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Abstract

Er**/Yb®* co-doped BiOCI poly-crystals were synthesized by the conventional solid state method at 500 °C, which exhibited good crystalline
and low phonon energy. Under 980 nm excitation, the samples showed intense red upconversion (UC) luminescence (Er3+: 4F9/2 | 15/2) as well
as other four UC emission bands, including ultraviolet (UV) emission at 380 nm, violet emission at 411 nm, green UC emissions at 525 and 545 nm
and near-infrared (NIR) emission between 800 and 850 nm, corresponding to the transitions of “Grip “Hop, “Hiip, *Sapp and *lop — ;s of ErT,
respectively. Interestingly, including the violet and green UC emissions, the red one originated a nearly three-photon process in this system, and a

possible UC mechanism was proposed for the enhanced red emission.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Upconversion (UC) of near infrared (NIR) light into visible
and ultraviolet (UV) light by lanthanide (Ln)-doped materials
has attracted much more attention in the present days due to
the possibility of infrared pumped visible eye-safe lasers and
their potential applications, such as three-dimensional display,
optical data storage, optoelectronics, medical diagnostics,
sensors, and undersea optical communication [1-6]. The UC
process involves rare earth (RE) ions in a host lattice, where
single or multi-photon excitation of electrons leads to the
subsequent emission of photons at higher energies [7]. In order
to fulfill the corresponding requirements in various application
fields, the selection of the host is an important factor to obtain
highly efficient UC luminescence. Besides low phonon energy
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of the host materials that can result in a reduction of the multi-
phonon relaxation thus helps efficient UC occur [8], the
different crystal fields caused by structural symmetry of the
host materials can also contribute to inner shell transitions such
as intra 4f—4f transitions in RE ions [9]. In recent years, for the
host of UC materials, much attention has been focused on
fluoride compounds for lower phonon energies and rare earth
oxides due to better chemical stability and mechanical strength
[10-12]. In fact, both their production costs are high, restrict-
ing their use in practical application.

BiOCl is a type of wide band gap semiconductor material
with a band gap of 3.5 eV, which have a tetragonal PbFCI type
with a space group of P4/nmm [13]. During the past few years,
BiOCI has drawn considerable attention for industrial applica-
tions, such as, photo-catalysts, magnetic materials because of
their unique electronic structure and catalytic performance
[14—16]. However, its luminescence properties were seldom
reported [17,18]. In facts, host materials with a wide band gap
are attractive for optical applications in the visible and UV
spectral ranges, because the rare earths can emit within its
optical window and do not suffer from quenching effects
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inherent to semiconductor hosts [19,20]. On the other hand,
different with rare earth oxychloride, such as YOCI, GdOClI,
etc. [21,22], whose valence band energy levels are due
predominantly to the O-2p and Cl-3p orbitals, whereas in Bi
crystals, because of particular electronic structure, the top of
the valence band would be composed of the mixture O-2p,
ClI-3p, Bi-6s and Bi-6p orbitals, and the Bi-6p orbitals dominate
the conduction band [23,24]. Therefore, Bi could be a more
favorable cation than Y and Gd for RE** ions dopant emission
[25]. We expect that BiOCl could act as an efficient host for
UC luminescence. Importantly, BiOCl possesses facile synthesis
of crystallized form by solid reactions with low temperature
calcinations, which can be produced at a low cost.

In this work, we synthesized Er’*/Yb** co-doped BiOCI
power by the conventional solid state method at a mild
temperature. Efficient NIR to UV UC luminescence in
Er’*/Yb** co-doped BiOCI were realized under 980 nm excitation.
As the Er* or Yb>" ions concentrations increase, the intensity of
overall UC luminescence increases at first then decreases. Impor-
tantly, it was found that the violet, green and red UC emission
mainly resulted from three-photon excitation, and the reasons as
well as the possible UC mechanism were discussed.

