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Abstract Unusual bright red-dominant upconversion

light was observed in Ho3?/Yb3? co-doped YF3-BaF2-

Ba(PO3)2 glasses excited by the 980-nm laser diode at

room temperature. The integral intensity ratios of the red

upconversion emission to the green one reached about 10:1

in optimized 0.125Ho3?-15Yb3? co-doped sample. In

order to find out its behind-the-scene mechanism, the

optical properties and the phonon-assisted relaxations on

the excited levels of Ho3? in our samples were investi-

gated. Additionally, the effects of the concentrations of the

doping ions, excitation pump power, and temperature on

the upconversion emissions were also systematically

studied. These results revealed that the proper phonon

frequency of fluorophosphate glasses, the efficient phonon-

assisted relaxations from 5I6 to 5I7 levels (4,960 s-1), and

the long lifetime of the 5I7 (about 2.8 ms) levels should be

responsible for bright red upconversion emission at a much

greater concentration ratio of CYb
3?/CHo

3?.

1 Introduction

In recent years, a number of studies have been carried out to

develop rare-earth (RE) ion-doped materials capable of

efficient frequency upconversion and to utilize these mate-

rials as compact solid-state lasers, biomedical diagnostic

labels [1, 2], temperature sensors [3], and clean energy and

color display phosphors [4]. Among the RE ions, Ho3?, Er3?,

and Tm3? were the most attractive active ions applied to

infrared-to-visible upconversion fluorescence due to their

favorable energy-level structures. In addition, upconversion

florescence of these ions has been extensively investigated in

a variety of crystalline and vitreous materials. Low-cost

fluorophosphates glasses were expected to be promising and

applicable hosts for the upconversion florescence of RE3?

ions because of their low melting temperature, good homo-

geneity, improved chemical/physical stability, and flexible

optical properties [5]. On the other hand, with the commer-

cialization of the *980-nm laser diode (LD), Yb3? has

become a popular sensitizer for Ho3?/Er3?/Tm3? ion to

increase the optical pumping efficiency due to its larger

absorption cross-section and efficient energy transfer from

Yb3? ions to the active ions.

Under the near-infrared excitations, bright blue- or

green-upconversion light was usually dominating in most

RE3? single- or multi-doped materials. Red upconversion

emission (*650 nm) can be theoretically generated by the
4F9/2 ? 4I15/2 radiative transition of Er3?, 5F5 ? 5I8 of

Ho3?, and 1G4 ? 3F4 of Tm3?. However, red upconversion

emission was not so strong when compared with the green

ones of Er3? (2H11/2, 4S3/2 ? 4I15/2) and Ho3? (5F4,
5S2 ? 5I8), and the blue one of Tm3? (1G4 ? 3H6).

Therefore, bright red-dominant upconversion light was only

reported in a few literatures [6–10]. In these cases, red

upconversion light was usually caused by the relatively high
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concentration Ho3? that leads to the cross-relaxations

among different levels of Ho3? and therefore inhibits green

upconversion emission [8–10]. Here we will report a red-

dominant upconversion light in YF3-BaF2-Ba(PO3)2 glasses

where the intensity ratios of the red emission to the green

one were greater than 9:1, even when the concentration

ratios of CYb
3?/CHo

3? were great as 600:1. In order to investi-

gate this unusual red-dominant light in the present case, the

structures of the glasses were evaluated to determine the

cut-off frequency of phonons through IR or Raman spectra.

The radiative transitions probabilities and the relaxation

rates of Ho3? were calculated through using the Judd–Ofelt

theory. The temperature effect on the decay time of the

green down-conversion emission of Ho3? was studied to

investigate the efficient phonon-assisted relaxation in the

glass. The effects of excitation pump power, the concen-

tration of doping ions, and temperature were also studied.

2 Experimental

The composition of samples used in this paper can be

expressed as (in mol %) follows:

40� x� yð ÞYF3 � 22Ba PO3ð Þ2�38BaF2 : xHoF3

� yYbF3; abbreviated as YBPF : xHo� yYb; and 40AlF3

� 22Ba PO3ð Þ2�38BaF2; as ABPF,

where x = 0.05, 0.075, 0.1, 0.125, 0.2, 0.25, 0.3, 1.0, and

y = 0, 5, 10, 15, 20, 25, 30. Starting powders were thor-

oughly ground with agate mortar and pestle, kept at 450 �C

for 1 h for the pre-reaction, and then melted at

1,050–1,150 �C for 15 min in a corundum crucible in

ambient atmosphere. The melts were poured on a preheated

stainless steel plate and then annealed to room temperature.

