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Abstract

Ho3+/Yb3+ co-doped NaGdTiO4 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 Ho3+ and Yb3+ 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 NaYF4:Er3+, Yb3+ phosphor, and our sample showed a high luminescence

efficiency and good color performance, implying potential applications in a variety of fields.
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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 5p orbits. Among the various

lanthanide ions studied for UC luminescence, Ho3+ 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 Ho3+ whose energy matches the energy of one

980 nm photon, so the ground state absorption (GSA) of Ho3+ is

unlikely to occur, therefore, sensitizing ion is needed to obtain

high UC efficiency from Ho3+. Yb3+ 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 Yb3+ ensures high quenching concentra-

tion; (2) large absorption cross-section of Yb3+ at 980 nm leads

to efficient absorption of pump energy; (3) large spectral

overlap between Yb3+ emission (2F5/2! 2F7/2) and Ho3+

absorption (5I8! 5I6) drives energy transfer (ET) from Yb3+ to

Ho3+ efficient; and (4) alike chemical properties and similar

ionic radius between Yb3+ and Ho3+ make their homogenous

doping easier [7,8]. Thus, UC luminescence of Ho3+ in Ho3+/

Yb3+ 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
d.
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Fig. 1. XRD patterns for the orthorhombic NaGdTiO4 (JCPDS Card No. 86-

0830) (a), the NaGdTiO4 samples doped with 0.5% Ho3+/1% Yb3+ (b), 0.5%

Ho3+/10% Yb3+ (c) and 0.5% Ho3+/20% Yb3+ (d).
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chemical durability and thermal stability, rare-earth ions (RE3+)

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, RE3+ (such as Gd3+, Y3+ and Lu3+)

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:Ho3+/Yb3+ 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

Yb2O3 (99.99%), Ho2O3 (99.99%), TiO2 (99.0%, body type)

and Na2CO3 (99.8%, anhydrous) were used as starting

materials. Meanwhile, excessive Na2CO3 was employed to

improve the chemical reaction.

2.2. Sample preparation

Two sets of Ho3+/Yb3+ co-doped NaGdTiO4 samples were

synthesized via a conventional solid-state reaction method. In

the first set, Ho3+ concentration is fixed to be 0.5 mol%, and

Yb3+ concentrations are 1, 3, 5, 7, 10, 15 and 20 mol%. In the

second set, Yb3+ concentration is fixed to be 5 mol%, and Ho3+

concentrations are 0.05, 0.1, 0.3, 0.5, 1, 3 and 5 mol%. The

concentrations of Ho3+ and Yb3+ 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 8C 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 (l = 0.15406 nm) source.

The XRD data in the 2u range from 58 to 608 were collected in a

scanning mode with a step size of 0.028 and a scanning rate of

2.08 min�1. The UC emission spectra were obtained by a

Hitachi F-4600 fluorescence spectrometer upon 980 nm LD
excitation with a maximum power of 2 W. 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 Yb3+

and Ho3+ concentrations were measured. Fig. 1 shows the XRD

patterns of the samples with fixed Ho3+ concentration of 0.5%

and various Yb3+ 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

NaGdTiO4 reported in JCPDS 86-0830 as shown in Fig. 1(a).

However, a diffraction peak located at 28.708 marked by open

square was also detected, which can be assigned to the

overlapped diffraction peaks belonging to NaGdTiO4 and

Gd2O3 (JCPDS No. 86-2477), indicating that there is some

unspent Gd2O3. Therefore, the reaction conditions such as the

temperature and the amount of flux could be further optimized

to obtain pure NaGdTiO4 phosphors.

3.2. UC luminescence spectroscopy and mechanism

analysis

Fig. 2 shows the UC emission spectra for the samples doped

with 0.5% Ho3+/1% Yb3+ and 0.5% Ho3+/20% Yb3+ excited by

980 nm LD working at different currents. In the spectra,

dominant green emissions centered at around 551 nm

corresponding to (5S2, 5F4) ! 5I8 transitions of Ho3+ are

observed, accompanying with red and near infrared (NIR)

emission bands located at around 669 and 761 nm correspond-

ing to 5F5! 5I8 and (5S2, 5F4) ! 5I7 transitions. The red and

the NIR UC emissions are much weaker than the green one at

low Yb3+ concentration, but the red UC emission is strong in the



Fig. 2. UC emission spectra excited by 980 nm LD working at different

currents for the samples doped with 0.5% Ho3+/1% Yb3+ (a) and 0.5%

Ho3+/20% Yb3+ (b).

