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ABSTRACT

The last decades have witnessed the discovery of tens of thousands of rare earth (RE) (e.g., Eu®,
Tb**) and non-RE (e.g., Mn?*, Cr*") related photonic materials for near ultraviolet (NUV) and blue
converted white light-emitting diodes (wLEDs), but the future development of wLEDs technology
are constrained greatly by the intrinsic problems of these dopants, such as, the visible light
reabsorption, the unchanged emission lines and the limited absorption ability in UV/blue region.
Here we report a new strategy to discover novel Bi** red luminescent materials by the guidance of
the density functional theory (DFT) calculation, which can smoothly address the above problems
eventually. Specifically, we first discuss the unique structural feature of bulk ZnWOj crystal,
followed by screening all possible types of Bi doping through the projected partial density of states
(PDOSs). Our DFT findings reveal that doping Bi enables bulk ZnWOQO4 to be of potential in
modulating the output luminescence. As confirmed by experiment, manipulating the monitored
energy enables tuning the emission peaks from 490 nm to 680 nm and simultaneously controlling
the distribution of the Bi*" excitation intensity over the whole near-UV spectral region. In addition,
as temperature is increased to 300 K from 10 K, the emission positions upon excitation at 360 nm
feature a redshifting from 626 nm to 688 nm followed by a subsequent blueshifting to 654 nm; while
exciting at 270 nm only gives rise to blueshifting the peak from 500 nm to 484 nm. Analysis on
DFT and spectral results reveals that the manageable energy transfer between ZnWO4 host and Bi*,
the Vzno defect perturbation in the ZnWO4 and the 2BizVw complex which is produced by
substitution of Zn site with Bi** are the reasons for the tunable emissions, and they lead to the
anomalous Bi** red luminescence eventually. This work not only provides a new insight into
exploring more compounds which could allow Bi emitting red light only upon the excitation of near-
UV light, but also improves our understanding on the complicated energy interactions between Bi
dopant and host lattice, which, therefore, represents a new directive strategy for researchers to study
the undiscovered luminescence properties in Bi** or other ions (e.g., Eu?*, and Mn?") doped systems.
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Ever since the first-time success in implementing phosphor-converted white light-emitting diodes
(pc-wLEDs) through depositing a layer of yellow-emitting YAG:Ce** phosphor on an InGaN blue-
emitting LEDs chip by Nakamura and his coworkers in 1997,! pc-wLEDs technology has been
rapidly accepted as one of the best strategies to pump warm white light. The pc-wLEDs technology
possesses a wealth of advantages compared to conventional lighting technologies (e.g., fluorescent
and incandescent lamps), including smaller and compacter size, higher output luminous efficiency,
faster switching, less energy consumption, and lower working temperature.>* As a result, people
can benefit a lot from this technology in a wide range of fields, e.g., general indoor and outdoor
lighting, screen backlight source, traffic signal, liquid crystal display (LCD), computer tough panels,
architectural decoration, agricultural technology, automobiles, efc.™® Currently, it can be said
without any exaggeration that the technology is changing and will continue to change our daily life.
As indicated by the design concept, however, most popular pc-wLEDs cannot work well without
involving phosphors. Because of this, extensive efforts have been devoted over the past decades in
order to find new phosphors that can match well with commercial LED chip, typically near-UV and
blue chip. According to a conservative estimation through IS/ web of science, tens of thousands of
phosphors, thus, have been developed.

For phosphors that can work together with near-UV and blue chip, they basically can be
categorized as two basic classes: RE (e.g., Eu**, Ce*', Dy**, Tb*", Eu**, Sm**, Pr’**, etc) and non-
RE related (e.g., Mn?*, Mn*', Cr**, etc) photonic materials. Until now, various visible colors based
on these dopants have become available, i.e., (i) green light, NaCaPO4:Tb*" (~547 nm),’
Ca3Sc2Si3012:Ce** (~505 nm), ' BayLiSizAIN 2:Eu?" (~515 nm);'! (ii) blue light, Ba,YsBs07:Ce?*
(~443 nm);'? (iii) red light, Y20,S:Eu*" (~616 nm),'3 St[LiAlzN4]:Eu** (650 nm),'* NaGdTiO4:Pr’*
(~624 nm)®,  Sr,CaMo0QOs:Sm**  (~650 nm),'® CaMgAlicO272:Mn*"  (~655 nm),"”
Cay5SrosALOg:Mn?" (~610 nm);'® (iv) yellow light, Ca;sBagsSisOsNg:Eu?" (~590 nm),"
Y3Al5012:Ce?* (~565 nm),? Sr3In(PO4)3:Mn?" (~573 nm);?° (v) complex light due to multi emission
components, Baj 55Cao.45Si04:Mn?" (595 nm, red-orange),”! YVO4:Dy** (483 nm and 574 nm, blue-
yellow),?? efc. Additionally, confining multi-activators into a single crystal host sometimes also
enables achieving tunable colors over the visible spectral region, for instance, (Gd-Y-Bi-Eu)VO4
(green — red),”? BaMgxAleSisO30:Eu?*, Tb3*, Mn?* (full visible color),?* NaGd(WO4),:Tm?", Dy?*,
Eu’* (purple — blue — white — red),”® BaissCagssSiOs:Eu?*, Mn?* (blue — yellow),?!
KNaCax(POas)2:A (A=Ce**, Eu?*, Tb**, Mn?*, Sm**) (blue — white — reddish/orange).?® Obviously,
the reason why these activators can emit so many colors is because they feature the unique electron

configurations of the well-shielded 4f electrons (i.e., Tb*", Eu** and Pr3"), the d-f transition (i.e.,
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Eu?", Dy**, and Ce*"), the *Ti(*G)—°A(°S) transition (i.e., Mn?"), the 2E,—*A. transition (i.e.,
Mn*"), and the 2E—*A, transition (i.e., Cr*" ). However, it is also because of such electron
configurations, doping of phosphors with these activators frequently induces severe problems such
as the broad excitation bands in the visible spectral region (e.g., Eu?*, Ce**, Dy**, Mn?*, Mn*', Cr3*,
etc), the single emission color resulting from the unchanged lines (e.g., Tb**, Eu*', Pr¥*, etc), the
insensitive emission color for human eyes (e.g., Mn*', Cr**, efc), the limited absorption ability in
UV/blue region (<10 nm) and the UV leakage for human health (e.g., Tb**, Eu*, Sm**, Pr*", erc).
As a result of these problems, the application and the future development of pc-WLEDs technology
are challenged greatly. Moreover, when compared with other phosphors, typically the blue and green
phosphors, red phosphors show relatively lower luminescence efficiency, leading to consume more
red phosphors in the pc-WLEDs fabrication process. Thus, developing lower cost red phosphor that
can prevent the visible light reabsorption is extremently important for pc-WLEDs.

