biological window.

Further details are shown in Fig. 13(c) and (d) in a 3D view. The
higher energy transitions from Ln** to Ln** are not suppressed by
forbidden transitions or real quenching effects induced by different
trap levels. Instead, the inhibition results from competition among
the various kinetic reaction rate constants of the lanthanide dopant
ions. Yan et al. provided a similar discussion of the rate constant
competition and transfer by studying the UC luminescence of a
NaYF,@CaF,(Er,Yb) core@shell system.''>'*

Finally, to design an optimal transmission channel for energy
transfer among sensitizer and activator ions, as well as energy
transport through the lattice, the oscillator strength and excited
state energy levels must be comprehensively considered. Proper
transfer and transport require not only a large probability
(oscillator strength) of transition between excited state levels but
also a wide and even distribution of these levels that largely
overlaps with the intrinsic band structure of the host. Meanwhile,
the conventional view of 4f-dominated transitions among excited
states is no longer universally accepted to interpret different energy
transfers of UC luminescence, which may restrict the future syn-
thesis of novel nanoparticles with easily modulated output lumi-
nescence. Actually, d—f hybrid transitions of the lanthanide doping
ions within various systems can contribute different charge-
transfer-induced energy migrations between the excited states of
different ions,""> which is potentially useful to support energy
transfer for self-sensitization, such as that for a rather wide-band-
gap host lattice at 654 nm (1.89 eV photon energy)."'®

To establish a correlation between the excited energy levels
and the corresponding oscillator strengths, we summarized

This journal is © the Owner Societies 2017
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Fig. 13 (a) The relative oscillator strength for each corresponding excited state is shown by the 15 lanthanide doping ions within the bulk ZnO lattice. The
levels of divalent ions and trivalent ions are shown in (a) and (b), respectively. The summary of the relationship between oscillator strength and excited
state energy level is shown in 3-dimensions (3D) with Ln?* (c) and Ln** (d). The Smith-charts illustrate a range of 15 lanthanide dopant ions in ZnO for
modulating the output emission luminescence properties, where the Ln?* ions are shown in (e) and Ln** are shown in (f).
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these parameters in a Smith chart to understand the over-
arching relationships. The horizontal direction gives the excited
energy levels, while the vertical direction shows the oscillator
strength. We approximated the lifetime and cross-relaxation
into a phase difference via an exponential decay function to give
an overall graphical view of the potential high-efficiency energy
transfer in UC luminescence materials composed of lanthanide-
doped ZnO.

In addition, the Smith chart in Fig. 13(e) illustrates that
heavy lanthanide elements usually dominate the energy trans-
mission channel at high energy, medium lanthanide elements
mostly occupy the middle range of the optical fundamental
gap, and light lanthanide elements are widely spread over the
optical band gap, as well as over the partial CB range.

However, as shown in Fig. 13(f), following the removal of
apical dominance concept, Ln** shows wider distributed energy
transfer channels within 3.0 eV, contributing a more flexible
biological window for in vivo imaging or other related opto-
electronic devices.

Lifetime and decay time

The emission time for luminescence materials can be divided into
two ranges depending on the length and mechanism: fluores-
cence and phosphorescence. Persistent luminescence is an optical
phenomenon attributed to phosphorescence persisting for several
seconds to hours or even days.

The lifetime 7 is an important parameter for describing the
fluorescence resulting from inter-level transitions between
excited states. For emission, t oc 1/(w®D?), where o is the photon
frequency (i.e., photon energy is /iw) and D is the dipole moment.
In another description following the Lorentz local field under the
vacuum cavity model framework, the lifetime is correlated to the
oscillator strength: © ~ (1/f)[9n/,(n” + 2)*], where fis approximated
by the electric-dipole transition, 4, is the emission wavelength and
n is the refraction index of the luminescence sample.'"”

