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Abstract

Ho**/Yb** co-doped NaGdTiO, phosphors were synthesized by a solid-state reaction method. The upconversion (UC) luminescence
characteristics excited by 980 nm laser diode were systematically investigated. Bright green UC emission centered at 551 nm accompanied
with weak red and near infrared (NIR) UC emissions centered at 652 and 761 nm were observed. The dependence of UC emission intensity on
excitation power density showed that all of green, red and NIR UC emissions are involved in two-photon process. The UC emission mechanisms
were discussed in detail. Concentration dependence studies indicated that Ho** and Yb®* concentrations had significant influences on UC
luminescence intensity and the intensity ratio of the red UC emission to that of the green one. Rate equations were established based on the possible
UC mechanisms and a theoretical formula was proposed to describe the concentration dependent UC emission. The UC luminescence properties of
the presented material was evaluated by comparing with commercial NaYE,:Er**, Yb** phosphor, and our sample showed a high luminescence

efficiency and good color performance, implying potential applications in a variety of fields.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently, photon upconversion (UC), via which the long-
wavelength lights can be converted into short-wavelength
lights, has been paid much attention due to its promising
applications in three-dimensional displays, optical data storage,
medical diagnostics, sensors, and optical amplifiers, etc. [1-5].
Lanthanide ions are often employed as UC luminescence
centers due to the intra-4f transitions which are barely affected
by external crystal field since the electrons at 4f orbit are
shielded by the filled outer 5s and Sp orbits. Among the various
lanthanide ions studied for UC luminescence, Ho>* has been
attracted considerable attention owing to its dominant green UC
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emission [6]. However, there is no such an f—f transition from
ground state of Ho>* whose energy matches the energy of one
980 nm photon, so the ground state absorption (GSA) of Ho™* is
unlikely to occur, therefore, sensitizing ion is needed to obtain
high UC efficiency from Ho™*. Yb*>* is commonly used as
sensitizer in UC luminescence to harvest pump photons and
subsequently promotes neighboring activator ions to excited
states because of its some peculiar characteristics: (1) simple
two-level structure of Yb>* ensures high quenching concentra-
tion; (2) large absorption cross-section of Yb* at 980 nm leads
to efficient absorption of pump energy; (3) large spectral
overlap between Yb’* emission (*Fs;, — “F;5) and Ho’*
absorption (518 -3 Ig) drives energy transfer (ET) from Yb>* to
Ho™* efficient; and (4) alike chemical properties and similar
jonic radius between Yb** and Ho>" make their homogenous
doping easier [7,8]. Thus, UC luminescence of Ho** in Ho*/
Yb** co-doped systems has been extensively studied, and
predominant green UC emissions have been obtained
especially in low phonon energy hosts, such as fluoride and
sulfide matrix [9-17]. However, due to the high cost, poor
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chemical durability and thermal stability, rare-earth ions (RE*")
doped fluoride and sulfide based materials cannot meet the
practical applications well, though they possess high UC
efficiencies. Therefore, exploring novel UC materials is
essential. Oxide materials as one of the feasible UC
luminescence hosts have been extensively studied due to their
higher melting point, better chemical stability and easier
preparation than those of fluoride materials [18-22]. Among
the oxide compounds, RE** (such as Gd**, Y** and Lu’)
contained inorganic compounds with low phonon energies are
preferable hosts for UC luminescence.

In this work, titanate was chosen as the host due to its special
properties, such as low cost, easy preparation, excellent thermal
and chemical stabilities. NaGdTiO4:Ho>*/Yb>* UC phosphors
were synthesized by a conventional solid-state reaction method.
The concentration and power dependences of UC luminescence
and UC mechanism were systematically studied. The UC
luminescence properties of the presented material were
estimated and the result indicated that our sample had high
luminescence efficiency and good color performance.

2. Experimental
2.1. Chemicals

Yb,03 (99.99%), Ho,03 (99.99%), TiO, (99.0%, body type)
and Na,COj3; (99.8%, anhydrous) were used as starting
materials. Meanwhile, excessive Na,CO; was employed to
improve the chemical reaction.

2.2. Sample preparation

Two sets of Ho*/Yb>" co-doped NaGdTiO, samples were
synthesized via a conventional solid-state reaction method. In
the first set, Ho>* concentration is fixed to be 0.5 mol%, and
Yb>* concentrations are 1,3, 5,7, 10, 15 and 20 mol%. In the
second set, Yb** concentration is fixed to be 5 mol%, and Ho>*
concentrations are 0.05, 0.1, 0.3, 0.5, 1, 3 and 5 mol%. The
concentrations of Ho>* and Yb®* mentioned in this paper are
molar percentages if without specific statement. Firstly, the
starting materials were weighed according to certain stoichio-
metric ratio. Secondly, each weighed bitch was blended in an
agate mortar and thoroughly ground. Then the obtained
uniform mixture was put into alumina crucible and calcined
in a muffle furnace at 1000 °C for 4 h. Finally, the
corresponding phosphors were obtained when the furnace
cooled naturally down to room temperature.