The obtained glasses were cut and polished into 2-mm

thick slabs for optical property measurements.

Density was measured according to Archimedes’ prin-

ciple using distilled water as the immersion liquid.

Refractive index was measured on an Abbe refractometer

using monobromonaphthalene as adhesive coating. The

density and refractive index of YBPF: 1Ho-0Yb sample

were determined to be 4.602 g/cm3 and 1.593, respectively.

The infrared (IR) absorption spectra of YBPF: 0Ho-0Yb

and ABPF glass were measured on a Nicolet/Nexus 670

FT-IR Analyzer using KBr pellets in 1,500–500 cm-1

range. The Raman spectrum in the 300–3,000 cm-1 range

was obtained using a Renishaw inVia Microscope with a

514-nm laser excitation.

UV/Vis/NIR Absorption spectrum of YBPF: 1Ho-0Yb

in 30,000–5,000 cm-1 range was recorded by a Varian

Cary 5000 UV/Vis/NIR spectrophotometer at the scan step

of 10 cm-1. Visible up- and down-conversion signals were

recorded by an Edinburgh FSP920 Combined Time

Resolved and Steady State Fluorescence Spectrometer

equipped with thermo-electric cooled red-sensitive PMT. A

450-W Xe900 steady-state xenon lamp (ozone free) and a

lF920H flash lamp were used as the excitation sources in

steady and dynamic down-conversion luminescence mea-

surement, respectively. The pulse repetition rate of

lF920H was 100 Hz and the pulse width was about

1.5–3.0 ls. A *980-nm centered continue wave (CW) LD

with a maximum power of 1 W was used for the excitation

source for upconversion luminescence. For the tempera-

ture-dependent measurement, the sample was mounted in a

77- to 500-K Oxford Optistat DN-V liquid nitrogen optical

cryostat with an ITC601 temperature controller.

3 Results and discussions

3.1 IR and Raman spectra of YBPF glasses

The IR spectrum of the YBPF: 0Ho-0Yb glasses is shown

in Fig. 1a and that of ABPF glasses is also presented in for

comparison, since the glass-forming ability of Y3? is

similar to that of Al3? [5], and the structures of Al3?-base

(AlF3 and/or Al(PO3)3) fluorophosphate glasses have been

investigated more frequently. According to previous stud-

ies[11–13], for fluorophosphates glasses containing

10–25 mol % (PO)3
-, the broad band ranging from 800 to

1,400 cm-1 can be ascribed to the stretching and asym-

metric vibrations of P–O–P, O–P–O, F–P–F, and/or O–P–F

bonds, and the broad band ranging from 500 to 700 cm-1

can be ascribed to the non-bridging bond in M[O]4,6,

M[F]4,6 and/or M[O,F]6 anion units (M = Al3? or RE3?).

The *735-cm-1 band can be ascribed to P–O–P stretching

vibration [11, 12], but it may be also ascribed to the non-

bridging band in anion units M[O]4 and M[O,F]4 [13]. Due

to the larger radius, RE3? ions incline to form anion units

RE[O]6, RE[F]6, and/or RE[O,F]6. And this will break the

F–P–F long chain in the glasses, then -P- connect to -O- to

form PO2
-/PO3

- units. So, for YBPF samples, their *910

and 735 cm-1 bands ((P–O–P)as, and (P–O–P)ss) are more

distinct when compared with the ABPF glasses.