Trivalent bismuth (Bi*") has been known to possess the unique [Xe] 4/145d'%6s? electronic
configuration, and therefore it is very sensitive to the crystal-field and the environment of crystal
host lattice. As a result of this behavior, Bi*" enables emitting various colors, spanning from UV to
yellow and even red in ScVO4:Bi**.?” Based on the well-reported Bi** phosphors, strong absorption
in UV but not in visible region seems the unique excitation spectral feature for single Bi** doped
phosphors. This can be vividly shown by the following example, i.e., manipulating the cation ratios
of (Y, Lu, Sc)VO4:Bi?® and (Y, Sc)(Nb, V)O4:Bi* phosphors enable tuning the excitation range, but
the tail terminates only at ~420 nm. More remarkably, when compared Bi** with Mn?*, Eu?* and
Ce**, we can find that they share many similar spectral features, including broad excitation and
emission bands, sensitive to coordination-environment and crystal-field. Moreover, these dopants
also show the tunable emissions, e.g., KMg.xF3:Mn*" (x=0.01 — 1.0, Aen=600 nm — 780 nm),*’
(Kix, Nay)SrPO4Eu?* (x=0 — 0.6, Aen=446 nm — 498 nm),’! Y4Si:O7N2:xCe*" (x=0.1 mol% —
10 mol%, Aem=450 nm — 515 nm),* (Y, Lu)VO4:Bi** (Y — Lu, Aew=566 nm — 576 nm).?® For the
red spectral aspect, however, they show a completely different situation. In Mn?*, Eu?" and Ce**
doped aluminates, '8 silicates,*’ sulfides,** nitrides,'* and nitrogen oxides phosphors*, red emissions
are reported frequently. For Bi3" phosphors, however, except for ScVO4:Bi** red phosphor,®
previous reports focus mainly on the light from UV to yellow. The red light from Bi** seems to have
been solely hidden and, thus, this looks extremely strange and also confuses us for a long time.
Fortunately, because of the discovery of ScVO4:Bi*" red phosphor, there should be some

undiscovered Bi’" red emission in other materials. Then the periodic table indicates us that,

unfortunately, there are so many elements and, based on them, a large number of crystal candidates
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suitable for Bi** doping can be achieved. This indicates us that how to seek suitable crystal lattice
that can allow Bi*" emitting required luminescence typically red emission is a challenging yet
important subject.

As one fascinating member of inorganic materials, the wolframite-type zinc tungstate (ZnWO4)
crystallizes in the monoclinic structure with the space group of P12/c1 (No.13).3” Based on the
ZnWO4 crystal structure (Figure 1(a)), both Zn site (2f) and the W site (2¢) are coordinated by six
oxygen atoms, leading to the formation of ZnOs and WOs octahedra structure. Two interconnected
zigzag chains, which consist of ZnOg and WOs octahedra, extend individually along the c-axis.
Since the six-oxygen coordinated Zn?* and W°" radii are 0.74 A and 0.60 A, respectively, it normally
consider that the Zn?" or W% sites are impossible to be replaced by the bigger Bi** ion (where the
Bi** radius for six-oxygen coordination is 1.03 A). In consequence, studies on the
photoluminescence property of Bi** doped ZnWOj crystal are seldom noticed by previous works,
although various applications based on ZnWO; crystal, such as photocatalytic degradation, Li-ion
batteries, laser techniques, supercapacitor, hybridized semiconductor, electronic and optoelectronic
systems, and scintillator,>” are reported frequently. A closer re-inspection into the ZnWOj crystal
reveals that only one type of Zn?*, W¢" and O? situates in ZnWOj crystal, and the ZnOg chains are
corner-linked to four WOg chains by sharing oxygen atoms, resulting in a tightly manageable
interaction between the ZnOs and WOs octahedra. From the projected density of states (PDOS) of
ZnWOjy crystal through the DFT calculations (Figure 1(b)), the optical band gap (£¢) of bulk
ZnWOs, which defines as the difference between the valence band maximum (VBM) and the
conduction band minimum (CBM), is ~4.019 eV. The O-2p and the W-5d orbital levels have
dominantly contributed to VB and CB, and their energy band widths are about 6.5 eV and 2.0 eV,
respectively. Additionally, the position of Zn-3d orbital levels, which starts from about 7.5 eV below
the top of VB, is deeply below the VB, and its energy band width is about 1.0 eV. From the width
of these orbital levels, Zn-3d shows smaller than O-2p and W-5d, and the position of the orbital
levels between O-2p, W-5d and Zn-3d is different from each other. On basis of these differences,
the electronic properties of ZnWOjs crystal would change significantly if Bi*" could successfully
build into the ZnWOs crystal. This change, together the possible tight interaction modulation
between the ZnOs and WOg octahedra, may further allow Bi** emitting anomalous Bi**
luminescence that differs in the frequently-observed Bi** luminescence.

In our design, we chose the wolframite-type ZnWOs as the host material for Bi*" dopant.

Followed by screening the projected partial density of states (PDOS) for all possible types of Bi

doping in ZnWOj crystal, we theoretically deduce that doping Bi** tends to substitute the Zn?" site
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to generate the Biz, doping type, followed by the generation of the charge compensated complex
2BiznVw and crystal defect Vzno. This, as confirmed by our experiment, allows us achieving tunable
Bi** luminescence from blue to red light and controllable excitation intensity over the whole near-
UV region. Spectral information indicates that the ZnWO4:Bi** phosphor is a novel UV converted
red phosphor that can be only excited by near-UV light and it therefore shows the potential ability
in addressing all intrinsic problems inheriting from Eu?*, Ce**, Tb3*, Eu’*, Pr**, Sm**, Mn?*, Mn**
and Cr** phosphors. In view of the limited predictive power, we expect this work can provide new
directive clues for researchers to discover more crystal hosts that can allow Bi emitting red light and
simultaneously find some undiscovered luminescence properties in other RE and non-RE doped
phosphor systems, guided by the DFT calculation.

2. COMPUTATIONAL DETAILS

In our work, the geometry relaxation of the lattice was performed at PBE+U in DFT through
CASTEP codes,* which has been proved that is reliable on many d/f-orbital based oxides.*! To
improve the accuracy of the results of electronic properties, we introduce the recently developed
method on ab-initio determination of Hubbard U parameters to carefully avoid extra spurious error
from orbital self-interactions.*>*> We choose different orbitals projectors for different atoms to
represent their valence states. For instance, Zn with (3d, 4s, 4p), W with (5s, 5p, 5d, 6s) states and
O with (2s, 2p) states have been chosen for pseudopotential generation, respectively. The DFT+U
method that developed by Anisimov-type rotational invariant scheme.*® Regarding the electronic
minimization process, the ensemble DFT (EDFT) method of Marzari et al is used for solving Kohn-
Sham equation,*” in order to prevent the charge-spin out-sync sloshing effect and guarantee the
electronic minimization and convergence. With a combined convergence test, we select the
Baldereschi special k-point (%4, ¥4, 4) in the simple cubic 2x2x2 supercell for fast convergence in
energy, to converges the total energy below the tolerance of 5.0x107eV per atom.*

3. EXPERIMENTAL DETAILS

3.1 Synthesis of ZnWO0:Bi** phosphors

The conventional high temperature solid-state reaction method was employed to synthesize the
targeted ZnWO4:Bi** phosphors. The experimental reagents involved in this work were ZnO (A. R.,
“A. R.” denotes analytical reagent), WO3 (A. R.) and Bi;O3 (99.999%), and they were used as
purchased without further purification. Since we could not confirm the Zn?" and W sites in ZnWO4
crystal could be substituted readily by Bi** ions, we, thus, designed the targeted phosphors with the

nominal chemical compositions of ZnWO4:xBi** (x = 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, and 3.0%),

without considering the occupancy preference of Zn and W sites by Bi** dopant. With the chemical
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stoichiometric molar ratio, we weighed chemical reagents and then mixed them evenly in an agate
mortar. After sintering the mixtures at 1000 °C for 4 h in air, the targeted samples in form of white
body (see Figure 6(c)) were achieved.

