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Abstract

The phase and crystal structure of the Tm**-Yb’" codoped Y,WOs phosphor synthesized
through the solid state reaction method has been analyzed by using the X-ray diffraction
analysis. The surface morphology and impurity contents present in the phosphor have been
analysed by Field emission scanning electron microscopy (FE-SEM) and Fourier transform
infrared (FTIR) analysis respectively. The developed phosphor upon excitation at 980nm
diode laser radiation shows three upconversion emission bands. The codoping with Yb*" ions
in the Y,WOgTm®" phosphor enhances the frequency upconversion emission intensity
significantly. The processes responsible for the UC emissions and their intensity variation
upon codoping have been discussed with the help of pump power dependence, energy level
diagram and decay curve analysis. The intrinsic optical bistability and colour tunability has

also been reported in the developed phosphor.

Keywords: Phosphor, upconversion, colour coordinate, intrinsic optical bistability.
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1. Introduction

The rare earth (RE) doped phosphors with their multicolour emission properties are
extremely used for lighting and display applications [1, 2]. The RE ions contain large number
of energy levels and most of them are metastable in nature. From these levels several optical
transitions are found by using the suitable excitation wavelength. One of the most attractive
properties of RE ions is frequency upconversion (UC), in which the photon of lower energy is
converted into the photon of higher energy by means multiphoton absorption or energy
transfer mechanism. Rather than the application in display devises, the UC materials are of
specific interest to the researchers due to their potential relevance in the optical bio-imaging,
enhancement in solar cell energy and temperature sensor [3-5]. In the host materials doped
with rare earth ions having lower phonon frequency and non-hygroscopic nature the UC
emission efficiency could be enhanced significantly. Fluorides based hosts with lower
phonon frequencies have limited applications due to their non-hygroscopic and toxic nature
[6]. The oxide hosts due to their high chemical durability, thermal stability, non-toxic nature,
non-hygroscopic behaviour and lower phonon frequencies are mostly preferred in several
fields [7]. Among the oxide hosts, the Y,WOg is a promising host for making the phosphor
materials. Recently, the electronic structure of Y,WOg host shows that it is an indirect band
gap material having the band gap 3.13eV and has better electrical conductivity than the Y,0;
host [8]. The Tm’" doped phosphors due to their strong blue, near infrared (NIR) and
relatively weak red emissions [9] are of great interest to the researchers and technologists
among other RE activated phosphors. But the luminescence efficiency in the singly doped
materials is relatively low. Therefore, to increase the luminescence efficiency the codoping
with lanthanides/non-lanthanides is used. The electronic configuration of Yb*" ion used as a
sensitizer is such that the 4f electrons are less shielded than other RE ions therefore, it

interacts greatly with the neighbouring ions and lattice [10]. The absorption crosssection
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corresponding to the 2F7/2—>2F5/2 transition of the Yb>" ions is higher at the 980nm wavelength
and it has the capability to accumulate the excitation energy by absorbing the pump photon.
The Yb®" ions, as a sensitizer, transfer their accumulated excitation energy to the nearby
activators and hence results the enhancement in the UC emission intensity [11]. It has been
found that the optical properties of rare earth doped phosphors depend strongly on their size
and morphologies [12]. In order to manage the shape and size of nano-crystalline phosphors
many synthesis techniques such as the solid state reaction, co-precipitation, sol-gel, spray
pyrolysis, combustion and hydrothermal synthesis have been adopted [13-18]. Among these,
the solid state reaction synthesis is a well known distinctive and simple approach for
preparation of nano-crystalline RE doped phosphors. The solid state reaction synthesis which
occurs at higher temperature is an easy and straightforward synthesis technique having less
processing steps and widely used for simple as well as complex inorganic phosphors
preparation.

The intrinsic optical bistability (IOB) is one of the special properties of the RE doped
materials. Optical bistability (OB) means the hysteresis behaviour observed in the emission
intensity versus pump power variation in the nonlinear optical materials. The optical bistable
devices have many attractive characteristics and may be used in optical transistor, optical
memory, optical gate, optical limiter, etc. [19-22]. For optical data processing, in practice the
optical bistable device should be faster and smaller in size, require very little switching
energy, consume small amount of energy, and operate at room temperature at a convenient
wavelength. The 10B in the lanthanides doped materials has been reported by several

researchers [23-27].

