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ABSTRACT

A Dy**-doped CeF; yellow region laser crystal was successfully grown using the Bridgman method. A 570 nm emission in Dy:CeF; crystal was observed for the first
time. By analyzing the absorption and emission measurements of the Dy:CeF; crystal with the Judd-Ofelt theory, the intensity parameters Q5 46, exited state
lifetimes, branching ratios, and emission cross-sections were calculated. It is found that the Dy:CeF; crystal has high emission cross section (0.9259 x 10~2° cm?) and
long fluorescence lifetime (1.53 ms) corresponding to the stimulated emission of Dy>*:*Fy,, — ®H;3/, transition. We propose that the Dy:GeF; crystal may be a

promising material for 570 nm laser applications.

1. Introduction

The continuous development of laser medicine, biomedical instru-
ments, telecommunication, and many other fields, is leading visible
lasers operating around yellow region have attracted much attention in
view in the last years [1-3]. Regrettably, there is still a blank region in
this band for LD, this puts forward requirements for the emission of
yellow light laser by rare earth ion doped lasers. Among various rare
earth activated ions, Dy3+ activated materials have attracted much
attention due to the 4F9/2 to 6H13/2 transition luminiscence emission
[4]. The large energy gap between the “Fq 5 and next lower level °F;
reduced multi-phonon relaxation [5]. Furthermore, the 4115/2 dyspro-
sium manifold near 450 nm and the continus development of com-
mercially available blue laser-diodes (LD) supplies with a new optical
pump band [6]. These reasons make Dy>* has great potential in yellow
region visible laser applications. Recently, there have been many re-
ports confirming the potential of Dy3+ on yellow light lasers, the
output power and efficiency are also continuously improving [7-9].

The fluoride crystals attracted much attention in the search for new
visible laser crystal hosts. Compared with oxide hosts, fluoride material
possesses its combination of lower reflective index, good thermal
properties, easy-processing, excellent solubility for rare-earth ions, and
broadband transmittance from UV to mid-IR region [10,11]. Further-
more, the fluoride hosts have significantly lower maximum phonon
energy (about 380 cm ™ 1) than other crystals [12], which is beneficial
for suppressing multiphonon de-excitation processes. LaF; and CeF3
crystals are such kind of materials that follow all the above advantages.
LaF; single crystal is a well-known laser host and recently it has
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attracted considerable interest for rare-earth ions doping [13,14].
Compared with LaFs, its ionic radius is closer to rare earth activated
ions, which makes it easier to dope. However, few works have studied
the raer-earth ion doped CeFj5 crystal. On the basis of the above reasons,
we made a systematic investigation on the Dy** doped CeF; single
crystal.

In this work, the XRD patterns, IR transmittance spectrum, ab-
sorption spectrum, fluorescence spectrum and fluorescence decay curve
of Dy:CeF; crystal have been recorded at room temperature. The J-O
theory was used to analyze the absorption spectrum. The emission
probability, fluorescence branching ratio radiation lifetime were cal-
culated. Among them, the Dy®*: “F,, level fluorescence lifetime longer
than other host crystals has attracted our attention. On the basis, sys-
tematically confirmed Dy:CeF3; has great potential in yellow region
visible laser emission.

2. Experimental section

The Dy>* (2.0at. %) single doped was grown by the Bridgman
method. The CeF3 (99.99%) and DyF3 (99.99%) fluoride powder pro-
vided commercially have been used as raw materials. The raw material
is packed into a 30 mm diameter graphite crucible, then spontaneously
crystallize according to the set procedure. The melt in the crucible was
melted for 10h in the high-temperature zone with a temperature of
1360 °C. Then the crucible was pulled down to the low-temperature
zone at the speed of 1.2 mm/h and a rotation rate of 5 rpm to drive the
growth process. At last, the as grown crystal was cooled to room tem-
perature at the rate of 30°C/h. In order to avoid oxidation during
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Fig. 1. The cutting sample and XRD pattern of CeF3 crystals, (a) Dy:CeF3
crystal and (b) CeF3 crystal (JCPDS 08-0045).

crystal growth, the inside of the furnace was under the atmosphere of
high-purity Argon (70%) and Carbon tetra-fluoride (30%) during the
whole procedure. Finally, we got Dy:CeF3 single crystal with size
®20 mm X 35 mm size.