Fig. 3. UC emission spectra excited by 980 nm LD working at different

currents for the samples doped with 0.05% Ho3+/5% Yb3+ (a), 0.1% Ho3+/

5% Yb3+(b) and 3% Ho3+/5% Yb3+ (c).
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sample with high Yb3+ 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% Ho3+/1% Yb3+ and 0.5%

Ho3+/20% Yb3+.

It is well known that the output power of LD depends

linearly on its working current, and can be expressed as [23]:

P ¼ P0ði � i0Þ (1)

where i0 is the threshold current of LD, P0 is a constant. For an

n-photon process, the UC emission intensity is proportional to

Pn. Therefore, the relationship between UC emission intensity

Iup and LD working current can be described as:

Iup ¼ I0ði � i0Þn (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% Ho3+/1% Yb3+ and

0.5% Ho3+/20% Yb3+, 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.
Fig. 3 displays the UC emission spectra for the samples

doped with fixed Yb3+ concentration of 5% and various Ho3+

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 Ho3+ 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



Fig. 4. Energy level diagrams of Ho3+ and Yb3+ and the possible populated

ways for (5S2, 5F4) and 5F5 levels of Ho3+. Solid and dashed lines represent

absorptive/radiative transitions and ET/nonradiative relaxation, respectively.

Fig. 5. Dependences of UC emission intensities on Yb3+ (a) and Ho3+ (b)

concentrations.
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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% Ho3+, 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 Ho3+/Yb3+ co-doped NaGdTiO4

phosphors and independent from Ho3+ and Yb3+ concentrations

in our experimental concentration range. Actually, the mechan-

ism of two-photon UC in Ho3+/Yb3+ co-doped system has been

well known [24]. Fig. 4 shows the typical energy levels diagram

and UC luminescence processes in Ho3+/Yb3+ co-doped system

excited by 980 nm LD. When an Yb3+ ion is excited to 2F5/2 level

by a 980 nm photon, its energy can be transferred to a

neighboring Ho3+. Ho3+ is excited to 5I6 level by ET process.

Through another ET process, 2F5/2(Yb3+) + 5I6(Ho3+) ! 2F7/

2(Yb3+) + (5S2, 5F4)(Ho3+), (5S2, 5F4) levels of Ho3+ are

populated. Then green and NIR emissions are obtained through

radiative transitions from (5S2, 5F4) to 5I8 and 5I7 levels. For the

red emission come from 5F5! 5I8 transition, there are usually

two possible ways populating 5F5 level. First, it could be

populated by nonradiative relaxation from the upper (5S2, 5F4)

levels. Second, after the population of 5I6 level (Ho3+) by ET

process, Ho3+ in the metastable 5I6 level relaxed into 5I7 level

first, followed with another ET process, F5/

2(Yb3+) + 5I7(Ho3+) ! 2F7/2(Yb3+) + 5F5(Ho3+).

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/cm2 (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 Ho3+ and Yb3+ concentrations for the two-

set samples. It can be seen from Fig. 5(a) that as Yb3+

concentration increases, the green and the NIR UC emission

intensities increase first and then decrease, but the red UC

emission intensity increases continuously. When Yb3+ concentra-
tion is 5%, the intensities of the green and the NIR UC emissions

reach the maximum values. For higher Yb3+ concentration, the

green and the NIR UC emission intensities decrease, which may

be mainly caused by the energy back transfer (EBT) from Ho3+ to

Yb3+ (5S2, 5F4) (Ho) + 2F7/2(Yb) ! 5I6(Ho) + 2F5/2(Yb) [25]. The

higher Yb3+ concentration, the higher ratio between EBT from

Ho3+ to Yb3+ and ET from Yb3+ to Ho3+. For the red UC emission,

the intensity kept increase in the studied Yb3+ concentration range

(1–20%), indicating that the population of Ho3+ 5F5 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 Ho3+ 5F5 level is not only realized by nonradiative

relaxation from (5S2, 5F4) levels [26], but also the well-known ET

process 2F5/2(Yb) + 5I7(Ho) ! 2F7/2(Yb) + 5F5(Ho) [27].