In the present paper, for the first time to the best of our knowledge, the UC emissions
in the Tm*"-Yb®>" codoped Y,WOj phosphor synthesized by the solid state reaction method

upon 980nm diode laser excitation has been reported. The information about the crystal
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structure, surface morphology and presence of impurity contents in the prepared sample have
been analyzed by using the XRD, FE-SEM and FTIR analysis respectively. The effect of
codoping with Yb’" ions on the UC emission intensity, pump power dependence and lifetime
analysis have been made and the processes involved in the frequency upconversion explored.
The colour emitted from the developed phosphor and the phenomenon of intrinsic optical

bistability by varying the pump power has been studied.

2. Experimental

2.1. Sample preparation

The Y,WOg:Tm®" and Y,WOs:Tm’"-Yb** phosphors have been synthesized by using high
temperature solid state reaction method. The raw constituents viz. Tungstates (WO3), Yttrium
oxide (Y203), Thulium oxide (Tm,0O3) and Ytterbium oxide (Yb,03) (all 99.9% purity) were
taken as the starting materials. A series of samples prepared by the precursor chemicals were

taken according to the following compositional equations,

(100-m) Y,WOg + n Tmy03 (1)
where m=0.1, 0.2, 0.4, 0.6, 0.8 wt.%.
and (100-m-n) Y,WOg+ m TmyOs3+ n Yb,03 (i1)
where m=0.4 wt.% and n=0.2, 0.6, 1.0, 2.0, 3.0 wt.%.

During the formation of the host material (Y, WOg), the chemical reaction exists itself can be

described as,

Y,05 + WO3— Y2 WOg (111)
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The stoichiometric amounts of precursor materials were mixed homogenously with ethanol
by using an agate mortar for 20 minutes, and then the mixture was transferred in the alumina
crucible, and annealed in a high temperature furnace at 1200°C temperature for two and half

hours. Finally, the annealed samples were used further for all the characterization purposes.
2.2. Measurements and Characterization

All the measurements were carried out at normal room temperature. The X-ray diffraction
(XRD) in the range of 10°-70° (20 degree) of the prepared samples for the crystal structure
and phase information has been recorded by X-ray diffractometer. FTIR spectra of the
samples have been recorded in the spectral range of 400-4000 cm™'. The surface morphology,
particle size and shape of the developed phosphors were examined by using the field
emission scanning electron microscopy (FE-SEM). Princeton (Acton SP-2300)
monochromator grouped with a photomultiplier tube (PMT) has been used for recording the
UC emission spectra upon 980nm continuous wave (CW) diode laser excitation. Lifetime
study has been carried out by using the fast signal response digital storage oscilloscope

connected with the monochromator.

3. Results and discussion
3.1. XRD study

The XRD pattern of optimized Y,WOg:Tm>*-Yb>" phosphor is shown in the Fig. 1. All the
peaks are well indexed with the JCPDS file no. 73-0118. This confirms the pure monoclinic
phase with space group P2/c of YoWO4:Tm’"-Yb®™ phosphor and lattice parameters a =

7.5890A, b =5.33404, ¢ = 11.3540A, a. =y = 90’ and B =104°, V = 445.15A3[28].
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The crystallite size of the prepared phosphor has been calculated with the help of XRD peaks
broadening estimation by using the following Debye Scherrer’s formula [29],

0.894

[=———— i
IB cos@ )
f

where, ‘/’ is the crystallite size, ‘A’ the X-ray wavelength, 6 and ﬂ ,are the Bragg’s angle

and full width at half maxima (FWHM) of an estimated peak respectively. The crystallite
sizes corresponding to the various planes for the prepared phosphor have been calculated and
found in the range of 9 nm to 21 nm. From Table.1, it is clear that the prepared phosphor
contains nano-crystalline structures and the crystallite size increases with decrease in the

FWHM value of the corresponding planes.

A small amount of lattice strain has been detected due to the mismatch of effective ionic radii
of dopant ion (Tm®**, Yb’") and the replacement site Y**. The Williamson-Hall (W-H) plot
has been used to calculate the crystallite size and lattice strain present in the phosphor. The
W-H plot for Y,WOe: Tm*-Yb*" phosphor has been obtained with the following equation

[30],

0.894

ﬂ/cos@=4gsin6’+ (v)

where, ‘ ¢’ is the strain present in the phosphor.