Raman spectra of YBPF: 0Ho-0Yb glass are shown in

Fig. 1b and six bands are labeled as a–f. According to pre-

vious literatures [11, 14, 15], band a centered at 340 cm-1

may relate to the overlapping vibration of the skeletal

deformation vibration of metaphosphate chains and PO2

deformation vibration of pyrophosphate segments. Broad-

band b from 400 to 690 cm-1 and the band c centered at

745 cm-1 are ascribed, respectively, to the group vibration

of anion units RE[F]6/RE[O,F]6 and the stretching vibration

of P–O–P, consisting of the IR spectra. Band d can be

ascribed to the P–F vibration in PO2F2
- unit. The strong band
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e at 1,045 cm-1 can be ascribed to the symmetry stretching

vibration of O–P–O(F) in P2(O,F)7 dimer, since the F-/PO3
-

reaches about 9:2 in our sample. And the shoulder band

f around 1,130 cm-1 is related to the vibration of O–P–O in

metaphosphate tetrahedron.

3.2 UV–Vis–NIR absorption and Judd–Ofelt

calculation

The room temperature UV–Vis–NIR absorption spectrum

of YBPF: 1Ho-0Yb glass (l = 2.42 mm) is shown in

Fig. 2. The absorption bands are attributed to f ? f transi-

tions from the ground state 5I8 to the different excited states

[16]. The experimental oscillator strengths of these tran-

sitions are calculated from

Pexp ¼
mc2

e2pN

Z
2:303

l
� ODðvÞdv; ð1Þ where m and e are the electron mass and charge, respectively,

c is the speed of light, l is the thickness of sample, N is the

Fig. 1 a IR absorption spectra

of YBPF: 0Ho-0Yb glass and

ABPF glass. b Raman spectra of

YBPF: 0Ho-0Yb glass

Fig. 2 UV–Vis-NIR Absorption spectrum of YBPF: 1Ho-0Yb glass

at room temperature
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number of absorbing ions in the unit volume, v is the wave

number, and OD(v) is the optical density. By a least square

fitting of the experimental and theoretical oscillator strengths,

the Judd–Ofelt parameters are obtained: X2 = 2.95 9 1020,

X4 = 2.61 9 1020 and X6 = 2.15 9 1020 cm-2, respectively.

These J–O parameters are important for the investigation of

the local structure and bonding in the vicinity of RE ions.

Previous works [17–19] reveal that the X2 is sensitive to

symmetry of the RE ions site and the covalence between RE

ions and ligand ions, and the X6 is affected by the electronic

density of RE3? [20, 21]. For comparison, the X2, 4, 6 of Ho3?

obtained from YBPF: 1Ho-0Yb and some other hosts are

tabulated in Table 1. It can be seen that the X2 of our glass as

well as other glasses are larger than that of crystalline mate-

rials, mainly attributed to its lower symmetry. Among glasses,

X2 of our glass is smaller than that of pure oxide glass but

larger than that of pure fluoride glass, since the covalence of

Ho–O band becomes weak due to the strong attraction of

F- ions for the electrons of Ho3?. On the other hand, the

attraction of F- also decreases the shielding effect of 6s elec-

trons of Ho3? on the 5d ones, and thus increases the electronic

density of the 5d orbit, resulting in an increment on the value

of X6. Furthermore, in fluorophosphate glasses, p-electron

Fig. 3 a Excitation spectra (dot
line) and emission spectra (solid
line) of YBPF: 0.05Ho-0Yb at

room temperature in down-

conversion case (Inset:

simplified energy-level diagram

of Ho3?, wavy arrows denote

non-radiative relaxation).

b Decay curve of the 547 nm

emission (kex = 450 nm)

Table 1 Comparisons of experimental intensity parameters Xk of

YBPF: 1Ho-0Yb glass with other samples

Host compositions X2 X4 X6 Reference

(910-20)

HoP5O14 crystal 1.45 1.40 1.46 [22]

LaF3 crystal 1.16 1.38 0.88 [6]

Al2O3-BaO-MgO-K2O

-P2O5

3.33 3.01 0.61 [23]

ZrF4-LaF3-AlF3-BaF2 2.28 2.08 1.73 [24]

CaF2-NaPO3 3.23 2.71 1.82 [25]

YF3-BaF2-Ba(PO3)2 2.95 2.61 2.15 This work
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donation of non-bridging P–O bond [21] to the 5d orbital of

Ho3? also greatly augments the X6.

