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The spectroscopic characteristics of the thulium and dysprosium co-doped congruent LiNbO3 (Tm:Dy:CLN)
single crystals have been studied for white-light generation. The chromaticity coordinates, color purity and color
temperature could be tuned with different doping concentrations or temperatures. Optimal white emission was
achieved when co-doped 0.5 mol% Tm®* and 1.0 mol% Dy>* under 363 nm excitation. The optimal operating
temperature of Tm(0.5 mol%):Dy(1 mol%):CLN for white emissions was determined to be 400 K with the
minimum color purity of 10%. The energy transfers between Tm>* and Dy>* were analyzed in detail and the

energy transfer efficiencies at temperature ranging from 20 K to 430 K were determined. The results in this paper
indicated the potential applications of Tm:Dy:CLN in optical temperature sensors and ultraviolet (UV) excited

white light emission.

1. Introduction

In recent years, appreciable interest has been focused on the white
light emitting diodes (W-LED) because of the promising advantages,
such as long lifetime, high efficiency, high reliability, environment
friendliness and so on. A new alternative trend to achieve white light
emitting effectively consisted in combining the visible emitting light
under UV excitation of rare-earth (RE>") ions, the energy levels of
which cover a wide spectral range. To develop promising new all solid-
state white emitting materials, much effort has concentrated on the
RE®* co-doped materials, including, for instance, the Tb*>*:Eu®" [1],
Dy**:Eu®* [2], Eu?*:Sm3* [3], Er**:Tm3* [4] and Tb®*:Sm®™* [5,6]
co-doped systems. Besides, the spectroscopic investigations on
Ho®>*:Yb*":Tm®* [7,8] tri-doped systems at room temperature have
been reported and the potential application in multicolor display has
been discussed. Among all the lanthanide ions, Dy>" is distinguished
for generating yellow light (*Fg,2 — ®Hy3,5) and blue light (*Fy,, —
®H;s,2) simultaneously. The yellow light intensity is sensitive to the
host material and mostly dominant, on account of the peculiarity of the
transition 4F9/2 — 6H13/2 [9]. With the intense blue emitting under
ultraviolet excitation related to the transition 'G, — 3Hg of Tm®* [10],
Tm3* could be chosen as codopant to adjust the color proportion for
white light emitting.

In prior studies, glasses and ceramics are the most common host
materials to obtain white light emission [11,12]. There are some

inevitable drawbacks: low luminescent efficiency, inferior mechanical
and thermal properties. As single-phased host materials, oxide single
crystals show better mechanical and thermal performance and higher
optical transmittance but were less adopted. Lithium niobate, one of the
most widely used integrated optical materials, had been studied in-
tensively and the spectroscopic properties of Dy>* or Tm** doped
Congruent LiNbO3 (CLN) (molar ratio [Li]/[Nb] = 0.946) had been
reported in Ref. [13,14]. With the excellent electro-optical properties,
nonlinear optics properties, a large optical transmission spectra range,
and high thermal stability [15-17], CLN could be a promising alter-
native as white-light host material.

There have been some reports on the structure and optical proper-
ties of the co-doped system Dy>*:Tm>*. The previous studies were
mainly focused on the influence of RE®>* ions doping concentration
[18-22], crystal structure [23,24] and excitation wavelength [25-28]
on tunable luminescence. Besides of the investigation on multicolor-
luminescence in Ho®>*:Yb®*:Tm®* tri-doped system [7], the tempera-
ture, another important factor on white-light emissions had been rarely
addressed. The corresponding research should be of great scientific
importance and might expand the applications. Except for the in-
sufficient research on temperature dependence of white light emissions,
especially in the co-doped system Dy>*:Tm>", to our knowledge, there
was few research paper involving the influence of temperature on en-
ergy transfer efficiency between rare earth dopants.

Therefore, in this paper, The luminescent properties in Tm:Dy:CLN
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crystals with different Tm®* concentration under different UV excita-
tion wavelengths were studied in detail and the white light emission
would be accomplished as a sum of blue and yellow light emissions.
Energy transfer between Tm>* and Dy>* was observed and discussed at
the temperature ranging from 20 K to 430 K. The influence of tem-
perature on white light emission in Tm(0.5 mol%):Dy(1 mol%):CLN
was investigated.

2. Experimental

Li»CO3, NbyOs, Tm,03 and Dy»05 of high purity were fully mixed
and calcined in the platinum crucible. The concentration of Dy>* in
melt was kept 1 mol%, while the concentration of Tm>* in melt varied
from Omol%, 0.1 mol%, 0.5mol% to 1mol%. Homogeneous
Tm:Dy:CLN crystals of good quality were grown along the c axis in air
by the Czochralski method. Wafers with the thickness of 2.5 mm were
obtained by cutting the central part of crystals perpendicular to the c
axis and then polished for further optical tests. The wafers with Tm>*
concentration from 0 mol%, 0.1 mol%, 0.5 mol% to 1 mol% were re-
ferred as DT-0, DT-1, DT-2 and DT-3 respectively thereinafter. Besides,
a single-doped crystal Tm: CLN, prepared through the same method,
was used as a reference and referred as T-#.