The estimated average crystallite size and lattice strain are found to be ~ 23 nm and

~ 1.35%x107 respectively.

3. 2: FTIR analysis

In the form of impurities present in the prepared phosphor some functional groups have been
detected by using the FTIR analysis. The FTIR spectrum of the optimized YoWOq: Tm®"™-Yb**

phosphor exhibits the complicated peaks. Strong peak at ~ 434 cm™ attributes as the cut-off
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phonon frequency. Therefore, low phonon frequency leads to the minimization of
multiphonon relaxation in the prepared phosphor [31]. The tentative functional groups
assignments as observed in the FTIR spectrum of prepared phosphor with their vibration

frequencies have been shown in the Table. 2.

3. 3: FE-SEM study

The FE-SEM micrograph recorded for the optimized Tm’-Yb>* codoped Y2WOs phosphor is
shown Fig. 2. It is difficult to control the aggregation of particles because the solid state
reaction synthesis acquires high temperature rather than a soft chemical rout in which low
temperature is needed. From Fig. 2, it is clearly observed that the particles are in

agglomerated form with non-uniform size.

3. 4: Upconversion emission study

To optimize the concentration of the dopant ions, concentration versus UC emission intensity
has been studied and the graph for the same have been plotted for a series of samples
prepared with varying dopant concentrations (Fig. 3). The Tm’" ions are very sensitive during
the doping because it has large self quenching at low concentration [32]. For Y, WO Tm®"
phosphor the optimum concentration of Tm’* ions has been found 0.4 wt. % whereas in the
case of Y,WOg:Tm’-Yb’" phosphor 0.4 wt.% Tm>™+0.6 wt.% Yb’" combination is optimum.
The UC emission intensity starts decreasing on increasing the concentration of Tm’" and

Yb* ions above the optimum value.

The UC emission spectra for the optimized 0.4 wt.% Tm®" doped Y,WOg and 0.4 wt.%
Tm ™ +0.6 wt.% Yb>" codoped Y,WOs phosphors have been recorded by using 980nm CW
diode laser excitation source (Fig. 4). Three bands are observed and assigned, two for visible

and one for the near infrared (NIR) region of the electromagnetic spectrum corresponding to
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the 'G4—Hs (485nm), 'G4—’F4 (649nm) and *Hy,—Hs (796nm) transitions respectively. It
can be clearly seen from Fig. 4 that the Yb>* ions codoping have no effect on the spectral
profile except the intensity variation. The considerable enhancement in all the UC emission

bands has been observed due to the codoping with Yb*" ions.

3. 5: Pump Power dependence study and energy level diagram description

On comparing the UC emission spectra profile of the Y,WOs:Tm*" and Y,WOg:Tm* -Yb*"
phosphors, an enhancement around ~260, ~140 and ~164 folds for the blue, red and NIR
bands respectively have been detected in the YoWOg:Tm**-Yb** phosphor compared to the
Y,WOs:Tm®" phosphor. Such a large enhancement in the UC emission intensity observed
from the Y,WOq:Tm’"-Yb’" phosphor makes the prepared material a superior one with
respect to other reported materials [33-36]. The number of NIR pump photons involved in the
UC emission process can be identified in a better way by measuring the UC emission

intensity as a function of the pump power. This is governed by the following formula,
]up a P;ump (Vl)

where, “ | w ”1s the UC emission intensity, * P" , ” is the pump power and “n” is the number

pum,

of NIR pump photons engaged in the UC emission process [37].

In the case of singly Tm’" doped Y,WOj phosphor the slope values for the logarithmic of
pump power versus UC emission intensity are found to be 3.19, 3.35 and 2.31 for 485nm,
649nm and 749nm bands respectively (Fig. 5), while in the Tm’"-Yb*" codoped Y,WOs
phosphor the slope values for all the UC emission bands are reduced to 2.19, 1.96 and 2.36

(Fig. 6). This indicates that the upconversion emission bands lying in the blue, red and NIR
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region is due to three photons (for blue and red) and two photons (for NIR) absorption. On
Yb** codoping in Yo,WO,: Tm®" phosphor a reduction in the slope values from three to two for
both the UC emission bands at 485nm and 649nm transition is due to the increase in energy
transfer rate from Yb*" to Tm®* as well as by the cooperative sensitization process from Yb*'-
Yb*'— Tm®" [38]. Also from Fig. 6, it is clearly observed that at higher pump power
reduction in slope value close to one essentially validates the saturation effect. At higher
pump power the density of phonons increase which results an increase in the non-radiative
relaxation rate and hence the internal temperature of the sample also increases. Due to which
the thermalization effect comes into picture and causes no further increase in the UC

emission intensity [39].