On the other hand, with the experimental intensity

parameters X2, 4, 6, the spontaneous radiative transition

probabilities from an initial manifold ðS0; L0Þj J0i to a final

manifold ðS; LÞJ
�� �

can be calculated from:

Aed½ðS0; L0ÞJ0; ðS; LÞJ� ¼ Aed þ Amd

¼ 64p4v3

3hð2J0 þ 1Þ �
nðn2 þ 2Þ2

9

� e2
X

k¼2;4;6

Xk ðS; LÞJ UðkÞ
�� ��ðS0; L0ÞJ0D E���

���2

þ 64p4v3

3hð2J0 þ 1Þ � n
3 � e2

4m2c2
ðS;LÞJ Lþ 2Sk kðS0; L0ÞJ0h ij j

ð2Þ

where UðkÞ
�� ��� �

are the reduced matrix elements. And then

the spontaneous emission life time srad of the initial

manifold can be yielded as:

srad ¼
1P

S;L;J Aed½ðS0; L0ÞJ0; ðS; LÞJ�
: ð3Þ

The radiative transition probabilities (Aed, Amd) and

radiative lifetimes (srad) of the 5I7, 5F5, and 5S2,5F4 levels

are listed in Table 2.

3.3 Phonon-assisted relaxation on excited levels

of Ho3? in YBPF glass

Figure 3a presents the visible down-conversion excitation

and emission spectra of YBPF: 0.05Ho-0Yb. The strongest

excitation band centered at 450 nm can be ascribed to the
5I8 ? 5G6, 5F1 absorption. The emission bands peaks at

547 and 657 nm are assigned to the 5F4, 5S2 ? 5I8 and
5F5 ? 5I8 radiative transitions, and the emission bands

centered at 596 and 749 nm can be assigned to 5F3 ? 5I7

and 5F4, 5S2 ? 5I7 radiative transitions, respectively. The

integral intensity ratio of the red emission to the green one

(I657nm/I547nm) is about 0.24. The decay curve of the green

emission is depicted in the Fig. 3b. It shows a single-

exponential behavior and gives the experimental decay

time sexp of 17.1 ls. In 0.05 % Ho3? singly doped sample,

the cross-relaxation among the excited levels can be

neglected, and the relaxation rate WR of the 5F4,5S2, and 5F5

levels can be calculated from

WR ¼
1

sexp

� 1

srad

: ð4Þ

At room temperature, the WR of the 5S2, 5F4 level is

50,553 s-1 and it is much greater than the Arad of 5S2, 5F4

level listed in Table 2. This should relate to the high cut-

off frequency phonon of the fluorophosphate glasses. As

Raman spectra (Fig. 1b) shows, YBPF glasses have the

strongest absorption at 1,045 cm-1, which has been

ascribed to O–P-O(F)SS in P2(O,F)7 dimer. Meanwhile,

the UV–Vis-NIR absorption spectra (Fig. 2) shows that

the energy gap between the 5S2, 5F4, and 5F5 levels is

about 2,770 cm-1. By coupling with the vibrations in the

glass and emitting about three phonons, Ho3? in the 5S2,
5F4 state relaxes fast to 5F5 and then generates red

emission. It must be noted that the down-conversion

fluorescence is still green-dominant due to the greater Aed

of the 5S2 ? 5F4 ? 5I8 radiative transition. Meanwhile,

the multi-phonon-assisted relaxation (MPR) on the 5F5

level works also efficiently (sexp = 19.7 ls, WR =

46,805 s-1) and further reduces the red emission

intensity [26, 27].

In order to prove the 3-phonon-assisted relaxation on the
5S2, 5F4 level, the temperature effect on the decay time sexp

and multi-phonon-assisted relaxation rate (WMPR) of the
5S2, 5F4 level are investigated as shown in Fig. 4a, b,

respectively. As temperature increases from 77 to 490 K,

the sexp decreases from 17.2 to 14.5 ls while the WMPR

increases from 50,258 s-1 to 61,084 s-1. According

to previous works of M. J. Weber and H. W. Moos et al.