X-ray diffraction patterns from 20° to 90° were recorded using a D-
MAX 2200 VPC X-Ray Diffractometer. The absorption spectra were
measured in 350-850 nm wavelength region using a Lambda 950
UV-Vis-NIR Spectrophotometer at room temperature. The fluorescence
excitation spectra, emission spectra and decay curves were acquired
using an EDINBURGH FLSP980 Photoluminescence Spectrometer. The
experimental temperature for fluorescence emission spectra and decay
curves ranged from 20 K to 430 K.

3. Results and discussion
3.1. XRD patterns

The XRD patterns of the doped LiNbO3; samples and the congruent
LiNbO3 (JCPDS 78-0251) were presented in Fig. 1. The strong diffrac-
tion peaks of the samples attributed to LiNbO3; were marked with the
indices of lattice planes, indicating no remarkable change in the lattice
structure after doping with Dy** and Tm>*.

3.2. Absorption and excitation spectra

The UV-VIS absorption spectra of the Tm:Dy:CLN wafers in the
330-850 nm wavelength range were recorded at room temperature and
presented in Fig. 2. The absorption bands related to the transitions from
ground state to excited states (Dy>*: ®Hys,, to °H “I and °P terms,
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Fig. 1. The XRD patterns of the Tm®* and Dy®* single-doped and co-doped CLN crystals,
and the un-doped CLN (JCPDS 78-0251).
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Fig. 2. The UV-VIS absorption spectra of the Tm:Dy:CLN wafers at room temperature in
the 330-850 nm wavelength range. In the inset: the fluorescence excitation spectra with
fixed emission wavelength at 461 nm and 583 nm.
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Fig. 3. The fluorescence emission spectra of Tm:Dy:CLN wafers under 358 nm and
363 nm excitation at room temperature.

Table 1
CIE chromaticity coordinates, color purity and color temperature (CCT) of Tm:Dy:CLN
single crystals under 358 nm or 363 nm excitation.

Aex Sample CIE (x, y) Color Purity (%) CCT (K)

358 DT-0 (0.4568,0.4408) 70 2970
DT-1 (0.4485,0.4273) 64 2995
DT-2 (0.3879,0.3558) 25 3618
DT-3 (0.3842,0.3443) 20 3608

363 DT-0 (0.4555,0.4399) 69 2982
DT-1 (0.4228,0.3940) 46 3169
DT—-2 (0.3401,0.2934) 16 4989
DT-3 (0.3196,0.2615) 25 6789

Tm3*: ®Hg to 'D °F and H terms) were marked up. The strong ab-
sorption around 800 nm, corresponding to transition ®Hys/5 — °Fs,5 of
Dy** and *Hg — °H, of Tm®*, was commonly selected as excitation
source for yellow emission. The UV Absorption bands centered at
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Fig. 4. (a) The fluorescence emission spectra of Tm(0.5 mol%):Dy(1 mol%):CLN (DT-2). (b) Normalized Integrated intensity variations of emission bands centered at 486 nm and 583 nm
in Tm(0 mol%):Dy(1 mol%):CLN (DT-0), and 461 nm in Tm:CLN (T-#). (c) Left Vertical: Normalized Integrated intensity variations of emission bands centered at 461 nm, 486 nm and
583 nm in DT-2. Right Vertical: The integrated intensity ratio (blue/yellow) in the DT-2; the blue part of the ratio (blue/yellow) was determined as a sum of the emissions centered at
461 nm and 486 nm. The spectra, intensities and ratios above were obtained under 363 nm excitation with increased temperature from 20 K to 430 K. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

358 nm 363 nm 366 nm and 389 nm were attributed to the transitions:
®His/e =°P;2 DY*"), *Heg —'D, (Tm3*), ®His/2 —°Ps,o(Dy>") and
®Hys,5 —*113,2(Dy>") respectively. The excitation spectra of the
Tm:Dy:CLN crystals with fixed emission wavelength at 461 nm and
583 nm were presented in the inset of Fig. 2. It was obvious that the
yellow emissions centered at 583 nm would be dominant in visible
region and intense blue emissions under 358 nm or 363 nm excitation
were essential for optimal proportion to achieve the white light emit-
ting.