Crystal structure identification was under taken on a D/max 2550 X-
ray diffraction (XRD) using Cu Ka radiation. The concentration of the
Dy*"* ions was measured by inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES) analysis. The IR transmittance spectrum of
Dy:CeFj3 crystal was measured by Nicolet 6700 FTIR spectrometer. The
absorption spectrum in the range of 300-2000 nm was recorded by a
PerkinElmer Lambda 950 spectrometer. The fluorescence spectrum in
range of 450-800nm was measured under 350nm xenon lamp

pumping.
3. Results and discussions

The as-grown Dy:CeF3 crystal was prepared successfully without
any bubbles. The (100) oriented crystal sample is shown in Fig. 1, we
can observe that the crystal is well crystallized and transparent. The
doping concentrations of crystal sample for testing were measured to be
1.72at.% of Dy**. The segregation coefficient of Dy** in the CeFs
crystal are approximate 0.82.

The XRD patterns of the Dy:CeF; crystal and the standard pattern of
CeF3 (JCPDS 08-0045), are shown in Fig. 2. In addition, the lattice
parameters of Dy:CeF; was calculated to be a = 0.7128 nm and
¢ =0.7284nm, both very similar to pure CeF; single crystal
(a = 0.7112nm, ¢ = 0.7279 nm). From the comparison we can find the
diffraction peaks are strong and no second phase diffraction peak is
found, indicating that the essential structure does not change while
doped with rare-earth ions.

The infrared transmittance spectrum of Dy:CeF; crystal was mea-
sured at room temperature shown in Fig. 2. There is a wide absorption
band in the region of 2.5-6.5 pm. One of the reasons for this phenom-
enon is because of the OH™ groups caused by fluoride absorbs water,
which resulting in the absorption band region from 2.5 to 4 ym [15],
the other reason is due to 2F,,-?Fs  transition of Ce>* [16]. The low
transmittance in the mid-infrared band makes it very difficult to mea-
sure the fluorescence lifetimes of ®H; 3,5 energy level of Dy®™.

The room-temperature absorption spectra in the range of
300-2000 nm of Dy:CeF3 crystal was shown as absorption cross-section
in Fig. 3. There are 7 main absorption bands centered at around 348,
364, 802, 906, 1110, 1276 and 1694 nm, which correspond to the
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Fig. 2. Infrared transmittance spectrum of Dy:LaF3 crystal.

Fig. 3. Absorption cross-section of Dy:CeFj in the range of 300-2000 nm.

transitions starting from the ®Hy5,, ground state to higher levels °P,,
6P5/2, 6F5/2, 6F7/2, 6H7/2+6F9/2, 6H9/2+6F11/2 and 6H11/2, respectively
[17]. The absorption bands centered at 450 nm are assigned to the
SH,s,2 — *I15,» transition, which make this crystal suitable to be
pumped by commercially available blue LDs [18], this increases the
commercial potential of Dy3+ ions in visible lasers. The absorption
cross-section could be calculated by the following formula:

(1) = 2.303 X OD(A)

LXNp @
where OD()) is the measured absorption optical density as a function of
wavelength, L is the thickness of sample and N is the number of Dy3 +
ions per cm>. At the wavelength of 450 nm, the absorption cross-sec-
tions is 0.0661 x 10~ 2° cm?. Therefore, the Dy:CeF; crystal to be ap-
propriate for commercial LD solid state laser pumping. The absorption
peak, full bandwidth at half-maximum (FWHM), 0., are listed in
Table 1.

According to the absorption spectrum, the intensity parameters
Q, 46 of Dy>* from the Judd-Ofelt theory were calculated. Judd-Ofelt
theory [19,20] is widely applied to the study of electron transitions
within the 4f shell of rare-earth ions in laser crystals. The detailed
calculating process of J-O analysis is given in the following. The
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Table 1
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Central wavelengths, peak absorption cross-sections, and measured and calculated line strengths of Dy:CeF3 crystal.