3.2 Phase, Morphology, Static and Dynamic Photoluminescence (PL) Characterizations

The Bruker D8 ADVANCE powder diffractometer (operating at 40 kV, 40 mA, and 1.2°-min’") with
Cuk, radiation (A = 1.54059 A) was used to examine the phase purity of all ZnWO4:xBi*" phosphors
through X-ray diffraction (XRD). The composition characterization of the selected
ZnW04:1.0%Bi*" phosphor was performed by using the scanning electron microscopy (SEM, FEI
Nova NanoSEM 430). The transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) images of ZnWO4:1.0%Bi** phosphor was recorded by the JEOL JEM-2100F instrument.
The valence of Bi was checked by X-ray photoelectron spectroscopy (XPS), with the help of the
Kratos Axis Ultra DLD spectrometer (Kratos Analytical Ltd., Wharfside, Manchester, UK) with a
focused monochromatic Alkq X-ray beam (1486.6 €V, 5 mAx10 kV, ~5x107 torr). The final binding
energies were calibrated with the reference to the Cls peak at 284.8 eV. Photoluminescence (PL)
spectra and fluorescence decay curves were measured in the 10-300 K temperature range with a
high-resolution FLS 920 spectrofluorometer (Edinburgh Instruments), which is equipped with a
thermoelectric cooled red-sensitive photomultiplier tube (Hamamatsu R928 P) in the single photon
counting mode. The excitation source for PL spectra and the excitation photons for the fluorescence
decay curves were a 450 W Xenon lamp and a 60 W pF900 flash lamp, respectively. All excitation
and emission spectra were corrected over the lamp intensity with a silicon photodiode, and further
normalized by the PMT spectral response.

4. RESULTS AND DISCUSSION

4.1 Analysis on Possible Types of Bi Doping through DFT Calculations

As previously mentioned, we could not confirm whether Bi** ions could readily substitute the Zn>*
and W sites. Thus, the following possible types of Bi doping have been initially screened by the
DFT calculations, aiming at excluding some impossible substitution prior to our experimental
process and to find how the electronic properties of ZnWO, crystal change after Bi doping.

4.2.1 Consideration on Biz, and Biw

Under O-rich or Zn-poor chemical potential limit, the formation energy for Biz, and Biw at ground
state (0K) is -1.55 eV and -0.38 eV per defect site. The two negative values mean that both Biz, and
Biw formation are rather energetically favorable and cost even less than the other native point
defects formed in the host lattice. Clearly, the formation energy of Biz, is lower than that of Biw,

indicating the Biz, has more stable energetic configuration with local lattice relaxation. Besides,
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basing on the defect reactions of 2Biz,2" — Biza" + Biza’" and 2Biw?" — Biw" + Biw’", both Biz,
and Biw have negative-U,y effects and their values are -0.30 eV and -1.16 eV, respectively. This
means the Biz,>" and Biw?" are all unstable charge states and the life time in lattice will be rather
short and, meanwhile, the charge state spontaneously undergoes the transition and re-distributes the
charges into the single and triple positively charged doping state. In view of this, only 0, +1, and +3
charge states are stable valence for Bi substitution in the ZnWOQj4 host lattice. Therefore, for Biza
and Biw doping types, we screen the six possibilities through the DFT calculations, i.e., the W-
substituted Bi’ (i.e., Biw’), W-substituted Bi* (i.e., Biw"), W-substituted Bi** (i.e., Biw*"), Zn-
substituted Bi® (i.e., Bizy"), Zn-substituted Bi* (i.e., Bizn"), and Zn-substituted Bi** (i.e., Biz.>*). The
PDOS properties for Biz, and Biw doing types have been depicted in Figure 1(c-d)(i-iii). In the
figures, replacing the W site with different Bi valences seems do not change the band-gap sizes
significantly (i.e., the E; value keeps at ~2.60 eV), and the O-2p and W-5d levels also contribute
dominantly to VB and CB. For Zn-substituted Bi (Figure 1(d)(i-iii)), however, the band-gap size as
the Bi decreases from high valence (+3) to low valences (+1 and 0) exhibits in sharp difference, i.e.,
~1.98 eV for Biz,>", ~2.99 eV for Biz,", and ~0.69 eV for Biz,". PDOS results indicate us that the
influence of Bi valence on Biz, doping type is stronger than that of Biw type.

4.2.2 Consideration on Bij;

Due to the sharp ionic radii between six-oxygen coordinated Zn, W and Bi ions and their valence
difference, incorporating Bi into ZnWO4 may also lead to generate the Bi interstitial doping (Bii)
directly. However, our DFT calculations showed that the formation energy of Bi; under the Bi-rich
chemical potential limit is up to 7.83 eV, which illustrate that such formation is very unstable and
needs more energy to form within the host lattice. If the Bi; case did really exist in Bi doped ZnWOQO4
crystal lattice, it would be a spontaneous process for Bi; that transform into Biz, or Biw via local
migration to the nearest neighboring Vz, or Vy site.

4.2.3 Consideration on Charge Compensated Complex

It has been well known that the physicochemical properties of perfect crystals can be interrupted
significantly by crystal defects. Typically for the artificial crystal materials, some defects may
induce the change in their physiochemical properties. For example, the defects allow MoS; to emit
colorful emissions,* and exhibit the abnormal enhanced PL intensity in LuVO4:Bi*" phosphor.>
Considering the frequently used synthesis method for phosphors is the solid-state strategy and thus,
crystal defects are inevitably avoided. As consequence, this drives us to consider the following two
charge compensated complex.