However, the situation is different for persistent lumines-
cence (phosphorescence). The lifetime 7 for the fluorescent is
no longer effectively described the persistent luminescence. As
Leverenz summarized,"*®'"® excited electrons are trapped by
intrinsic defects or extrinsic impurities in the host, and most of
these trap depths are evidently distant from the delocalized
states near the CB edge. Therefore, the luminescence time is
described by the exponential decay function I = I,exp(—at),
which is independent of the luminescence temperature, via the
power law I = I,t™", but dependent on the phosphor tempera-
ture. Our recent work was consistent with the Leverenz model
in that energy transfer in persistent luminescence is likely
independent of the temperature but is strongly correlated with
electron-lattice coupling in the defect states.>® Currently, no
universal analytic theoretical equations for the decay time exist;
however, the decay time can be expressed by an effective multi-
center emission approximation with consideration of the thermal
effects as follows:

1(t) = Iy exp[—v1t exp(—AE /kpT)] + Io, exp[—v,t exp(—AE,/kpT)]
+ -+ Ipyexp[—vnt exp(—AEn/ksT))], (2)
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where the subscripts 1, 2,...,N denote the different trap centers
contributed from intrinsic defects or extrinsic doping impuri-
ties, AEy represents the trap depth relative to the CBM for the
Nth trap center, and I,y is the ideal emission output intensity at
time ¢ = 0.

In this work, as shown in Fig. 8-10, the calculated single-
particle levels determine the trap depth of each lanthanide
dopant, which describes its contribution to the persistent lumi-
nescence of ZnO. Meanwhile, these localized electron and hole
states also reduce the energy barrier for bound electrons to
transfer from the VBM to the CBM directly from the host lattice.
If we choose a lanthanide element as the first dopant to act as a
luminescence center (i.e., activator), then a suitable secondary
dopant must be determined to extend the lifetime.

As shown in Fig. 8, among the light lanthanide elements,
Ce and Pr are suitable candidates for extending the persistent
luminescence lifetime (or decay time) because Ce and Pr have
relatively low electron trap levels, which are low-lying in the
optical band gap. As noted in eqn (2), the deeper the trap depth,
the longer the decay time of persistent luminescence. Among the
medium lanthanide elements, as shown in Fig. 9, Eu, Tb, and Dy
are suitable secondary dopants to prolong the decay time via
extending the trap depth to even deeper positions, particularly the
dopant Dy. Previous studies have confirmed that Dy is a suitable
secondary dopant for the temporal extension of persistent
luminescence.?*"*>"" Among the heavy lanthanide elements,
as shown in Fig. 10, no suitable candidates provide electronic
trap levels far enough away from the CBM. Thus, among all the
lanthanide elements, Dy is the best secondary dopant for the
persistent luminescence of ZnO nanomaterials. Note that this
deduction is only valid based on the trap-depth model by
Leverenz. Further theoretical analysis of the decay time of persis-
tent luminescence will be explored in future work.

Summary

The doping limits in various ZnO structures were determined by
their native point defect formation energies. Chemical trends of
the doping limits of ZnO were shown by comparing the forma-
tion energy and the Er in terms of doping pinning limit energies.
Furthermore, the doping limits and corrected electronic proper-
ties were examined for an amorphous solid ZnO material. We
found that the am-ZnO system is p-type dopable with acceptor
dopants, since its p-type pinning energy overlaps with the VB
edge. However, p-type doping is achieved at the cost of lower
electronic affinities of various Zn- or O-sites, indicating a
potential loss of the n-type behavior of ZnO. The 2D ZnO system
expands the doping limit range from the VB to the CB edge,
indicating that 2D ZnO is a promising low-dimensional nano-
material. This material not only lowers the coordinate numbers
of the Zn and O sites, which lowers the electron affinity, but
also shifts the charge neutrality level towards the lower part of
the band gap close to the VB edge.

To further our examination of energy transfer in UC lumines-
cence by RE ion doping, the excited state levels were extensively

This journal is © the Owner Societies 2017
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studied for all 15 lanthanide (Ln) elements in both the Ln>" and
Ln*" ionic charge state. We also considered the probability of
mixed valences of the Ln dopant ions occurring in ZnO and
analyzed the relative oscillator strengths to discuss the transition
probabilities for energy transfer by excited electrons at the specific
level. We found that at the Ln>" charge state, heavy lanthanide
elements usually dominate the energy transmission channel
at high energy, medium lanthanide elements mostly occupy
the middle range of the optical fundamental gap, and light
lanthanide elements are widely spread over the optical band gap
as well as over the partial CB range. However, at the Ln>" charge
state, following the removal of apical dominance concept, Ln**
has wider distributed energy transfer channels within 3.0 eV,
which contributes a more flexible biological window for in vivo
imaging or other related optoelectronic devices.
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