[28–32], the relation between the WMPR of an excited level

and temperature can be written as

WMPRðTÞ ¼ WRð0Þ½1� expð�hx=kTÞ��n; ð5Þ

Table 2 Radiative transition probabilities Arad, fluorescence branch-

ing ratios b and radiative lifetimes srad of different excited levels of

Ho3? in YBPF glass

Transitions v (cm-1) Aed

(s-1)

Amd

(s-1)

Arad

(s-1)

b srad

(ls)

5I7?
5I8 5,150 88 24 112 1.00 8928

5I6?
5I8 8,690 216 252 0.86 3968
5I7 3,540 22 14 0.14

5I5?
5I8 11,240 77 190 0.41 5263
5I7 6,090 106 0.56
5I6 2,550 7 0.03

5F5?
5I8 15,590 3,332 3,958 0.84 253
5I7 10,440 498 0.13
5I6 6,900 120 0.03
5I5 4,350 8 0.00

5F4?
5I8 18,360 4,036 4,899 0.82 204
5I7 13,210 420 0.09
5I6 9,670 269 0.05
5I5 7,120 163 0.03
5F5 2,770 7 4 0.00

5S2?
5I8 18,620 1,651 3,027 0.55 330
5I7 13,470 1,128 0.37
5I6 9,930 198 0.06
5I5 7,380 50 0.02
5F5 3,030 1 0.00

Multi-phonon-assisted relaxation and Yb3? sensitized bright red-dominant upconversion luminescence 105

123



where h is the Planck constant, k is the Boltzmann

constant; DE is the energy gap to the next-lower level, x is

the cut-off frequency of the phonon, n is the order of the

MPR process required to bridge the energy gap, and

n = DE/hx, WR(0) is the decay rate at 0 K, but here we use

the rate at 77 k. For the 5S2, 5F4 level of Ho3? in our

sample, Fig. 4b shows the observed data well fit to the

model calculated from Eq.(5) by assuming three

1,045 cm-1 phonons were engaged.

These phonon-assisted processes are also efficient for

the relaxations with the energy gaps wider than

3,000 cm-1. However, when the energy gaps are wider

than 5,000 cm-1, the WMPRs of the relaxation become

comparably small since five or more phonons are needed to

bridge the gaps. The dependence of the relaxation rate

WMPR on the energy gap DE to the next-lower level can be

expressed as [29–31]

WMPR ¼ W0 � expð�aDE=hxÞ; ð6Þ

where the W0 is the relaxation rate when DE = 0, and a is

host-dependent constant. The data on the WMPR of some

excited levels of Ho3?, Er3?, and Tm3? in YBPF glass at

room temperature are plotted semi-logarithmically versus

DE in Fig. 5, and the a is fitted to be 1.97 and the W0 to be

3.64 9 106 s-1. This linear plot is helpful to study the

relaxations on some levels when the actual lifetimes of

these levels cannot be experimentally obtained, such as the
5I6 and 5I7 levels of Ho3? in our case. According to Eqs.(6)

and (4), the WMPR of the 5I6 levels is estimated to be close

to about 4,600 s-1 (DE = 3,540 cm-1) and thus the level

lifetime decreases from 4.0 ms (srad) to about *210 ls,

while the WMPR of the 5I7 level (DE = 5,150 cm-1) is

estimated to be about *220 s-1, and the level lifetime

reaches about *3.0 ms.

3.4 Red-dominant upconversion light of Ho3?/Yb3?

co-doped samples

Figure 6a shows the photograph and upconversion emis-

sion spectrum of YBPF: 0.125Ho-15Yb excited by a

980-nm CW LD with the pump power (Pex) about

450 mW/mm2 at room temperature. The green emission

band peaking at 542 nm corresponds to the 5F4, 5S2 ? 5I8

transition and the red emission peaking at 657 nm corre-

sponds to the 5F5 ? 5I8 transitions. The weak blue broad

emission centered at 476 nm is ascribed to the 5F3 ? 5I8

transition in many previous reports, but here it more

probably comes from the cooperative upconversion of

Yb3? pairs in Yb[F]6/Yb[O,F]6 cluster [33] since it is also

observed in the samples singly doped with Yb3?. As the

Fig. 4 a Temperature

dependence of the experimental

decay time of the 547 nm down-

conversion emission;

b Temperature dependence of

the multi-phonon relaxation rate

of the 5S2, 5F4 level. Solid line is

the temperature-relaxation

model obtained from Eq.(5)