If the Biz, and Biw substitutions were involved simultaneously, the increasing probability of the Bi
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substitution in the same cationic site may appear with the increase of the Bi doping content, which
indicates us to focus on the effect of the local clustering on native point defects and dopants. Under
DFT consideration, we initially suppose that the local short range disorder in the lattice will occur
spontaneously because the local charge distribution needs to be balanced. When the Biz, type is
formed, the most stable valence charge state is Biz,’*, which is also used to the Biw’* case. To
compensate the 3+ charge, a (1/2)Vw® ( where V is denoted as vacancy) with opposite charge is
formed in order to keep the local neutrality. Since this tends to be more energetically favorable, the
Bi dopants have closer crossover distances in ZnWO; crystal lattice. In consequence, two charge
compensated complexes, 2Biz,Vw and 2Biw3Vz,, which derive respectively from the Biz, and Biw
doping types, are coming. Our results showed the formation energies for 2BizaVw (i.e., 0.95 eV)
and 2Biw3Vz, (i.e., 9.95 eV) are sharply different from each other and, based on the two values, the
latter type is more difficult to form than the former. More remarkable, comparing the PDOS
properties of Figure 1(c)(iv) and Figure 1(d)(iv) with respective that of Figure 1(c)(i-iii) and
Figure 1(d)(i-iii) reveals the orbital levels that dominantly contribute to VB and CB does not change.
In the figures, the band-gap (~1.93 eV) for 2Biw3Vz, (Figure 1(c)(iv)) coincides basically with that
(~2.20 eV) without considering the crystal defect(Figure 1(c)(i-ii)), but the band-gap (1.00 eV) for
2BiznVw (Figure 1(d)(iv)) is 1.98 times, 2.69 times and 0.69 times less than that of ~1.98 eV for
Biz.*" (Figure 1(d)(iii)), ~2.69 eV for Biz," (Figure 1(d)(ii)) and ~0.69 eV for Biz.’ (Figure 1(d)(i)).
Due to the large difference of ions radii and valence between W and Bi, the PDOS properties for
2Biw3Vz, should change as compared to that of bulk ZnWOu, but DFT results show the situation is
not like this. Doping Bi into Zn sites always allows the PDOS properties changing more significant
than W sites compared to bulk ZnWO,. Moreover, if Bi could substitute for W site, the formation
energy should be relative low, but we see that the value (9.95 eV) is very high. This illustrates from
the other side that doping W site with Bi ion seems impossible in Bi doped ZnWO, crystal.

4.2.4 Discussion on Reaction-Decomposition Reaction in ZnWO0O, Crystal

In the ZnWO, formation process, it experiences a series of reversible reaction-decomposition
reactions (i.e., ZnO + WO3 2 ZnWO4 = ZnO + WO3). When the conventional high temperature
solid-state reaction is used as the synthesis method, this process will become more prominent.
Typically, when the temperature is over 1100 K, the ZnO compounds trend to decompose into the
O and Zn vapor gas easily. Hence, we calculated the formation enthalpies for ZnO, WO3 and
ZnWOy4 (-15.47 eV) compounds, and results show their values are -3.67 eV, -10.80 eV and -15.47
eV, respectively. Obviously, these values are in a large contrast, typically between the ZnO and

ZnWOs. According to similar theoretical works reported by Huang et al in CaZnOS crystal®!, the
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vacancy formation of the ZnO local motif (Vzu0) costs rather low energy. In view of this, formation
of ZnO vacancy (Vzao) within the ZnWO4 host lattice seems possible. On basis of Vzno formation
energy within charge states of 0, -1, -2, +1 and +2, the Vzy0 is a negative-U,y effect in the defect
reaction of 2Vzno" — Vzno? + Vzno?* and the rest of charge state transition shows the positive-Uey
effects, indicating that the most stable charge states for Vzyo are 0, -1, -2, and +2.

4.3 Analysis on Potential Modulation of the Output Luminescence

Although there are so many Bi doping possibilities as screened by the DFT calculations, questions
are still remaining. Whether all of these possibilities could work for the output luminescence in Bi
doped ZnWO4 crystal and allow Bi emitting the required luminescence that can address the sticky
problems as mentioned in “1.INTRODUCTION” section? It would be highly desirable, if we could
find some clues ahead of the experiment through the DFT calculations.

According to the analysis from DFT results, we could deduce that the most possible doping types
that could induce the output luminescence in ZnWO4:Bi crystal are Biz, (including Biz,*", Biza",
and Biz."), 2BizaVw and Vzno (including Vzn0?, Vzno', Vzno®, and Vzno?*) and, based on them,
single-particle levels (SPLs) are draw, as depicted in Figure 1(e). Depending on the charge states,
there are two emission parts for Biz, doping type. One locates within the ZnWO4 host that gives
medium wavelength within 600~700 nm range, and another one is near infra-red (NIR) emissions
which derive from the transitions between the localized electronic and hole levels within the optical
fundamental band gap area. For the defect complex model of 2Biz,Vw, it exhibits a wide range of
emission wavelengths from 500 nm to 827 nm, which precisely cover all Biz, emissions. As for
Vzi0 emissions, except for Vzno, others are all having the potency in emitting NIR light, i.e., 700
nm for Vzxo?, 785 nm for Vzyo?*, and 704 nm for Vzao>". From Figure 1(e), emissions in ZnWO4:Bi
crystal are very complicated and there are so many possible interaction, typically those having close
emission wavelengths, e.g., 500 nm (green) for both 2BizyVw and Vzy,0’, and 512 nm (green) for
Biz:’". In consequence, this wide emission range in ZnWO4:Bi enables pumping tunable
luminescence upon a fixed excitation wavelength and/or through controlling external condition such
as the temperature and the doping content. More importantly, due to the potential existence of red
luminescence in the figure through the DFT prediction, for example, 611 nm and 629 nm for Vg;**,
novel red Bi** luminescence that is noticed by previous works may appear in ZnWO,:Bi crystal.
However, relying on the DFT results, we find that to precisely predict the PL properties of
ZnWO4:Bi*" phosphor is strongly far from enough. Since the DFT calculations are constructed
under a relative ideal condition, results predicted by DFT calculations sometimes do not mean that

they can be achieved by the experiment, typically when a complicated synthesis is involved by the
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experiment and, thus, we design the experiment to verify the DFT prediction.

4.4 Experimental Confirmation

4.4.1 Structural Analysis

To check the influence of Bi doping on the phase purity and micro-structural morphology, we
measured the XRD and SEM patterns of ZnWO4 crystal with and without Bi doping, as shown in
Figure 2(a) and Figure 2(c-f), respectively. It clearly shows from Figure 2(a) that all diffraction
lines coincide with the ZnWOy standard pattern (No. 1520641) derived from the Inorganic Crystal
Structure Database (ICSD), indicating incorporating Bi into the ZnWO4 lattice does not induce the
detectable impure phase. All samples crystallize in the targeted monoclinic wolframite-type
structure with the space group P12/c1 (No. 13). However, a closer inspection into the XRD results
reveals that the diffraction intensity distribution for Bi** doped samples is quite different from that
of the ZnWOQj standard pattern and bulk ZnWOj crystal. As denoted by “Q”and “3” for the planes
(-111), (111) and (020), the relative diffraction intensities of (-111) and (111) planes for bulk ZnWO4
crystal are stronger than that of (020) plane. While the diffraction curves from 0.5%Bi content to
3.0%Bi content show that Bi doping has reversed this situation, the relative diffraction intensity of
(-111) and (111) planes becomes abnormally weaker than that of (020) plane. Other diffraction
planes (011) and (110), (022) and (200) also reflect such change. However, the relative diffraction
intensities between different planes as the Bi content increases remain similar, indicating they are
independent of Bi content. As a result, increasing Bi content does not change the morphologies, as
confirmed by SEM images (Figure 2(c-f). With this information, we deduce that doping Bi not only
enables enlarging the particle size, but also tuning the irregular spheroidicity (for bulk ZnWO4) into
the quadrangular prism (for ZnWQO4:Bi).