2.3. Sample characterization

The crystal phase identification was performed via X-ray
diffraction (XRD) by using a Japan Shimadzu XRD-6000
diffractometer with Cu Ka radiation (A = 0.15406 nm) source.
The XRD data in the 26 range from 5° to 60° were collected in a
scanning mode with a step size of 0.02° and a scanning rate of
2.0°min"'. The UC emission spectra were obtained by a
Hitachi F-4600 fluorescence spectrometer upon 980 nm LD

excitation with a maximum power of 2W. All of the
measurements were performed at room temperature.

3. Results and discussion
3.1. Structural characterization

The XRD patterns for the samples doped with various Yb>*
and Ho* concentrations were measured. Fig. 1 shows the XRD
patterns of the samples with fixed Ho* concentration of 0.5%
and various Yb>* concentrations of 1, 10 and 20%, as a
representative. As can be seen, all three samples exhibit similar
profile, and the positions of most of the diffraction peaks are in
good agreement with the standard pattern of orthorhombic
NaGdTiO, reported in JCPDS 86-0830 as shown in Fig. 1(a).
However, a diffraction peak located at 28.70° marked by open
square was also detected, which can be assigned to the
overlapped diffraction peaks belonging to NaGdTiO, and
Gd,03 (JCPDS No. 86-2477), indicating that there is some
unspent Gd,O3. Therefore, the reaction conditions such as the
temperature and the amount of flux could be further optimized
to obtain pure NaGdTiO, phosphors.

3.2. UC luminescence spectroscopy and mechanism
analysis

Fig. 2 shows the UC emission spectra for the samples doped
with 0.5% Ho**/1% Yb* and 0.5% Ho**/20% Yb’* excited by
980 nm LD working at different currents. In the spectra,
dominant green emissions centered at around 551 nm
corresponding to (5S2, 5F4) — 518 transitions of Ho>* are
observed, accompanying with red and near infrared (NIR)
emission bands located at around 669 and 761 nm correspond-
ing to 5F5 — 518 and (SSZ, 5F4) — 517 transitions. The red and
the NIR UC emissions are much weaker than the green one at
low Yb>* concentration, but the red UC emission is strong in the
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Fig. 1. XRD patterns for the orthorhombic NaGdTiO, (JCPDS Card No. 86-
0830) (a), the NaGdTiO, samples doped with 0.5% Ho**/1% Yb** (b), 0.5%
Ho**/10% Yb** (c) and 0.5% Ho**/20% Yb** (d).
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Fig. 2. UC emission spectra excited by 980 nm LD working at different
currents for the samples doped with 0.5% Ho>*/1% Yb** (a) and 0.5%
Ho*"/20% Yb** (b).

sample with high Yb>* concentration. From Fig. 2, it can also
be seen that with the increase of LD working current, all of the
UC emission intensities for different transitions increase. The
insets of Fig. 2 illustrate the dependences of green, red and NIR
UC integrated emission intensities on LD working current for
both the samples doped with 0.5% Ho>*/1% Yb>" and 0.5%
Ho’*/20% Yb>".

It is well known that the output power of LD depends
linearly on its working current, and can be expressed as [23]:

P = Py(i —io) (D

where iy is the threshold current of LD, P is a constant. For an
n-photon process, the UC emission intensity is proportional to
P". Therefore, the relationship between UC emission intensity
I, and LD working current can be described as:

L =1Io(i — ip)" 2)

By fitting the experimental data in the insets of Fig. 2 with
Eq. (2), the n values are obtained to be 2.1, 2.3 for green
emissions, 2.0, 2.1 for red emissions and 2.2, 2.2 for NIR
emissions for the samples doped with 0.5% Ho>*/1% Yb>" and
0.5% Ho>*/20% Yb**, respectively. All these values of n are
close to 2, indicating that all of green, red and NIR UC
emissions are involved in two-photon process.
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Fig. 3. UC emission spectra excited by 980 nm LD working at different
currents for the samples doped with 0.05% Ho>*/5% Yb** (a), 0.1% Ho>*/
5% Yb**(b) and 3% Ho>*/5% Yb** (c).