assuming hx = 1,045 cm-1

and n = 3
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photograph shows, YBPF: 0.125Ho-15Yb gives off bright

red-dominant upconversion light, the intensity ratio of

I657nm/I542nm reaches 10:1. This red light could be readily

seen with the naked eye at pump power as low as 60 mW/

mm2. The effect of concentration of Ho3? and Yb3? on the

intensities of upconversion emissions is shown in Fig. 6b,

c. Since the concentration of Ho3? is not high enough to

induce intense cross-relaxations among different levels of

Ho3?, the effects of increasing Ho3? on the emissions

intensities are not very notable. On the other hand, due to

the strong absorption of Yb3? around 980 nm and the

efficient energy transfer from Yb3? to Ho3?, increasing

Yb3? concentration benefits the populations on the excited

levels of Ho3? and thus greatly enhances the emission

intensities before the intense concentration quenching

(CYb
3?= 30 mol %). For all the co-doped glasses, the red

Fig. 5 Dependence of the

phonon-assisted relaxation rate

on the energy gap between

different excited levels of RE3?

in YBPF glass at room

temperature, and solid line is the

fitted exponential decay curve

(doping concentrations of Ho3?

and Tm3? are 0.05 % and that

of Er3? is 0.025 %)

Fig. 6 a Visible upconversion

emission spectrum and

photograph of YBPF: 0.125Ho-

15Yb under 980 nm laser

excitation with the pump power

about 450 mW/mm2;

b Dependence of the intensities

of upconversion emissions on

the concentration of Ho3? and

c that on the concentration of

Yb3?
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emission is much stronger and I657nm/I542nm increases from

about 9:1 to 13:1 as the concentration ratio of CYb
3?/CHo

3?

decreases from 600:1 to about 16:1.

In frequency upconversion processes, the upconversion

emission integral intensity IUP will be proportion to the nth

power of the pump power Pex, i.e.,

IUP / ðPexÞn; ð7Þ

where n is the number of pump photons required to excite

the emitting state. Such plots for both the green (5F4,
5S2 ? 5I8) and red (5F5 ? 5I8) emissions in YBPF:

0.05Ho-15Yb and YBPF: 0.5Ho-25Yb samples are pre-

sented in Fig. 7. The values of n obtained are all close to

two, indicating that two-photon absorption processes are

responsible for three upconversion emission bands. Due to

a lower doping concentration of Ho3?, no obvious inflec-

tions in these plots are observed, thus ruling out a photon

avalanche upconversion mechanism [34, 35].

According to the concentration and pump-power

dependences of the green and red upconversion emissions,

the two-photon upconversion mechanisms for these emis-

sions are briefly illustrated in Fig. 8. Firstly, Yb3? ions are

excited from the 2F7/2 to 2F5/2 level by absorbing laser photons

due to their large absorption cross-section around 980 nm.

Because the 2F5/2 level of Yb3? mismatches the 5I6 level of

Ho3?, then ground Ho3? is promoted to the 5I6 levels by

receiving a phonon-assisted transfer from Yb3?. For the

green emission, Ho3? on the 5I6 level is promoted to the
5F4,5S2 levels directly by absorbing energy of laser photons

(excited state absorption, ESA) or excited Yb3? ions (energy

transfer upconversion, ET). For the red emission, two

possible upconversion channels are responsible for the pop-

ulation of the 5F5 level: (I) The previously mentioned MPR

from the 5F4,5S2 to 5F5 level. Apparently, this channel will

result in a green-dominant upconversion light according to

Fig. 3a. (II) The promotion from the 5I7 level that populated

via the MPR from the 5I6 level. According to the discussion in

Part 3.3, this 5I6 ? 5I7 relaxation is very fast, and thus makes

the 5I7 level efficiently populated after ground Ho3? is exci-

ted. Meanwhile, the lifetime of the 5I7 level is estimated to be

about 3.0 ms, and it is long enough for the promotion to the
5F5 level via ESA and/or ETU. In summary, in our upcon-

version case, the channel II is considered to be the major

channel for the red upconversion emission. Moreover, this

also will explain the much larger intensity ratio of I657nm/

I542nm in the upconversion case, because the channel II gen-

erates only the red emission throughout whole upconversion

process.