®Hy5,5 to A (nm) FWHM (nm) Oabs (1072% cm?) Smea (1072% cm?) Seal (1072 cm?)
®Hy1/2 1694 64.9 0.2835 0.7664 0.7082
®Ho/+°F11/2 1276 56.1 0.6142 1.6956 1.7016
®Hy,5+Fo o 1110 55.5 0.3631 0.9407 1.0507

°F,/a 906 29.6 0.3908 0.8157 0.7441

Fss 802 18.1 0.1977 0.2531 0.3145

SF3/5 754 9.2 0.0534 0.0414 0.0557

“Fo/a 472 6.9 0.0293 0.0483 0.0274

Ts/n 450 9.4 0.0661 0.0722 0.0698

“Gr1/a 426 4.9 0.0422 0.0298 0.0107

“Fr/a 386 6.5 0.1262 0.1688 0.0778

°Ps,, 364 5.6 0.2191 0.2139 0.0656

P, /5 348 6.0 0.4155 0.4544 0.3610

Table 2
The Judd-Ofelt intensity parameters, “Fy,, fluorescence lifetime and the concentration of the Dy*" ions of Dy**-doped crystals.

Crystals Qo (10~2°cm?) Q4 (1072°cm?) Qg (1072°cm?) T¢ (Us) Concentration (at. %) Reference
Dy:YAG 0.20 1.11 1.46 911 5 [23]
Dy:GGG 0.17 2.66 2.57 790 2 [24]
Dy:YAP 3.93 1.64 3.79 185 3.46 [25]

Dy: CaGdAIO,4 1.80 1.00 0.50 222 3 [26]
Dy:YVO4 6.59 3.71 1.74 310 1 [27]
Dy:LiYF, 2.01 1.34 2.39 - - [28]
Dy:LiLuF, 2.04 0.91 1.09 582 5 [29]
Dy:BaY,Fg 1.52 2.33 3.67 1240 0.5 [30]
Dy:PbF2 3.18 1.16 2.27 - - [31]
Dy:LaF3 1.75 1.94 1.97 1370 2 [32]
Dy:CeF3 1.01 0.69 0.91 1530 1.72 This work

Fig. 4. Fluorescence emission cross-section and the energy level scheme of
Dy:CeFj3 crystal.

experimental line strength S.., can be calculated by the following
equation:

3hc(2J+1) 9n  Inl0
8me2N, (n? + 2)2 AL

;
Sep, J) = f OD(A)dA
J

(2)

where J and J’ are the total angular momentum quantum numbers of
the initial and final states, h is the Planck constant, c is speed of light, e
is the electron charge, N is the concentration of the Dy3+ ions, n is the
refractive index which is calculated from Ref. [21], L is the thickness of
sample, and OD () is the optical density, respectively. The theoretical
absorption line strength of the electric-dipole transition can be written
as Eq. (2):

Fig. 5. The measured and fitted Fluorescence decay curves of Dy>*:*Fy, level.

Table 3
Calculated emission cross-section, radiation transition rates, branching ratios,
and the radiation lifetimes for the “Fy,, energy level.

Transition “Fo; — A (1m)  Oem (1072 °cm?) A7) B (%) 7 (ms)
6H15/2 479 0.1735 76.117 28.52 3.747
6H13/2 569 0.9259 169.983 63.70

®Hir 2 660 0.1215 13.462 5.04

6H9/2 + E’1'—"11/2 751 0.1082 7.293 2.73

sS4, 1) = Y, QISLIuOs, L, 1T
i=2,4,6 (3)

Where U® is the reduced matrix elements, and it is taken from Ref.
[22]. Q; (t=2, 4, 6) are the J-O intensity parameters. In addition, the
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theoretical absorption line strength of the magnetic-dipole transition
takes effects only if the transition is satisfied with the transition selec-
tion rules: AS = AL = 0, AJ = 0/ =+ 1. The Sy, and Sy are also listed in
Table 1. Through the least-square fitting between Sey, and S, the three
J-O intensity parameters were obtained: Q, = 1.01 x 10~ 2° cm?
Q4 = 0.69 X 1072° cm? and Q¢ = 0.91 x 10~2° cm?, respectively. The
J-O intensity parameters comparison of Dy:CeF3 crystal and other host
crystals are given in Table 2. The root-mean-square (RMS) deviation as
the measurements of error between the measured and calculation line
strengths was calculated by Eq. (4):

Z]’ (Sexp - Scal)2

RMS =
N-3 @

where N is the number of the transitions. The RMS deviation is
8.4611 x 10~ ?2cm?, indicating the J-O intensity parameters is cred-
ibility for predicting the luminescent properties of Dy:CeFs.
Furthermore, using the obtained Q, parameters, the spontaneous
emission probabilities A (=A.q + Anyg) can be calculated by:

64m*e?  n(n? + 2)?