Fig. 3 displays the UC emission spectra for the samples
doped with fixed Yb>* concentration of 5% and various Ho>*
concentrations of 0.05, 0.1 and 3% upon excitation of 980 nm
LD working at different currents. As can be seen, all of the
spectra have the same profile and the intensity of each UC
emission increases with the increase of working current,
indicating that the working current of LD has no influences on
the branching ratio of Ho** UC luminescence. The depen-
dences of integrated UC emission intensities on LD working
current are shown in the insets of Fig. 3. In an analogous way as
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Fig. 4. Energy level diagrams of Ho>* and Yb>* and the possible populated
ways for (®S,, °F,) and °Fs levels of Ho>*. Solid and dashed lines represent
absorptive/radiative transitions and ET/nonradiative relaxation, respectively.

above, the numerical fittings are also carried out and the values
of n are confirmed to be 1.9, 2.2, 2.2 for green emissions, 1.7,
1.9, 2.0 for red emissions and 2.1, 2.4, 2.3 for NIR emissions for
the samples doped with 0.05, 0.1 and 3% Ho>*, respectively.
The n values for all of the transitions mentioned above are close
to 2, indicating that all UC emissions are also involved in two-
photon process.

From above results, it can be concluded that the two-photon
process is dominant in Ho’*/Yb** co-doped NaGdTiO,
phosphors and independent from Ho®* and Yb>* concentrations
in our experimental concentration range. Actually, the mechan-
ism of two-photon UC in Ho>*/Yb** co-doped system has been
well known [24]. Fig. 4 shows the typical energy levels diagram
and UC luminescence processes in Ho?*/Yb* co-doped system
excited by 980 nm LD. When an Yb** ion is excited to *Fs/, level
by a 980 nm photon, its energy can be transferred to a
neighboring Ho>*. Ho>* is excited to I level by ET process.
Through another ET process, “Fsn(Yb>™) +  I¢(Ho’") — *F,
LOYD*) + (CS,, PFo)(Ho™), (3S,, °Fy) levels of Ho’ are
populated. Then green and NIR emissions are obtained through
radiative transitions from (°S,, °F,) to °Is and I, levels. For the
red emission come from °Fs — I transition, there are usually
two possible ways populating °Fs level. First, it could be
populated by nonradiative relaxation from the upper (S,, °Fy)
levels. Second, after the population of “Ig level (Ho’*) by ET
process, Ho* in the metastable 516 level relaxed into 517 level
first, followed  with another ET  process, Fs,
2(YH™) + I (Ho™) — *F75(Yb™) + *Fs(Ho™).

3.3. Concentration dependences of UC emission

The UC emission spectra for all prepared samples were
measured under the same experimental conditions. In these
measurements, the power density of LD is estimated to be about
15 W/em? (corresponding working current is 1000 mA). The
integrated intensities for green, red and NIR UC emissions were
calculated and Fig. 5 displays the dependences of the integrated
emission intensities on Ho>* and Yb** concentrations for the two-
set samples. It can be seen from Fig. 5(a) that as Yb>*
concentration increases, the green and the NIR UC emission
intensities increase first and then decrease, but the red UC
emission intensity increases continuously. When Yb>* concentra-
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Fig. 5. Dependences of UC emission intensities on Yb** (a) and Ho>* (b)
concentrations.

tion is 5%, the intensities of the green and the NIR UC emissions
reach the maximum values. For higher Yb* concentration, the
green and the NIR UC emission intensities decrease, which may
be mainly caused by the energy back transfer (EBT) from Ho>* to
Yb** (°S,, °Fy) (Ho) + F50(Yb) — >Is(Ho) + *Fs;»(Yb) [25]. The
higher Yb** concentration, the higher ratio between EBT from
Ho>* to Yb>* and ET from Yb>* to Ho>*. For the red UC emission,
the intensity kept increase in the studied Yb** concentration range
(1-20%), indicating that the population of Ho>* “Fs level is far
higher than its depopulation. The opposed variation trend for the
red and the green UC emission intensities demonstrates that the
population of Ho>* °Fs level is not only realized by nonradiative
relaxation from (5 S-, 5 F,) levels [26], but also the well-known ET
process  “Fsn(Yb) + °I;(Ho) — Fon(Yb) + “Fs(Ho)  [27].
Besides, the cross-relaxation process (5 S,, 5F4)(H0) +° 1;
(Ho) — SIG(HO) +7 Fs(Ho) may also be a possible way to realize
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its population, as depicted in Fig. 4. In Fig. 5(b), it can be found
that with the increase of Ho>* concentration, all UC emission
intensities increase first and then decrease due to the concentration
quenching effect. And when Yb® concentration is 5%, the
optimum Ho™* concentration is about 0.1%.