3.5 Temperature effect on the red-dominant

upconversion light

Figure 9 and inset show the effects of temperature on the

intensities of the green and red upconversion emissions in

YBPF: 0.125Ho-15Yb (Pex & 150 mW/mm2). Due to the

thermally enhanced non-radiative relaxations on all the

excited levels of Ho3?, both the green and red emissions

intensities decrease drastically as temperature increases-.

On the other hand, increasing temperature facilitates the
5I6 ? 5I7 and 5S2, 5F4 ? 5F5 MPRs, and then augments the

intensity ratio of I657nm/I542nm from about 6:1 to 18:1 as

Fig. 10 shows. This increment on the intensity ratio in

Fig. 7 Dependence of

upconversion emission

intensities on excitation power

of 980 nm laser for

YBPF:0.25Ho-15Yb and

0.05Ho-15Yb glasses at room

temperature
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the upconversion case is much greater than that in down-

conversion case, further confirming that the bright red

upconversion is mainly decided by the MPR relaxation on

the 5I6 level. Moreover, this increment is also greater than

that induced by the concentration variations of Ho3? and/or

Yb3?, indicating the red-dominant light of samples is mainly

decided by the proper phonon energy of the host but not the

doping concentrations of RE3? ions.

Increasing temperature also affects the spectrum shape of

the red emission. Upconversion spectra in Fig. 9 inset show

that the ratio of the signal intensity at 643 nm to that at 657 nm

increases from about 0.60–0.84 as temperature increases from

100 to 460 K. This *643 (657) nm upconversion signal that

can be ascribed to the 5F5 ? 5I8 transitions starting from the

higher (lower) crystal-field components of the 5F5 level and

ending at lower (higher) crystal-field components of the 5I8

level. And because the energy difference between each

components in the 5F5 and 5I8 states are very small (a few kT),

the higher crystal field components of the 5F5 levels can be

populated from the lower ones through the thermal agitation.

Furthermore, the full width at half maximum (FWHM)

increases from about 21.3 to 25.2 nm as temperature

increases, and this can be related to the thermally enhanced

electron–phonon interaction [36, 37].

4 Conclusions

Ho3? singly doped and Ho3?/Yb3? co-doped YBPF glasses

were fabricated and characterized. The experimental

intensity parameters X2, 4, 6, spontaneous radiative transi-

tion probability and radiative decay time were calculated

using Judd–Ofelt theory. The temperature dependence of

relaxation rate of the 5S2, 5F4 ? 5F5 was studied and the

result revealed the 5S2, 5F4 ? 5F5 relaxation was a

3-phonon-assisted process. For all Ho3?/Yb3? co-doped

samples excited by a 980 nm CW LD at room temperature,

a weak green emission peaking at 542 nm and a strong red

emission peaking at 657 nm were recorded. This strong red

emission could be interesting for its applications on the

biomedical labels and color display. Power-dependent

studies revealed that both green and red emissions of the

samples result from 2-photon absorption processes. All the

Fig. 8 Simplified energy-level diagram of Ho3? and Yb3? ions and

upconversion luminescence mechanism for our samples. Solid straight
lines with upward and down arrows denote pumping and upconversion

transitions, and radiation transitions; dot lines denote energy transfer;

MPR, ESA, ETU and PET are the acronyms for the multi-phonon-

assisted relaxation, excited state absorption, energy transfer upconver-

sion and phonon-assisted energy transfer, respectively

Fig. 9 Temperature effects on the intensities of the red and green

upconversion emissions for YBPF:0.125Ho-15Yb sample (Inset:

Temperature effect on the spectra shape of the red upconversion

emission of Ho3?)

Fig. 10 Temperature effects on the intensity ratios of the red

emission to the green one (I657nm/I542nm) in up- and down-conversion

cases
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results showed the bright red-dominant upconversion light

of YBPF: Ho3?/Yb3? were decided by proper phonon

energy of the samples: (1) The fast phonon-assisted

relaxation from the 5I6 level was favorable to the popula-

tion on the 5I7 level. (2) The lifetime of 5I7 level is long

enough to receive energy for the promotion to the 5F5 level,

from where the bright red emission originates.
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