2. Experimental

The Er’*/Yb** co-doped BiOCI powders were synthesized
by the traditional solid state reaction. NH4Cl (A.R., Tianjin,
China), Bi,O3 (99.99%, Sichuan, China), Yb,O5; (99.99%,
Shanghai, China) and Er,O3 (99.99%, Shanghai, China) were
used as the starting materials. The mixture ratio of the reactants
was: Bi(1_0A05_X)Yb0.05EI‘xOC1 ()CZ 1, 2, 3, 4 mol%) and
Bi(1.0.02-y)YbyEr 0oOCl (y=0, 1, 2.5, 5, 7.5, 10, 15 mol%).
The weighed raw materials were thoroughly mixed in an agate
mortar and then placed in a corundum crucible. Then, the
powders were sintered at 500 °C for 3 h in air. It should be
noticed that NH,Cl were added in excess of 20% to supply the
chlorine rich atmosphere during the sintering process in order
to compensate for volatilization losses. For comparison, the
un-doped BiOCl was prepared by the same procedure, using
starting materials of NH4CI and Bi,0;.

The crystalline structure of samples was characterized by
powder X-ray diffraction (XRD) (Bruker D8-Advance dif-
fractometer using Cu Ko (1=1.5406 A) radiation). Raman
spectra were performed by using Micro-Raman Spectroscopy
System (Renishaw invia). A 980 nm continuous wave diode
laser was used as the excitation source, and the UC and down-
conversion luminescence spectra of the sample were measured
using the Hitachi F-7000 Fluorescence Spectrophotometer. All
measurements were made at room temperature.

3. Results and discussion

The XRD patterns of Er’*/Yb** co-doped BiOCI displays that
all of the XRD peaks could be indexed to the tetragonal structure
of BiOCl with space group of P4/nmm (JCPDS: No.06-0249)
(Fig. 1(a)). No other impurity peak was observed, indicating that
pure phase Er*/Yb>* co-doped BiOCI crystals are successfully
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Fig. 1. XRD patterns of BiOCI power with (a) Er’* concentration of 2 mol%

and Yb>* concentration of 0,7.5,15 mol%. (b) The main diffraction peak near
20=25.75° with increasing Yb*" concentration.

synthesized at such a low temperature. It is noteworthy that the
diffraction peaks shift to high 26 angles and become broad with
increasing Yb>* ion dopants, as showed in Fig. 1(b). Moreover,
according to Scherer's Equation [26] and the equation below:

1/d* = (W 4+ k%) /a® + ) c? 1)

where d, a, ¢ and (h k [) are the diffraction distance, lattice
constant and crystal indices (Miller indices), respectively, the
crystallite sizes and lattice constants were calculated and shown in
Table 1. It shows that the crystallite sizes and lattice constants of
BiOCI decrease as the concentration of Yb>* ions increases.
Considering the facts that the ion radius of Er'" and Yb*" are
smaller than that of Bi**, the XRD results demonstrate that Er*
and Yb>* ions are effectively doped into the host lattice.
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Table 1
Calculated crystallite sizes and lattice constants of Er**/Yb>* co-doped BiOCI.

Yb>* concentration (mol%) Crystallite size (nm)  Lattice constant A)

a C
0 79.6 3.9044 7.4477
75 62.4 38957  7.3953
15 57.5 3.8953  7.3868
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Fig. 2. Raman spectra of BiOCI and Er**/Yb** co-doped BiOCl power at
room temperature.

Fig. 2 shows the Raman spectrum of obtained un-doped BiOCl
and Er’*/Yb®* co-doped BiOCI power. The sample presents the
characteristic vibration modes of BiOCI, which are located at 143,
201 and 395 cm™". The band at 143 cm™" is ascribed to the A,
internal Bi-Cl stretching mode and the band at 201 cm™ is
assigned to the E, internal Bi—Cl stretching modem. In addition,
the weak band at 395 cm™" is assigned to the E; and B;, modes
involving the motion of the oxygen atoms [15]. Because the host
material with low phonon energies is very beneficial for getting
high UC efficiency, as we supposed, BiOCl is a potentially
efficient host material for UC luminescence. Moreover, it shows
that the co-doping of Er’* and Yb>* ion results in a new vibration
band peaked at 1020 cm™', which is probably due to the different
local vibration modes of lanthanide impurities and may have
influence on the UC luminescence properties.