A, T) = _
ald T 3h2J+ DA° 9

> QIS.L JUYs, L, I
i=24,6 )

A takes effects only when the transition follows the transition
selection rule. The radiative lifetime.
The fluorescence branching ratios B is defined by:

AQ, 1)
Y AQLT) ®)

The room temperature emission spectra ranging from 400 to 800 nm
of Dy:CeF; crystal were measured under excited at 350 nm, shown as
emission cross-section with the energy level scheme of Dy>*:*Fg,
emission in Fig. 4. The four emission bands centered at 479 nm,
569nm, 660nm and 751 nm were detected, corresponding to the
transitions from 4F9/2 to 6:['115/2, 6H13/2, 6H11/2 and 6H9/2 + 6F11/2,
respectively. The intense 570 nm wavelength shows good emission
performance for the yellow fluorescence. The results indicate that the
Dy:CeF; crystal is a potential candidate for yellow laser operation.

The fluorescence decay curves for the *Fo/, multiplet of Dy*>* ions
in Dy:CeF; crystal under pulse excitation of 350 nm is shown in Fig. 5,
and t¢ is 1.530 ms, which is much lower than the radiative lifetime ,
(3.747 ms) calculated by the Judd-Ofelt approach, and the quantum
efficiency (n = t¢/7,) reaches to 40.83%. The calculated lifetime =, is
given as the reciprocal of total radiative probability:

1
Y, AU T) @

There are two main reasons for the large deviation between t¢ and
7,: On the one hand, the J-O theory is prone to overestimate the value
of the radiative lifetime due to its partial inadequacy in predicting the
radiative properties [33]; on the other hand, Bridgeman method of
growth crystal increased inside stress and structural defects of the
crystal [34], which is further reduces the optical properties of the
crystal. Despite this, as far as we know this is the longest fluorescence
lifetime of Dy>*: *Fy,, level compared CeF; to other host crystals. The
longer fluorescence lifetime indicating higher energy storage ability
and the higher potential for Q-switched lasers application. The “Fq
fluorescence lifetime comparison of Dy:CeF3 crystal and other host
crystals are also given in Table 2. Unfortunately, due to the absorption
of the CeF; crystal host in the infrared region, we cannot measure the
lower level fluorescence lifetime.

The corresponding stimulated emission cross-section can be calcu-
lated according to the Fuchtbauer- Ladenburg theory:

B PI)AB
~ 8 [ 2(WAI(V)A (L) ®)

where A is the radiation transition rates, c is the speed of light, n(A) is

BALT) =

w(J) =

Cem
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the is refractive index of light with wavelength A in the crystal, <, is the
radiative lifetime of *Fq,, and I(A) refers to the measured fluorescence
intensity at wavelength A. At 570 nm, the peak emission cross-sections
are calculated to be 0.9259 x 10~2° cm?® The high emission cross-
sections indicate that Dy:CeF5 crystal would be available for laser op-
eration in the yellow region. Above all, the emission cross-section,
spontaneous emission probabilities, fluorescent branching ratio and
radiative lifetimes for different transition levels also shown in Table 3.

4. Conclusion

In conclusion, Dy>*-doped CeF; crystal was successfully prepared,
and a 570 nm emission was obtained in the present fluoride crystal.
Compared with other Dy®*-doped host crystals, it is found that the
Dy:CeFs crystal has high emission cross section (0.9259 x 10~ 2° cm?)
and longer fluorescence lifetime (1.53 ms) to the stimulated emission of
Dy>*:*Fq,5 — ®Hi3,, transition. All of the results indicate that the
Dy:CeF; crystal is a promising material for 570 nm laser applications.
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