Besides, the cross-relaxation process (5S2, 5F4)(Ho) + 5I7

(Ho) ! 5I6(Ho) + 5F5(Ho) may also be a possible way to realize



Fig. 6. Dependences of the ratio of the red UC emission intensity to that of the

green one on Yb3+ (a) and Ho3+ (b) concentrations.
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its population, as depicted in Fig. 4. In Fig. 5(b), it can be found

that with the increase of Ho3+ concentration, all UC emission

intensities increase first and then decrease due to the concentration

quenching effect. And when Yb3+ concentration is 5%, the

optimum Ho3+ concentration is about 0.1%.

Fig. 6 shows the dependences of the UC emission intensity

ratio of red to green (R/G) on Yb3+ and Ho3+ concentrations. As

can be seen, the R/G ratio increases with both Yb3+ and Ho3+

concentrations in our experimental concentration range, which

further confirm that Ho3+ 5F5 level has different populated way.

To comprehensively understand the UC process of Ho3+/

Yb3+ 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]:

dn1

dt
¼ n5W51 þ n4W41 þ n3W31 þ n2W21 � Cb3n1Nb (3)

dn2

dt
¼ ðWn32 þ W32Þn3 � n2W21 � Cb4n2Nb þ n5W52

� C43n2n5 (4)

dn3

dt
¼ Cb3n1Nb � Cb5n3Nb � n3W31 � ðWn32 þ W32Þn3

þ C43n2n5 (5)

dn4

dt
¼ Cb4n2Nb � n4W41 þ C43n2n5 (6)

dn5

dt
¼ Cb5n3Nb � ðW51 þ W52Þn5 � C43n2n5 (7)

dNb

dt
¼ RabFNa � AbaNb � Cb3n1Nb � Cb4n2Nb � Cb5n3Nb

(8)

dNa

dt
¼ �RabfNa þ AbaNb þ Cb3n1Nb þ Cb4n2Nb þ Cb5n3Nb

(9)
Na þ Nb ¼ N (10)

n1 þ n2 þ n3 þ n4 þ n5 ¼ n (11)

where Na and Nb represent the population densities of Yb3+ in

ground and excited states, ni represent the population density of

the ith level of Ho3+ marked in Fig. 4, where i 2 {1, 2, 3, 4, 5}.

N and n are the total concentrations of Yb3+ and Ho3+ ions, Aba

and Rab are the radiation and absorption transition rates of Yb3+,

F is the incident pumping flux, Wij and Wnij are the radiative and

non-radiative transition rates of Ho3+, Cij and Cbi are the net

cross relaxation and ET rates.

In the case of continuous wave laser excitation, the left terms

in Eqs. (3)–(9) would be equal to zero. From Figs. 2 and 3, it was

observed that the red emission (5F5! 5I8) is much weaker than

the green one (5S2, 5F4! 5I8) at low Yb3+-concentration doping

case, thus the depopulation of (5S2, 5F4) levels by ET (5S2,
5F4) + 5I7! 5F5 + 5I6 can be neglected. Therefore, it can be

readily gotten

n5 ¼
Cb5Nbn3

W51 þ W52

: (12)

Similarly,

n3 ¼
Cb3Nbn1

W31 þ Wn32 þ W32 þ Cb5Nb

: (13)

Through Eqs. (12) and (13), n5 can be expressed as

n5 ¼
Cb3Cb5N2

b n1

ðW51 þ W52ÞðW31 þ W32 þ Wn32 þ Cb5NbÞ
: (14)

From Eq. (6), n4 can be expressed as

n4 ¼
Cb4n2Nb þ C43n2n5

W41

: (15)

Considering the weak NIR UC emission, 5I7 level cannot be

populated effectively by radiative transition from (5S2, 5F4)

levels, so the population of 5I7 level can be mainly ascribed to

the radiative transition and nonradiative relaxation from 5I6

level. 5I7 level is mainly depopulated via radiative transition

and ET processes, and finally gets into 5I8 level or 5F5 level.