The energy level diagram of the Tm®>-Yb®" ion system is shown in the Fig. 7. In Tm®" doped
phosphor, the UC emission is followed by the non-resonant step wise excited state absorption
(ESA) process. The ground state Tm’ " ions via non-resonant ground state absorption (GSA)
process are pumped to the *Hs level (~ 2000 cm™) through non-radiative relaxation. The °F4
level (~ 2684cm™) is populated via the non-radiative relaxation from the *Hs level. The Tm®"
ion in the °F4 level is again promoted to the °F, level via the first excited state absorption
(ESA-1) process. The population from °F; level relaxes non-radiatively to the *H, level. The
*H, level population is again distributed into two ways (i) In populating the 'Gy level via the
ESA-2 process (ii) In giving radiative emission corresponding to the *Hs—"Hs transition
peaking at 796nm. Finally, the radiative transition from the 1G4 level to the 3F4 and 3H6 levels
emits photons in the red and blue regions respectively. Cooperative sensitization (CS) from
Yb*" ions to Tm®" ions has been widely proposed for the Tm’"-Yb*" codoped oxide and
fluoride based phosphors [40, 41]. In case of Tm>*-Yb’" codoped system UC dynamics are
complex as the incident 980nm photons are absorbed by both the activator (Tm’") and

sensitizer (Yb>") ions. Most of the upper levels population in Tm’" ion is enhanced by the
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energy transfer (ET) from the Yb*" ions to Tm’" ions. The radiative transitions from the
different levels in Tm®" ions lead to the UC emissions from the Tm*"-Yb*" codoped Y,WO4

phosphor with enhanced intensity compared to that of the Tm®" doped phosphor.

An excited Yb*" ion in the *Fs), level pumped by the absorption of NIR photon transfers its
excitation energy to the Tm®" jon non-resonantly by ET-1 process. The ground state Tm®"
ions after absorbing energy from the excited Yb>" ions are promoted to the *Hs level
followed by the emission of five numbers of phonons [42]. Besides this the Yb’" ions have
large absorption crosssection and thus absorb 980nm photon efficiently. The *Hs level of
Tm’" ion is depopulated by transferring its population to the °F4 level. Thus, *F4 level is
populated by nonradiative relaxation from the *Hs level and the °F, level is populated again
by the ET-2 process. The population of the °F, level is decreased nonradiatively to the *Hy
level via the multiphonon emission. The *Hy level is depopulated by emitting a NIR photon
(796nm) through the *Hy—’Hg radiative transition Further, a part of the population from the
*H, level is promoted to the 'Gy level via the ET-3 energy transfer process from the excited
Yb*" ion. The energy difference is again maintained by the emission of four numbers of
phonons. A radiative transition from the 1G4 level to the 3H6 and * F4level emits the photon in
the blue and red regions corresponding to the 'G4—Hg and 'G4—’F, transition respectively.
D. Li et al. [43] reported that the blue UC emission corresponding to the 'G4—Hg transition
is originated due to the two photon absorption process. But in the present case in the singly
Tm’" doped phosphor the UC emission band lying in the blue and red region is due to the
three NIR photon absorption process (Fig. 5). Therefore, the two photon absorption process
in the present case is not responsible for the blue and red emissions. In the codoped phosphor
the slope value for the blue and red emission is around ~2, which deviates from the
predictable value of ~3. The intensity corresponding to the 'G4—’Hg transition is large