Upon excitation at 980 nm, the Er**/Yb>* co-doped BiOCI
crystals exhibit efficient NIR to UV UC luminescence (Fig. 3).
The UC luminescence spectra are consisted of five regions: (1)
the much weaker UV emission centered at about 380 nm is
attributed to the *G;, — *I;5,, transition, (2) the weak violet
emission peak at 411 nm is duo to the Hy/, — *I;s) transition,
(3) the green emission centered at about 525 and 545 nm are
attributed to the 2H1 125 4S3,2—>4I 152, (4) very strong red
emission between 640 and 710 nm, corresponding to the
*Fo, > ;5 transitions and (5) the NIR emission between
800 and 850 nm are attributed to the *lo/» > *I;5/» of Er** ions,
respectively.
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Fig. 3. UC spectra of Er’*/Yb™ co-doped BiOCI under the excitation of
980 nm with constant Yb>* concentrations (5 mol%) and different Er** ion
concentrations (from 1 to 4 mol%). The inset is the red/green ratio as a
function of Er’* concentrations and the luminescent photograph of Er**/Yb**
(2/5 mol%) co-doped BiOCI under the excitation of 980 nm at 1.5 W. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

In order to study and optimize the UC luminescence
properties of Er**/Yb** co-doped BiOClI, effects of Er’* and
Yb** concentrations on the UC emissions were investigated
and shown in Figs. 3 and 4, respectively. Fig. 3 presents the
UC emission spectra of the samples doped with constant Yb**
jons (5 mol%) and different Er>* ion concentrations (from 1 to
4 mol%). It shows that overall emission intensity as well as the
intensity ratio of red to green emission increases as Er’* ions
concentration increases from 1 to 2 mol%, especially for the
red emission, and then decrease due to concentration quench-
ing effect [9]. On the other hand, the relative intensity ratio of
red emission to green one shows little change when the Er**
ions concentration is upon 2 mol%, and as a result the samples
exhibit bright yellow luminescence (inset of Fig. 3(b)).

Fig. 4 shows the UC emission spectra for constant Er’*
concentrations (2 mol%) and different Yb*" ion concentrations
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Fig. 4. UC spectra of Er’*/Yb*" co-doped BiOCI under the excitation of
980 nm with constant Er** concentrations (2 mol%) and different Yb>* ion
concentrations (from O to 15 mol%). The inset is the red/green ratio as a
function of Yb>* concentrations and the luminescent photograph of Er**/Yb**
(2/15 mol%) co-doped BiOCl under the excitation of 980 nm at 1.5 W. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

(from 0 to 15 mol%) obtained by exciting the samples at
980 nm. It exhibits that an elevated amount of Yb*" dopants
increases the intensity of overall UC emissions, especially
strongly enhances the red emission after a critical concentra-
tion. When the Yb>* ion concentration is over than 2.5 mol%,
the red emission becomes dominate and much stronger than
other one, thus resulting in a bright red emission output.
However, as the Yb** ions concentration is more than 7.5 mol
%, the intensity of overall emissions decreases. According to
above results, the UC emission intensity of each band is
markedly dependent on the concentration of Er** and Yb**
ions, and the effect of Yb>* ions is dominant. The optimum
Er**/Yb*" co-doping concentration was found to be 2/7.5 mol
% in this system, and the corresponding specimen exhibited a
very strong red emission visible to the naked eye when excited
by a 980 nm diode laser (inset, Fig. 4(b)).

To investigate the excitation mechanism responsible for the
above UC luminescence, the UC spectra were recorded for
different excitation laser power values. Fig. 5 presents the
violet, green and red UC emission intensities of BigoosY-
bo.075E10.02OCl plotted on the logarithmic scale as a function
of pump power. For the UC luminescence process, the UC
intensity /¢ depended on the pumping power Ip,,,, according
to the following equation

]UC O(I;lpump (2)

In this equation, n is the number of pumping photons
required to excite the emitting state. The calculated n values
are 3.25, 2.96 and 2.54 for violet emissions, green emission
and red emissions, respectively. These results strongly indicate
that three-photon processes contribute to both violet and green
emissions, suggesting that the 2H, 1 0/*S5)5 state is populated by
nonradiative relaxation (NR) from the higher ’Hy), and *Gyyp
states.

However, the n value of the red emission is found to be
2.54, displaying a nearly three-photon process. Moreover, the
n values for the red UC luminescence decreased slightly with
increasing the Yb>* concentration. The similar phenomenon
also appeared in Y,05:Yb>*, Er** nanocrystals, which may be
attributed to the average reduction of the distance between the
Yb** and Er'* ions and the increased ratio of Yb** ions per
Er** jon, thereby enhancement of the UC rate at the 4F9,2 state.
[27]. However, such red UC emission was resulted from a two-
photon phenomenon. The three-photon UC phenomenon of red
emission has been seldom reported, which just was observed at
low temperature in a special case [28].