To illustrate the above change more clearly, high-resolution TEM (HRTEM) technique with the Fast
Fourier Transform (FFT) pattern was employed to measure the thinnest fringe of one selected
ZnWO04:1.0%Bi*" particle, as depicted in Figure 2(g-h). Clearly, two different interplanar lattice
distances of 0.487 nm and 0.285 nm, which precisely correspond respectively to the (020) and (100)
lattice planes of ZnWOQj4 crystal with the monoclinic wolframite-type phase, appear in the sample.
Our energy-dispersive X-ray (EDX) spectroscopy confirms that the particle contains the Zn, W, O
and Bi elements (Figure 2(b)), which, together with the lack of the crystallization anisotropy in
bulk ZnWOs, indicates that doping Bi has induced the anisotropic growth problem. Additionally,
results of Figure 2 also reveal the anisotropic grain and the crystallization process of Bi doped
ZnWO4 samples are grown along c-axis, with the orientation along the (0k0) and (h00) planes. These

results tell us from the other side that incorporation of Bi, as previously predicted by the above DFT

10



analysis, really has caused great influence on the structural behavior, thereby leading to the
following experimentally spectral observations.

4.4.2 Room-Temperature Spectral Analysis

Upon monitoring at the wavelength of 665 nm, the room-temperature excitation spectra shown in
Figure 3(a) for Bi doped ZnWO, phosphors exhibit two overlapping broad excitation bands at 295
nm and 365 nm, which, in combination with the excitation wavelength of Figure 3(b), are assigned
to the absorption of host and Bi activator, respectively. When we turn the monitored emission
wavelength into 485 nm (Figure 3(b)), Bi doped phosphors exhibit only one broad band at 295 nm
(curve 1-6), which is very similar to bulk ZnWOj4 phosphor (curve 0). The energy calculated from
the maximum excitation intensity (~4.203 eV) of bulk ZnWO,, agrees well with the E, value
(~4.019 eV) as calculated by DFT (Figure 1(b)). Unlike the bulk ZnWOj4 excitation tail terminated
at ~350 nm, all Bi doped phosphors upon monitoring at 665 nm show the tail at 425 nm (Figure
3(a)), suggesting they can only be excited by near-UV light rather than visible light. This matches
well with commercial UV LED chip with the emission wavelength of 380~420 nm and, because of
the non-excitation in visible region, can address well the sticky visible light reabsorption problem
that encounters in such Eu?*, Ce**, Mn?*, Mn*" and Cr*" activators. As depicted in Figure 3(c), upon
excitation at 365 nm enables Bi doped phosphors to exhibit red emissions, and the maximum
emission position as the Bi doping content increases blue-shifts slightly from 666 nm for
ZnWO04:0.5%Bi to 658 nm for ZnW04:3.0%Bi. However, when exciting these samples at the
absorption range of bulk ZnWOj4 (~305 nm), with increasing the Bi content, a red-shift of emission
position, starting from 485 nm for bulk ZnWOQO4 phosphor, appears. The emission position for the
maximum Bi doping (3.0%) is locating at 489 nm (see Figure 3(d)).

With the spectral results of Figure 3(a-d), some unusual yet interesting results have been also shown,
i.e., the Bi content, which corresponds respectively to the maximum excitation intensity of host and
Bi, is strongly depending on the monitored emission wavelength. Typically, monitoring at the
wavelength of 665 nm allows Bi doped phosphors exhibiting the optimal Bi content of 0.5% and
1.0% for the maximum excitation intensity of host (~295 nm) and Bi dopant (~365 nm), respectively
(see Figure 3(a)), nevertheless, upon excitation at 365 nm, the Bi doping content for the maximum
emission intensity is 0.5%. Hence, the emergence of the inconsistence between the Bi excitation
intensity and the corresponding emission intensity can be understood. However, no matter which
host absorption and emission wavelengths are selected to excite or monitor the Bi doped phosphors
(Figure 3(b) and Figure 3(d)), the spectral intensity of Bi doped samples decreases with increasing

Bi content, and all Bi doped phosphors show the spectral intensity lower than bulk ZnWO4 phosphor.
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This hints that there probably exists a kind of forward and backward energy transfer between host
and Bi dopant and, such interaction is sensitive to the Bi content.

Nominally, the emission position does not change with the change of Bi doping content if there
is only one luminescence site in the crystal lattice. As implied by DFT results, however, the types,
Bizn, 2BizaVw and Vzq0, are the most possible types for generating the output luminescence in
ZnWO4:Bi phosphor. If they were all involved, tunable emissions as the Bi content changes,
therefore, are reasonable. Accordingly, the emission position as the excitation wavelength changes
should also changes regularly, because the emissions for different doping types predicted by DFT
calculations show different energies. Thus, we also measured the excitation-dependent spectra for
all Bi doped phosphors, as shown in Figure 3(e-f). In Figure 3(e), decreasing the excitation from
250 nm to 420 nm really has trigged the ZnW04:1.0%Bi phosphor to tune the emission positions
from 485 nm (i.e., bulk ZnWO4 emission) to 665 nm (i.e., Bi emission), following by a slight red-
shift of ZnWO4 emission position and an initial red-shift with a subsequent blue-shift for Bi
emission position. Such excitation-dependent emission position keeps the same tendency as the Bi
doping content increases (Figure 3(f)). All emission positions upon excitation from 330 nm to 340
nm show a suddenly direct jump into Bi emission, without appearing the regular emission position
transition as expected. As depicted by many previous works, some spectral information which can
only be observed at room temperature may change as the temperature changes, typically when the
temperature is close to the ground state (0K), for example, alternation of predominant emissions
between VO4*~ groups and Bi** in Bi** doped vanadates,”’ shifting of multiple emissions toward
different directions, e.g., ZnO,*> CaMo00Q4:Bi,>* CaWO4:Bi,>* and La>Zr,07:Bi*".>° Returning to the
emissions resulting respectively from Biz,, 2BizaVw and Vzyo doping types (Figure 1(e)), there are
a wide range of emissions from green light to NIR light, but most of them seem have been hidden
at room temperature and, thus, we measured the following temperature dependent PL spectra for
ZnWO4:Bi phosphor, expecting to find some individual yet tight PL interaction that cannot be
observed at room temperature.