compared to other transitions. Also due to the codoping with Yb*" ions, the UC emission
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intensity for all the bands is enhanced by several folds nearly ~260 times for blue, ~140
times for red, ~164 times for NIR bands respectively. The enhancement in the UC emission
intensity corresponding to the 'G4—>Hj transition is large compared to the other transitions.
This enhancement is due to the efficient energy transfer from the Yb** ions to the Tm’®* ions.
The co-operative energy transfer process from Yb*" to Tm’" ions is also responsible for such
a large enhancement in UC emission intensity. In the cooperative energy transfer process the
two excited Yb*" ions in the *Fs, state transfer their energy cooperatively in such a way that
one transits upward to a virtual level “V’ and other returns back to its ground state. The
excited Yb’" ions in its virtual level transfer their excitation energy to the ground state
thulium ions. The ground state thulium ions after receiving this energy are excited to the 'Gy
level from where they relax radiatively to different low lying level and gives photons in
different regions. Thus the dominant energy transfer process and the probable cooperative
energy transfer process from Yb*" to Tm®" are responsible for such a large enhancement. As
intensity corresponding to the 'G4— Hg transition is ~12 and ~1.89 times higher than the red
and NIR bands in Tm>* doped Y,WOg phosphor whereas it is ~23 and ~3 times higher than
the red and NIR bands respectively in the codoped phosphor. Therefore, the cross-relaxation
process (3F2+3F4—>3H6+1G4) along with the aforementioned processes is also responsible for
such a large enhancement. The involvement of these processes in the codoped phosphor
clearly explains why the slope value is reduced to ~2 from slope value ~3 as observed in the

singly doped phosphor.
3. 6: Colour coordinates analysis

In order to get the information about the purity of the colour emitted by the Tm’™-Yb**
codoped Y,WOg phosphor, GoCIE software for colour coordinate calculations has been used
at different pump powers {Fig. 8 (a)}. It is clearly seen that the colour coordinates vary from

21mW to 203mW pump power, but for higher pump power (< 203mW) the colour
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coordinates remain the same. This shows that the colour emitted from the codoped phosphor
is tuned from 21mW to 203mW region whereas it does not show the tunability at high pump
powers. The blue to red ratio of upconversion emission intensity as a function of pump power
has been estimated and observed an increase in the blue to red ratio of upconversion emission
intensity up to the 203mW pump power whereas it remains unchanged at higher pump power.
This indicates that the developed phosphor can be used in making the low pump power
tunable devices and also in making the high pump power display devices. A comparison
between the colour coordinate for Tm®*/Tm’*-Yb** doped/codoped phosphor at 543mW
power is shown in the Fig. 8 (b). In the case of codoped phosphor the colour coordinate shifts
towards the highly pure blue region and hence the improved blue UC emission is observed

upon 980nm diode laser excitation.
3. 7: Decay curve analysis

The decay curve analysis to have a better understanding about the dynamics involved for the
improved UC emission intensity enhancement in the codoped phosphor has been done. The
decay time by using the decay curve analysis for the 'Gy level in the Tm>/Tm’**-Yb’" doped
/codoped phosphors is calculated and found to be 2.93 £ 0.05ms and 1.15 + 0.04ms
respectively. This decrease in the decay time and hence an increase in the transition
probability corresponding to the 'G4—’Hg transition in the codoped phosphor explains why
the UC emission intensity corresponding to the 'G4—’Hg transition is larger and enhanced

significantly due to incorporation of Yb’"ions in the Tm®" doped phosphor.
3. 8: Intrinsic optical bistability (IOB) behaviour

On changing the pump power from 21mW to 1030mW and vice-versa of the Tm’-Yb>"
codoped Y,WOg phosphor, a hysteresis like loop for the 1G4—>3H6 (485nm) and 3H4—>3H6