Fig. 6 shows the dependences of the UC emission intensity
ratio of red to green (R/G) on Yb>* and Ho>* concentrations. As
can be seen, the R/G ratio increases with both Yb>* and Ho>*
concentrations in our experimental concentration range, which
further confirm that Ho** °Fs level has different populated way.

To comprehensively understand the UC process of Ho>*/
Yb** co-doped system, a set of rate equations was established
based upon the energy levels diagram (as shown in Fig. 4) and
the above UC mechanism analysis, and is given below [28]:

dn
7; =nsWsi +n4Wa +m3Wip +noWop — CpzniNy 3)
dl’l2
o (W2 + Wao)nz — naWo — CoanaNy + nsWsy

- C43l’12}’15 (4)
dn3
o Co3mi Ny — CosnzNy — n3W3 — (Wozo + Wao)ns

+ Cyznpns )
dn
d—t4 = CpanyNp — nyWyy + Caznons (6)
dl’l5
o Cosn3Ny — (Wsi + Wsp)ns — Caznans @)
dNy
i Ry ®Ny — ApaNy — Co3ni Ny — CoanaNy — CpsnzNy

(®)
dN,
i —Ryp@N, + ApaNp + Cp3ni Ny + CoanoNy, + CpsnazNy

(€))

N, +Ny =N (10)

n+n+n+ns+ns=n (11

where N, and N, represent the population densities of Yb** in
ground and excited states, n; represent the population density of
the ith level of Ho>* marked in Fig. 4, where i € {1, 2, 3, 4, 5}.
N and n are the total concentrations of Yb>* and Ho" ions, Ap,
and R, are the radiation and absorption transition rates of Yb*",
@ is the incident pumping flux, Wj; and W,,;; are the radiative and
non-radiative transition rates of Ho’", C;j and Cy,; are the net
cross relaxation and ET rates.

In the case of continuous wave laser excitation, the left terms
in Egs. (3)-(9) would be equal to zero. From Figs. 2 and 3, it was
observed that the red emission (°Fs — °Ig) is much weaker than
the green one (5 S5, 5F4 — 5Ig) at low Yb**-concentration doping
case, thus the depopulation of (S,, °Ey) levels by ET S,
5F,) + I, — 5Fs + I can be neglected. Therefore, it can be
readily gotten

CypsN
ns — b5/Vp13 . (12)
Wsi + Ws,
Similarly,
Cy3N,
ny = b3 o . (13)
W31 + Wiza + W3z + CysNy
Through Egs. (12) and (13), ns can be expressed as
Cp3 CpsN?
ns — b3Cbs Ny . (14)
(Ws1 + Ws2) (W31 + Wsp + Wizo + CpsNy)
From Eq. (6), n4 can be expressed as
= CpanaNy + Caznons ' (15)

Wi

Considering the weak NIR UC emission, 5 I, level cannot be
populated effectively by radiative transition from (°S,, °F,)
levels, so the population of °I; level can be mainly ascribed to
the radiative transition and nonradiative relaxation from I,
level. 51, level is mainly depopulated via radiative transition
and ET processes, and finally gets into “Ig level or °Fs level.
However, the ET process can be neglected since the red UC
emission is weak. Therefore, the terms Cysnons, nsWs, and
CpanoNy, can be neglected, n, would be then written as

(W32 + Waz)ns

n—-———"-""—- (16)
2 Wi

Combining Eqs. (13), (14), (15) and (16), n4 can be written as
_ Cp3CraNgn (Wap + Wo32)
W1 (W31 + Wiz + Wap + CpsNy) W
. Ca3Co3CosNini (Wiza + W)
Wai (Wi + Wiz + Wi + CbSNb)2W41(W51 + Ws»)
an

ny

Considering the low excitation density case, the ET rate
from Yb>* to Ho>* could be smaller than the radiative transition
rate from °Fs;, — 2F, of Yb>*. Thus, from Eq. (8), Ny can be
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expressed as

Ry ®N,
Np = -2 (18)
Aba

Besides, in the case of low density excitation, the ground
states of Ho®* and Yb** cannot be effectively depopulated.
Thus, n; and N, are equal to the total concentrations of n (Ho>")
and N (Yb>"), respectively. The ratio ny4/ns can be obtained as:

Coa(Ws1 + Wsp) (Wi + W3s)

CosWa Wy

(Wasa + W32)Cy3C3NPR o1
ApaWai Woi (W31 + W3y + Waso + CosNy) -

I’l4/}’l5 =

+ 19)

Generally, the dipole—dipole interaction between lumines-
cent centers is the most effective pathway of ET and its rate
satisfies the following form [29]:

R 6
Pmc=f<ﬁ) (20)

where f is a phenomenological parameter, R is the distance
between the nearest ions, and Ry is the critical transfer distance
where the ET rate is equal to the spontaneous emission rate.
Considering 1/(N + n)o<471R3/3, the ET rates C,; can be
expressed as follows:

Ro\°
Cbi: fz(?) ) 16{374a5} (21)

where f; and Ry; are the phenomenological parameter and the
critical transfer distance of each ET process. At last, the ET
rates Cy; can be formally written as

Coi = Ci(N+n)*, i€{3,4,5} (22)
where C; = f,»(ROi)é. The ratio n4/ns can be expressed as:

Cs(Wsi + Ws2) (W + W3p)
CsWy Wy

(Waz2 + W32)Ca3sCraNu(N + n)* @Ry

n4/n5 =

(23)
ApaWaiWo (W31 + Wi + Wiz + CpsNy)

Then, Eq. (23) can be simplified as
ns/ns = a+ bNn(N + n)* (24)
where

_ Cs(Ws1 + Wsp)(Waza + W3o)

CsWoy Wy

and
b (Waz2 + W3,)C43C3 PR

AWy Way (W + Wiy + Wiza + CosNp)

Eq. (24) describes the relationship between the ratio of
population density and the doping concentrations of Ho>* and
Yb**, which reflects the dependence of R/G on Ho* and Yb**
doping concentrations since the emissions are proportional to the
population of emitting levels. Thus, we take Eq. (24) as the

theoretical formula to fit the experimental data in Fig. 6. It can be
found that the experimental data can be fitted well with Eq. (24).
The parameters ¢ and d are 0.969, 1.973 for Yb**-concentration
varied case and 0.662, 2.075 for Ho>*-concentration varied case,
respectively. The obtained free parameter ¢ and d values are very
close to the theoretical values in the Eq. (24), indicating Eq. (24)
may be a suitable theoretical formula for describing the
relationship of UC emission intensity with Yb** and Ho’*
concentrations in our studied system. Meanwhile, the result
could explain the different trends between the red emission and
the green one as Yb** and Ho>* concentrations increase.

3.4. UC luminescence properties evaluation

In order to evaluate the UC luminescence properties of our
prepared samples, commercial Er**/Yb** co-doped NaYF,
material was used as a reference, which has been recognized as
one of the most efficient UC luminescence material [30]. Fig. 7
shows the intensity ratio of the optimized concentration sample
with 0.1% Ho>*/5% Yb>" and NaYF,:Er**/Yb>* under the same
measured condition with LD working current range from 0.3 A
to 1.6 A. It can be found that the ratio increases dramatically
with the increase of LD working current and the sample we
prepared has a comparable intensity with NaYF,:Er’*/Yb** at
higher working current. Besides, as can be seen from Fig. 3(b),
the optimized sample we prepared has a strong green emission
accompanied with very weak red and NIR emissions, showing a
good color performance. However, the UC spectrum of
NaYF,:Er’*/Yb®* exhibits two dominant emission peaks
corresponding to green and red emissions as shown in the
inset of Fig. 7, showing a slightly worse color performance. In
addition, compared with fluoride NaYF,, NaGdTiO, as an
oxide is more easily prepared and has better chemical and
thermal stability. Therefore, NaGdTiO,:Ho>*/Yb* may be a
good green UC luminescence material and has potential
applications in high temperature and hash environments.
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Fig. 7. Dependences of UC emission intensity ratio of NaGdTiO,:Ho**/Yb>" to

commercial NaYF,:Er**/Yb®* on LD working current. The inset is the UC
emission spectrum of NaYF,:Er**/Yb** excited by 980 nm LD.
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4. Conclusions

Ho*/Yb** co-doped NaGdTiO, phosphors with various
concentrations were synthesized via a conventional solid-state
reaction method. The dependence of UC luminescence on
excitation power density was studied. It was found that two-
photon processes are responsible for all of green, red and NIR
UC emissions in various Ho** and Yb** concentrations doping
cases. The concentration dependences of green, red and NIR
UC luminescence studies showed that the UC luminescence
intensities changed strongly with Ho>* concentration but
weakly with Yb>* concentration. The UC emission intensity
ratio of 515 — 518 to (582, 5F4) -3 Ig transitions was also
dependent on Yb>* and Ho>* concentrations. In order to better
understand this process, rate equations were established based
on the possible UC mechanisms and a theoretical formula was
proposed to describe the concentration dependent UC emission.
Finally, the UC luminescence properties of the presented
material were estimated and the results showed that the sample
presented here possessed very high UC luminescence efficiency
and good color performance.
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