4.4.3 Influence of Temperature on PL Spectra and Decay Dynamics

Figure 4(a-e) give the excitation and emission spectra of ZnW04:1.0%Bi phosphor measured
within10-300 K temperature range. Unlike PL spectra at room temperature, gradually increasing the
monitored emission wavelength from 450 nm to 700 nm keeps the excitation spectral sharp (Figure
4(a)). All excitation tails also terminate at 425 nm, which are similar to that of Figure 3(a). However,
the excitation intensity distribution, in particular the band centering at ~365 nm, exhibits differently.

With defining the maximum excitation intensity of host as the normalized intensity, the Bi intensity
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as the monitored emission wavelength increases appears gradually, followed by a slight red-shifting
position. In addition, the Bi doped ZnWO4 phosphor at low temperature (10 K) (close to the ground
state temperature of 0 K) features a sharply different PL behavior compared to that at room
temperature. As the excitation wavelength changes from 250 nm (for ZnWOQj4 host) to 380 nm (for
Bi dopant), the dominant emission position at 10 K red-shifts gradually from 498 nm to 650 nm
(Figure 4(b)). In sharp contrast, as temperature increases from 10 K to 300 K, upon excitation at
the wavelengths of 270 nm (i.e., the host excitation), 360 nm (i.e., the Bi excitation) and 310 nm
(i.e., the excitation boundary between host and Bi dopant) enables the ZnWO4:Bi phosphor to
regularly exhibit tunable emissions, differing in the emissions at room temperature (Figure 3(e-f))
and at 10 K (Figure 4(a-b)). In Figure 4(c), the emission peaks achieved by exciting at 270 nm
only move towards shorter wavelengths from 498 nm at 10 K to 485 nm at 300 K, but exciting at
360 nm red-shifts the emission peaks from 625 nm at 10 K to 680 nm for 150 K and then back to
655 nm at 300 K (Figure 4(d)). Comparing the emission spectra between Figure 4(c) and Figure
4(d) illustrates that the latter exhibits the tunable range larger than the former. Moreover, Figure
4(c) shows an emission band beyond 575 nm (> 575 nm), which appears gradually with increasing
the temperature (see the rectangular frame).

To illustrate the influence of Bi doping on dynamic PL results, we simultaneously measured the
decay curves for bulk ZnWO4 and ZnW04:1.0%Bi phosphors within the temperature range of 10-
300 K, as shown in Figure 5(a-b). The excitation wavelength and the monitored emission
wavelength are 305 nm and 485 nm, corresponding to the absorption region and the maximum
emission intensity of bulk ZnWOj crystal, respectively. For bulk ZnWO, crystal, the decay dynamic
behaviors do not change with the increase of temperature, keeping a single-exponential decay.
Fitting into the decay curves with single-exponential equation of / = Aexp(—t#/7) (where parameters
A, Iand t are the fitted constant, the luminescence intensity and the decay time, respectively) enables
achieving a series of host lifetime values. As depicted by Table 1 and Figure 5(c)(black curve), the
emission lifetimes of bulk ZnWOy crystal as the temperature increases drop gradually from 46.99
us to 34.62 ps. For Bi** doped ZnWOs crystal, however, it exhibits double-exponential decay
behavior when temperature is below 100 K. With the second-order exponential equation described
as [ = Aiexp(—t/ 7)) + Arexp(—t/ ») (Where [ is the luminescence intensity; 7is the average decay time;
A1 and A4, are constants; ¢ is the time; and 71 and n are rapid and slow lifetimes for exponential
components), the decay curves can be fitted, and further calculation into the two series of values by
using the equation of 7 4= (41712 + A20?)/(A171 + A21) enables obtaining the average emission

lifetimes (Table 1 and Figure 5(c)(red curve)). As temperature exceeds 100 K, the decay for
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ZnWO4:Bi phosphor is a single-exponential decay, and it does not change with further increasing
temperature. Bi doped phosphor experiences a different decay compared to bulk ZnWOj crystal.
4.5 Discussion on Spectrally Tunable Observation

In Figure 4(f), we find the ZnWO04:1.0%Bi phosphor shows two characteristic XPS peaks at 159.3
eV and 164.6 eV due to *f72 and *f5/2, which match well with peaks of a-Bi,Os, implying the bismuth
valence in ZnWO04:1.0%Bi phosphor is +3 and belongs to on potential bismuth valence predicted
by DFT calculations. Previous works on Bi** decay curves reveal that the two !So— °P; and 3Py —
IS, emission transitions that determine the nature of Bi** lifetime are strongly dependent on the
temperature.’® 3> 3 Since the 3Py — 'Sy transition is Laporte allowed, the decay time usually spans
between 107 and 10% 5.3 While the 3Po— 'Sy transition is a spin forbidden transition, allowing it
can be only pumped by low temperature and thus, the corresponding emission lifetime frequently
exhibit several hundred microseconds.’® ** Hence, controlling the temperature enables controlling
the population redistribution between 3Py and 3P; levels. Because of this behavior, yellow
LuVO4:Bi*" and red ScVO4:Bi*" phosphors as the temperature increases from 10 K to 300 K and
even to 500 K experiences a decay process from double-exponential to single exponential decay
behavior,?® 2° and their Bi*" lifetimes at high temperature (i.e., >250 K) only exhibit several
microseconds and even several hundred nanoseconds. For the decay behavior, the ZnWO4:Bi
phosphor experiences a similar process, but the fitted lifetimes, as depicted by Table 1 and Figure
5, are obviously much greater than that of LuVO4:Bi*" and red ScVO4:Bi**, typically when the
temperature is higher 250 K. In view of this, we, therefore, deduce the emission position of 485 nm
and the excitation position of 305 nm do not involve the Bi3" counterparts, and some vital but
infrequently-noticed factors have played the key role in modulating the output Bi** luminescence in
ZnWO4:Bi** crystal.

With the experimental PL results of Figure 3 and Figure 4, the Biz," (738 nm) or Vzn,0*>* (785
nm) emissions predicted by Figure 1(e) should not contribute to the experimental PL emissions,
since, no matter at room temperature or low temperature, they cannot be detected individually. The
484 nm emission from Vzy,0*" doping type may contribute to the blue emission of Figure 3(c). In
view of the emission bands in bulk ZnWO4 sample (Figure 6(a)) and Bi*" doped ZnWO, sample
(Figure 4(c) and Figure 4(e)), it is possible for Vzx0? (700 nm), Vzyo (629 nm, and 611 nm) and
Vzno®" emissions (704 nm) to contribute, and the experimental emission bands has obviously
covered all Vz,o emissions. In addition, the alteration emission intensity shown in Figure 6(a)
reveals that the emission band 700 nm is from Vzy,0® and Vz,0>" emissions, and they are strongly