(796nm) transitions in the pump power range 453mW - 860mW has been observed (Fig. 9).
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The presence of the hysteresis loops in the UC emission intensity for a complete cycle range
is a good sign of the IOB. Hehlen et al. [26, 44] reported the phenomenon of IOB by
cooperative energy transfer process in which the two Yb’* ions form the dimer due to the
interaction in their excited state. To avoid laser induced heating the excitation power density
was kept low. In the present case the excitation power density was 66.9W/cm? (for pump
power 1030mW) which is smaller than 500W/cm? [45]. The dramatic nonlinear phenomenon
and room temperature IOB arises due to the strong energy transfer from Yb*" ions to Tm®"
ions. Usually, in Tm**-Yb** codoped system, the UC mechanism is determined by the
cooperative sensitization between the Yb*" to Tm®" ions. The concentration of Tm®" ions in
the present case is low compared to the Yb’" ions and hence the cooperative sensitization
from Yb*" to Tm®* ions in general is due to the dipole-dipole interaction [46]. Thus, Yb"
ions form a dimer by interaction of Yb’*-Yb’" ions pair in *Fs), excited state. The origination
of the Yb’*-Yb’" ions pair dimer and formation of nanosized cluster is responsible for the
typical hysteresis behaviour. Also, the formation of the nanosized cluster in the atomic scale
may be playing a dominant role for IOB in the case of Tm**-Yb*" codoped Y>WOg phosphor.
Therefore, hysteresis like loop in the UC emission intensity due to the IOB arises with the

pump power variation even at room temperature.

Conclusion

The pure monoclinic phase Y,WOs phosphors codoped with Tm’" and Yb*" ions by
conventional solid state reaction synthesis have been synthesized successfully. The
significant enhancement in the intensity of UC emission bands arising from Tm’* ions on
codoping with Yb*" ions in the developed phosphor has been observed and explained on the

basis of energy transfer and cooperative sensitization. The decrement in the slope value (~ 1)
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at high pump power has been noted and explained on the basis of saturation effect. The
prepared sample emits efficient blue emission and exhibits colour tunability in the low pump
power region whereas the colour emitted from the phosphor do not show the colour tunability
for higher pump powers. The intrinsic optical bistability and non tunability at higher pump
powers in the prepared phosphor makes the material useful is making the optical memory

storage, display and other upconversion based optical devices.
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Table caption

Table. 1: Crystallite size corresponding to different planes (h k 1) with their FWHM

values.

20 (degree) cosO (hk) £y (FWHM) (in radians) I(nm)
17.87 0.990 (102) 0.0072 19.22
18.92 0.988 (011) 0.0068 20.40
22.86 0.983 (102) 0.0065 21.41
23.62 0.982 (111) 0.0077 18.12
24.49 0.981 (200) 0.0081 17.24
29.36 0.973 (111) 0.0095 14.82
29.96 0.972 (013) 0.0087 16.20
32.92 0.966 (202) 0.0102 13.91
33.97 0.964 (020) 0.0085 16.72
35.88 0.960 (204) 0.0073 19.58
47.95 0.929 (222) 0.0083 17.77
50.05 0.923 (204) 0.0084 17.68
57.98 0.898 (033) 0.0159 9.60

59.84 0.891 (421) 0.0161 9.55
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Table. 2: Functional group vibration assignments for Y,;WO4:Tm**-Yb** phosphor.

Vibration frequency (em™) Functional group vibration assignments
434.57,491.01 Y-O stretching vibration

592.60, 649.03, 750.62 W-O stretching vibration

840.92, 2364.75 COs™ stretching vibration

1371.44 C-0O asymmetric stretching vibration
1631.06 O-H bending vibration

2929.13 C-H stretching vibration
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Figure caption
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Fig. 1: XRD spectra of Y, WOg:Tm**-Yb** phosphor.
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Fig. 2: FE-SEM micrograph of the Y,WOg:Tm**-Yb>" phosphor.
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Fig. 3: Concentration dependence of the UC emission intensity (a) 'G4—Hg (485nm), (b)

'G4—F, (649nm) and (¢) *Hy—H, (796nm) transitions.
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Fig. 4: UC emission spectra of Y, WOq:Tm®" and Y,WO4:Tm**-Yb*" phosphors.
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Fig. 5: In-In plot for UC emission intensity of the Y,;WO4:Tm** phosphor as a function

of the pump power.
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Fig. 6: In-In plot for UC emission intensity of the Y;WOq:Tm**-Yb>" phosphor as a

function of the pump power.
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Fig. 7: Proposed schematic energy level diagram of Tm*-Yb* codoped Y,;WOq

phosphor
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(a) (b)
Fig. 8: (a) Colour coordinates of the Tm**-Yb** codoped Y, WOQOg phosphor at different

pump power (b) Colour coordinates for doped and codoped Y WOg phosphor.
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Fig. 9: Intrinsic optical bistability (IOB) behaviour in the Tm**-Yb** codoped Y,WO4

phosphor.