To corroborate the deduction about the three-photon red
emission of Er'*, the down-conversion spectra of the BiggpsY-
bo.075E10000C1 sample were studied under 380 and 525 nm
excitation. Upon excitation with UV radiation (380 nm), Er’" ions
in ground state 4115,2 can be excited to the 4G11,2 state directly,
from which the excited Er’* ions will relax nonradiatively to the
’H,,, and S, levels and subsequently to the ‘R, state (Fig. 6).
This is probably related to the different local vibration modes of
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Fig. 5. Power dependence of the UC emission intensities of

Big.005 Ybo.075Er0.020C1 at 411, 545 and 673 nm.
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Fig. 6. PL spectrum of Big 905 Ybo,075Er0.02OCl under 380 and 525 nm excitation.

30
4
7 G
25 . 2 2Hu/z
’ ET3 92
/l 4
~ 20 1 0 s 2 (] Fon
'E G + Q112
2 Lo ET2 % 453/2
= 15 ’y v F
= VA 9/2
gB ty - 4l
& 2 .7 ET4 92
2 10qF o - - - 4
= S ) 2 e
! 1
i 1312
2 : ETI
|
2 4
04F L 1
Ty B 152

Fig. 7. Energy level diagrams of Er**/Yb>* co-doped BiOCI and possibly UC
mechanisms under 980 nm excitation.

lanthanide impurities. The above result indicates that the popula-
tions in high energy states (4G11,2, 2H11,2, 4S3/2) of Er’* jons can be
transformed into the populations in low energy states (‘Fop),
confirming that dominated three-photon processes can be included
in the red UC emission of Er** ions. In addition, the PL spectrum
under the 525 nm excitation further verify that red and green levels
could be populated in the same mode, which provides another
evidence for the three-photon red emission of Er*.

To further recognize the UC mechanisms in the system, the
possible UC process were schematically given in the energy
level diagrams of Er* and Yb®*, as shown in Fig. 7. In the
Er’*/Yb** co-doped BiOCI, high-energy levels of Er’* ions
can be populated by the energy transfer (ET) from excited Yb>*
ions and NR from higher levels of Er’* ions. For the violet and
green UC emissions, the routes can be described as

Tisp(Er )+ Fs (YD) =11 0(Br)+°F,p (YH™) (ET1)
;‘111/2<Erj+)+2§5,2 (Yb3+)—>§F7/2(Ef3+)+2F7/2 (Yb™) (ET2)
4F7/2(Er‘ :)—> Hll/z/4 S3/»(Er +) (NR)

S3, (Er +)+2F5/2 (Yb3+)—>4G11/2 (Ef3+)+2F7/2

(Yb*") (ET3)

Violet emission: “G;,(Er’ ") — *Hy), (Er*") (NR)

Green emission: “Hoj, (Er’")—2H; 5/ *S32(Er*™) (NR)

For the red emission, the UC process can be considered as
the combination of three-photon and two-photon process. The
first one is dominated and results from the NR of higher levels
excited by a three-photon process, just as described above. The
latter one can be expressed as

1115/2<Er33+)+2F5/2 <Yb3;)~4111/2 (Er)+Fy (YD) (ET1)
4111/2(Er:)—; 113/2(Er%+) (1\£R) s 5 s
L3 (Er')+7Fspn (Yb' ") = *Fopn(Er' ) +°Fy (Yb'") (ET4)

4. Conclusions

In conclusion, Er’*/Yb*™ co-doped BiOCI poly-crystals
were successfully synthesized through a facile solid state
method at a moderate temperature. Raman spectra indicate
that BiOCl crystal hosts have low phonon energy. Under the
980 nm excitation, UV, violet, green, red and NIR UC
emissions from Er’" jon have been observed in Er’*/Yb**
co-doped BiOCI crystals. It was found that the UC emission
intensity is markedly dependent on the concentration of Er'*
and Yb*" ions and the effect of Yb>* ions is dominant. The
laser power dependence of the UC emissions confirmed that
three-photon process is responsible for both the violet and
green emission, the red emission via a nearly three-photon
process in this system. The UC properties of the Er’*/Yb**
co-doped BiOCI poly-crystals indicated that RE doped BiOCl
would be low cost, high efficiency UC materials, which can be
potentially used in the field color displays, back light, UC
lasers, photonics.
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