dependent on the temperature. In this case, they can contribute to the emission at low temperature
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and, at the same time, modulate the emission position at high temperature. When compared to the
Biz, doping type, the formation energy for the neutral state of Vzy0® under the O-rich chemical
potential limit is 2.47 eV, indicating the Vzn0® at room temperature has a relatively lower priority
than the Bi substitution in Bi** doped ZnWOjs crystal. Thus, the Vzno” type has nothing to do with
Bi*" doping, and it just comes from bulk ZnWOjs crystal. Except for the Vzy,0® emission itself, the
main contribution of Vzno® in Bi*" doped ZnWOs crystal is to act as the intermediate energy transfer
path to broaden and tune the emission wavelength. As for the case of 2Bizs3Vw, the emission
wavelength of 827 nm that exceeds our measurement range, but others emissions (i.e., 500 nm, 534
nm and 660 nm), which agree well with our experimental green and red emission bands, are involved.
If we could not consider the doping defect, the actual emissions of Biz,*" type are located at 611 nm
and 629 nm and, thus, they are impossible to contribute to the experimental 665 nm emission of
Bi*" at room temperature. However, they may appear at low temperature, in view of the regular
emission positions with pumping by different excitation wavelengths at low temperature (Figure 4).
This is similar to the case of Biz” type. The ordered ZnWOy crystal lattice has only one
crystallographic site for tungsten and zinc atom, but we assume that the experimental results reflect
a slight deviation from the ideal structure, in view of the DFT and experimental results. From the
PL spectra, the emissions and excitations are not only strongly dependent on temperature, but also
Bi doping content and the monitored energy. To systematically illustrate the above analysis, a
complicated but feasible diagram for experimental PL observation in ZnWO4 crystal and ZnWO4:Bi
is draw, as depicted in Figure 6(b).

In bulk ZnWOQy4, exciting at the host absorption leads to the host blue-green emission (i.e., 495
nm) at 10 K and, due to the gradual emergence of 484 nm from Vzn,0?* emission with the increase
of temperature, this host emission band shifts to 484 nm at 300 K. In the meanwhile, since the 512
nm emission from Vzn,o?' is also involved, the broadened host emission band, which results from
the increase of temperature, is reasonable. Note that only the typical 495 nm emission has been
given in the figure. Similarly, with the increase of temperature, the 700 nm and 704 nm emissions
that come respectively from Vzyo? and Vzao*, which only appears at low temperature, quenches
gradually and, due to the possible thermal perturbation, changing the temperature enables slightly
tuning this emissions band.

In Bi*" doped ZnWO4 phosphor, since there is a large overlap of the excitation band Bi**
activator and the emission band of ZnWOj4 host (Figure 3(a) and Figure 3(d)), simultaneous Bi**
and ZnWO, emissions upon excitation with the absorption wavelength of ZnWOs host (e.g., 325

nm) are understood, indicating there is an energy transfer from ZnWOj4 host to Bi**. However, upon
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excitation at Bi*" only induces the Bi** emission (Figure 4(d)), without the ZnWQO, emission,
implying the energy transfer is unidirectional and the emissions of ZnWOj host and Bi** do not
influence each other. With the increase of temperature (Figure 4(c)), the blueshift of emission
position upon excitation at 270 nm can be interpreted by the gradual alteration from ZnWO4 host
emission to Vzyo®* (484 nm), similar to the situation of bulk ZnWOy crystal. However, the
emergence of emission within the rectangle (Figure 4(c)) indicates the increase of the energy
transfer from ZnWOs host to Bi** with the increase of temperature. More than that, when the
excitation wavelength is changed into 310 nm (closer to Bi*" excitation band), the energy transfer
efficiency from ZnWOj4 host to Bi** becomes more efficiency at low temperature than that upon
excitation at 270 nm, and it decreases with increasing the temperature. As a result, only ZnWO,
emission upon excitation at 310 nm appears at room temperature. Owning to the contributions on
emissions from other doping types (i.e., 629 nm and 611 nm for Vzno", 544 nm for Vz,0>, 512 nm
for Vzuo®*, 579 nm for Biz,’, 611 nm and 629 nm for Biz,>*, 500 nm and 534 nm for 2Biz,3Vw) and
their manageable energy interactions, tunable emissions in ZnWO4:Bi phosphor is observed.
However, we can know from experimental PL results that not all emissions appear once and for all.
some emissions emerge only at a certain temperature and/or a fixed excitation wavelength. In this
case, interaction between different emissions could also appear. In Figure 6(b), the role of Bi doping
types can be divided into: (i) Bizn’, Vzno™ and Vzyo® as well as 2Bizn3Vw for tuning and broadening
the low temperature emission from green to red; (ii)Vzio®" for pumping and tuning the green
emission ranging from 512 nm to 484 nm; (iii) Vzno” and Vzyo® for generating and tuning the 700
nm NIR emission and, at the time, broadening the Bi** emission, though they cannot be reflected in
ZnWO4:Bi crystal. Additionally, due to the emission energy difference from these doping types, the
manageable interactions, which depend on the temperature and excitation wavelengths, appears,
according to our experimental PL results. As a consequence, we achieve the phosphor with a visible
color tuning from green to red (Figure 6(c)). Typically, no matter how the situation changes, this
ZnWO4:Bi phosphor only allows the excitation tail terminating to 425 nm, which shows the potency
in addressing the visible light reabsorption problem.

4.6 Design Concept for Novel Bi** Red Luminescence

As we have mentioned in “1. INTRODUCTION” section, Bi*" features a host-sensitive behavior
and, thus, it can exhibit different emission positions in different crystals. Comparing the red
emission position (~665 nm) of the ZnWO4:Bi red phosphor with that (~635 nm) of ScVO4:Bi**
reveals that the red emission also depends on the crystal host, but the position for the former

emission is longer than that of the latter. For the reason, we can explain it by using the dielectric
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chemical bond theory, in which the spectral positions are dominantly influenced by the covalency
(fo) of the chemical bonds that connect the central Bi** ion and its oxygen ligands.® The larger
covalency means the longer wavelength emission. For the red emissions, our DFT findings have
indicated that they tend to come from the substitution of Zn?* sites by Bi** ions. In view of this, we
calculated the covalency f. for each Zn-O bond (see Table 2), and results reveal the average
covalency (f:=0.3609) of Zn-O bond for ZnWOs crystal is much larger than that (fc =0.1591) of Sc-
O bond for ScVO4 crystal,?? which explain well their emission wavelength differences.

On basis of the production conditions of Bi** red emission in ZnWQO4 and ScVOj crystals,* we
can find that crystal site available for Bi** doping is necessary, but it seems not enough to achieve
the Bi*" red emission, because Bi** usually emits only the color from UV to yellow, as predicted by
DFT results and low temperature PL results. For Bi** red luminescence, discussions on DFT and PL
results reveal that a crystal matrix that benefit the oxygen vacancies generation is more important,
since these vacancies could reduce the total energy of the host and play the key role in modulating
the Bi*" luminescence toward lower energy direction (Figure 6(c)). In this case, the Bi** red
luminescence should be due to the combined contributions of the complexes produced by Bi**
doping and the corresponding oxygen vacancy induced by the replacement of crystal site with Bi3*.
More than that, as depicted by the electron clouds shown in Figure 6(d), manageable substitution
sites, which are sensitive to the change of the surrounding environment (typically the crystal defects
that accompany with the doping process), are also required.