However, the ET process can be neglected since the red UC

emission is weak. Therefore, the terms C43n2n5, n5W52 and

Cb4n2Nb can be neglected, n2 would be then written as

n2 ¼
ðW32 þ Wn32Þn3

W21

(16)

Combining Eqs. (13), (14), (15) and (16), n4 can be written as

n4 ¼
Cb3Cb4N2

b n1ðW32 þ Wn32Þ
W21ðW31 þ Wn32 þ W32 þ Cb5NbÞW41

þ C43C2
b3Cb5N3

b n2
1ðWn32 þ W32Þ

W21ðW31 þ Wn32 þ W32 þ Cb5NbÞ2W41ðW51 þ W52Þ
(17)

Considering the low excitation density case, the ET rate

from Yb3+ to Ho3+ could be smaller than the radiative transition

rate from 2F5/2! 2F7/2 of Yb3+. Thus, from Eq. (8), Nb can be

tional 38 (2012) 5045–5051 5049



Fig. 7. Dependences of UC emission intensity ratio of NaGdTiO4:Ho3+/Yb3+ to

commercial NaYF4:Er3+/Yb3+ on LD working current. The inset is the UC

emission spectrum of NaYF4:Er3+/Yb3+ excited by 980 nm LD.
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expressed as

Nb ¼
RabFNa

Aba

(18)

Besides, in the case of low density excitation, the ground

states of Ho3+ and Yb3+ cannot be effectively depopulated.

Thus, n1 and Na are equal to the total concentrations of n (Ho3+)

and N (Yb3+), respectively. The ratio n4/n5 can be obtained as:

n4=n5 ¼
Cb4ðW51 þ W52ÞðWn32 þ W32Þ

Cb5W21W41

þ ðWn32 þ W32ÞC43Cb3NFRabn

AbaW41W21ðW31 þ W32 þ Wn32 þ Cb5NbÞ
: (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]:

PET ¼ f
R0

R

� �6

(20)

where f is a phenomenological parameter, R is the distance

between the nearest ions, and R0 is the critical transfer distance

where the ET rate is equal to the spontaneous emission rate.

Considering 1/(N + n) / 4pR3/3, the ET rates Cbi can be

expressed as follows:

Cbi ¼ f i

R0i

R

� �6

; i 2 f3; 4; 5g (21)

where fi and R0i are the phenomenological parameter and the

critical transfer distance of each ET process. At last, the ET

rates Cbi can be formally written as

Cbi ¼ CiðN þ nÞ2; i 2 f3; 4; 5g (22)

where Ci = f i(R0i)
6. The ratio n4/n5 can be expressed as:

n4=n5 ¼
C4ðW51 þ W52ÞðWn32 þ W32Þ

C5W21W41

þ ðWn32 þ W32ÞC43Cb3NnðN þ nÞ2FRab

AbaW41W21ðW31 þ W32 þ Wn32 þ Cb5NbÞ
(23)

Then, Eq. (23) can be simplified as

n4=n5 ¼ a þ bNnðN þ nÞ2 (24)

where

a ¼ C4ðW51 þ W52ÞðWn32 þ W32Þ
C5W21W41

and

b ¼ ðWn32 þ W32ÞC43Cb3FRab

AbaW41W21ðW31 þ W32 þ Wn32 þ Cb5NbÞ

Eq. (24) describes the relationship between the ratio of

population density and the doping concentrations of Ho3+ and

Yb3+, which reflects the dependence of R/G on Ho3+ and Yb3+

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 c and d are 0.969, 1.973 for Yb3+-concentration

varied case and 0.662, 2.075 for Ho3+-concentration varied case,

respectively. The obtained free parameter c 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 Yb3+ and Ho3+

concentrations in our studied system. Meanwhile, the result

could explain the different trends between the red emission and

the green one as Yb3+ and Ho3+ concentrations increase.

3.4. UC luminescence properties evaluation

In order to evaluate the UC luminescence properties of our

prepared samples, commercial Er3+/Yb3+ co-doped NaYF4

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% Ho3+/5% Yb3+ and NaYF4:Er3+/Yb3+ 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 NaYF4:Er3+/Yb3+ 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

NaYF4:Er3+/Yb3+ 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 NaYF4, NaGdTiO4 as an

oxide is more easily prepared and has better chemical and

thermal stability. Therefore, NaGdTiO4:Ho3+/Yb3+ may be a

good green UC luminescence material and has potential

applications in high temperature and hash environments.
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4. Conclusions

Ho3+/Yb3+ co-doped NaGdTiO4 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 Ho3+ and Yb3+ concentrations doping

cases. The concentration dependences of green, red and NIR

UC luminescence studies showed that the UC luminescence

intensities changed strongly with Ho3+ concentration but

weakly with Yb3+ concentration. The UC emission intensity

ratio of 5I5! 5I8 to (5S2, 5F4) ! 5I8 transitions was also

dependent on Yb3+ and Ho3+ 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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