5. CONCLUSIONS AND OUTLOOK

In this work, we employed the DFT calculations to guide us to successfully discover a novel Bi**
red luminescence in ZnWO4:Bi*" phosphor, which enables generating the excitation wavelength less
420 nm and thus showing the non-reabsorption in the visible region. More specifically, all possible
types of Bi doping, including W-substituted (Biw), Zn-substituted (Biz,), interstitial (Bi;) and the
charge compensated complexes (2BiznVw and 2Biw3Vz,), had been initially screened by employing
the DFT calculations. In the experiment, upon excitation at 360 nm, we observed the emission peak
of ZnWO4:1.0%Bi*" phosphor initially red-shifted from 626 nm to 688 nm and then blue-shifted
back 654 nm as the temperature increased from 10 K to 300 K. This tunable emission strongly
differed in the blue-shifting emission peak (from 500 nm to 484 nm) upon excitation at 270 nm.
Additionally, we found the emission peaks of ZnWO4:Bi*" phosphors were dependent on the Bi
doping content and the excitation wavelength as well as the temperature. For ZnWO4:Bi** excitation

spectra, w manipulating the temperature and the monitored emission energy enabled controlling the

intensity distribution over the whole near-UV spectral region. These tunable PL observations,
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together with DFT results, revealed the transferable energy hopping from host to the Biz, sites and,
with the crystal defects perturbation, the Bi** red luminescence eventually. As shown by this work,
if the DFT prediction strategy could be extended to screen some impossible crystal host before the
experiment, a large number of extra works that accompany with using the trial and error method can
be reduced, thereby facilitating to discover the possible crystal host that can allow Bi** emitting red
luminescence. Therefore, this work not only enables providing a forward-looking insight into
exploring more crystal compounds which allow Bi emitting red light only upon the excitation of
near-UV light to address the issues as mentioned in “ABSTRACT” and “1.INTRODUCTION”,
but also deepening the complicated interactions between Bi** ions and host lattice as well as
broadening this feasible DFT strategy for researchers to reveal some undiscovered new
luminescence properties behind other systems, exemplarily based on Eu?*, Ce**, Tb**, Eu**, Sm**,
Mn?*, Mn*" and Cr** doping.
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Table 1 Decay Lifetime of ZnWO4:xBi3* (x=0, 1.0%) Phosphors at 10-300 K
(Aex = 305 nm, Aem = 485 nm)

Temperature x=0 x=1.0%

T/K A T/us Ar 7 /ps A> n /us Tave /1S
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10 0.8216 46.99 0.3915 2.63 1.967 37.01 30.87

50 0.8293 45.86 0.6227 1.48 0.5952 36.06 34.63
100 0.8372 44.13 0.4611 35.54 0.4611 35.54 35.54
150 0.8454 44.64 0.5004 38.85 0.5004 38.85 38.85
200 0.8468 44.29 0.5001 40.11 0.5001 40.11 40.11
250 0.8803 41.38 0.5001 39.48 0.5001 39.48 39.48
300 0.9523 34.62 0.5004 26.12 0.5004 26.12 26.12

Table 2 Bond Length d and Calculated Chemical Bond Covalency f. for the Zn Site in ZnWOQO4

and the Sc Site in ScVO4

Compounds Bond Bond Length d(A) fe
Zn-0(1) x 2 1.9801 0.3711
ZnWOQO4 Zn—0(2) x 2 2.1072 0.3601
(ICSD #1520641) Zn—-0(2) x 2 2.2227 0.3516
Average 2.1033 0.3609
ScVO4 Sc-0O(1) x 4 2.1289 0.1634
(ICSD # 78073) Sc—0(2) x 4 2.3672 0.1549

Average 2.2481 0.1591
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Figure 1 (a) Lattice cell of ZnWO4 crystal, based on data from Joint Committee on Powder
Diffraction Standards (JCPDS) file No. 15-0774; (b) The projected electronic density of states
(PDOSs) of bulk ZnWOj crystal; (¢) and (d) The PDOSs properties for the Biw and Biz, doping
types, respectively, denotations have been labeled beside each curve. Single-particle levels of Biz,
doping type, defect complex model (2BizaVw) and intrinsic defect Vzno in ZnWOs crystal with
different charge states (red and black curves denote empty and filled states, respectively).

Figure 2 (a) XRD patterns of ZnWOj crystal without and with Bi*" doping; (b) EDX pattern for the
selected ZnWO4:1.0%Bi*" sample; (¢-f) SEM images for ZnWO4:xBi** (x = 0, 1.0%, 2.0%, and
3.0%) samples; (g) TEM image for one selected ZnWO4:1.0%Bi" particle; and (h) HRTEM image
of selected area from (g) and the FFT pattern (the lower-left corner of inset).

Figure 3 Excitation (a-b) and emission (¢, d) spectra for ZnWOj4 phosphors with and without Bi
doping, the excitation and the monitored spectral wavelengths as well as the Bi doping content have
been denoted besides the figures; (e) Emission spectra for selected ZnWO4:1.0%Bi** sample with
changing the excitation wavelength from 250 nm to 400 nm; (f) Variation tendency of emission
position for all Bi** doped ZnW O, phosphors upon excitation at the 250-420 nm range.

Figure 4 (a) Excitation spectra of ZnWQO4:1.0%Bi*" sample upon monitoring at the emission
wavelength from 450 nm to 700 nm, the measured temperature is 10 K; (b) Emission spectra of this
sample upon excitation at the wavelength range of 250-380 nm, the temperature is 10 K; (¢), (d)
and (e) are temperature-dependent emission spectra for this sample upon excitation at 270 nm, 360
nm and 310 nm, respectively; (f) XPS spectra for the sample (purple curve) and a-Bi>O3 reference
(black curve). The rectangular frame of Figure 4(c) denotes a new emission band.

Figure 5 Temperature dependent PL decay curves (Aex = 305 nm, Aem = 485 nm) (a-b) for bulk
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ZnWOs (a) and ZnWO4:1.0%Bi** phosphors (b), and the corresponding fitted lifetimes (c).

Figure 6 (a) Emission spectra of bulk ZnWO4 sample, the measured temperature range is 10-300
K; (b) Schemes for experimental PL observation, ET denotes the energy transfer process from host
to Bi*"; (¢) Schematic diagram for tunable luminescence in ZnWO4:Bi*" phosphor, the tunable
emissions can be illustrated by the below photographs; (d) Structural information that derives from
PDOSs results of Figure 1(d), denotations for Zn-substituted Bi® (i.e., Biz.?), Zn-substituted Bi*
(i.e., Biza") and Zn-substituted Bi** (i.e., Biza’") as well as the 2BizaVw charge compensated

complex have been labeled beside each pattern.
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The manageable energy transfer between ZnWO4 host and Bi*", the Vzqo defect perturbation in the

ZnWOy4 and the 2Biz,Vw complex which is produced by substitution of Zn site with Bi** enable us

to achieve the tunable colors and novel Bi** red luminescence eventually.
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