3.3. Emission spectra with different Tm>* concentration and white light
generation

The fluorescence emission spectra of Tm:Dy:CLN wafers with var-
ious Tm>* concentrations under 358 nm and 363 nm excitation was
measured in 410-690 nm wavelength range and presented in Fig. 3.
Intense yellow emissions centered at 583 nm (Dy>*: “Fg,5—>%Hjs,2),
blue emissions centered at 486 nm (Dy>*: “Fq,,—°H;5,») and relatively
weak red emissions centered at 667 nm (Dy>*: “Fg,,—°Hj,,5) were
observed in all Tm:Dy:CLN samples. The blue emissions at 461 nm re-
lated to transition 'D,—>F, of Tm®* were enhanced with the increased
concentration of Tm>* from 0mol% to 1 mol%. The ratio of blue/
yellow emission increased correspondingly. Besides, stronger blue
emissions at 461 nm were obtained when excited at 363 nm than
358 nm, along with higher blue/yellow emission ratio. The CIE chro-
maticity coordinates and color temperature were calculated based on
the fluorescence emission spectra and tabulated in Table 1. With the
results, we concluded that white light emission could be accomplished
in DT-2 and DT-3 under 363 nm excitation and 358 nm excitation re-
spectively. The color purity was calculated using the formula [29]:
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\/(xs -x)?+ (O — y,-)z/\/(xd —x)% + Oy — »)* X 100%, where (x5, ¥s)
(x;, ¥1) and (xg, yq) denote the CIE chromaticity coordinates of the
samples, the standard white light (x;=0.33, y;=0.33) and the dominant
wavelength. The results were added to Table 1. The color purity is
100% for pure color and 0% for standard white color. It is evident that
the optical emission of Tm(0.5 mol%):Dy(1 mol%):CLN (DT-2) under
363 nm excitation was closer to the standard white light than others.

3.4. Energy transfer in Tm(0.5 mol%):Dy(1 mol%):CLN

The fluorescence spectra of Tm(0.5 mol%):Dy(1 mol%):CLN (DT-2)
under 363 nm excitation, with which white light emission had been
achieved above, were measured at temperature from 20 K to 430 K and
presented in Fig. 4(a). The normalized integrated intensities (f I(A)dA)
of emission bands centered at 461 nm 486 nm and 583 nm in DT-2 were
computed and presented in Fig. 4(c). The normalized integrated in-
tensities of emission bands related to Dy>*: yellow emission band
centered at 583 nm (Dy**: *Fy,,—®His,5) and blue emission band
centered at 486 nm (Dy>*: *Fq,,—°H;35,2), increased as the temperature
increased, while the normalized integrated intensity of the blue emis-
sion band centered at 461 nm related to the transition 'D,—>F, of
Tm>* increased with temperature ranging from 20 K to 200 K and then
tended to decrease. In consequence, the corresponding integrated in-
tensity ratio (blue/yellow), the blue part of which consisted of the
emissions centered at 461 nm and 486 nm, was increased with in-
creasing temperature from 20 K to 135K and then reduced with in-
creased temperature above 135 K, as shown in Fig. 4(c).

As reported in Ref. [30] the thermal effect commonly lead to an
increase of non-radiative relaxation and decrease the emission intensity
as result, which was consistent with the temperature dependence of
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Fig. 5. (a) Overlap of Dy>* emission band and Tm>* absorption band in CLN. (b) Overlap of Tm>* emission band and Dy>* absorption band in CLN. (c) Energy level diagram of Tm
(0.5 mol%):Dy(1 mol%):CLN, depicting the dominant energy transfer process and transition emission mechanism.
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Fig. 6. The fluorescence decay curves of (a) the transition Dy: *Fo,,—°H;3,, (583 nm) or (b) the transition Tm:'D,—>F, (461 nm) in Tm(0.5 mol%):Dy(1 mol%):CLN (DT-2), Tm:CLN (T-
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temperature ranging from 20 K to 430 K. (d) The energy transfer efficiencies 7gr; (Dy>* —Tm®*) and 5y, (Tm®* —Dy®*) at temperature from 20 K to 430 K.

731



S. Long et al.

0.8F

0.6

0.4}

0.2F

°3.

06

0.8

Fig. 7. The CIE chromaticity coordinates of white light emissions in the Tm(0.5 mol%):Dy
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to 430 K.

Table 2

CIE chromaticity coordinates, color purity and color temperature (CCT) of the Tm
(0.5 mol%):Dy(1 mol%):CLN single crystal under 363 nm excitation in the temperature
range from 20 to 430 K.

Temperature (K) CIE (x,y) Color Purity (%) CCT (K)
20 (0.4225, 0.3857) 44 3103
75 (0.3978,0.3553) 27 3354
135 (0.3353,0.2852) 19 5267
200 (0.3356,0.2858) 18 5248
250 (0.3400,0.2915) 17 4984
298 (0.3401,0.2934) 16 4989
350 (0.3521,0.3092) 12 4456
400 (0.3586,0.3181) 10 4245
430 (0.3664,0.3293) 11 4043

486 nm-emission and 583 nm-emission integrated intensities in Tm
(0 mol%):Dy(1 mol%):CLN (DT-0) presented in Fig. 4(b). Despite the
common downward trend of experimental emission intensities of RE>*
especially at high temperatures, there could be sometimes an upward
trend at a certain low temperature range in single-doped materials, the
emissions of Nd:LaAlO3 [31] and Dy:65B;03-30Na,0-5CaO [32] for
example. In our experiment, the integrated intensity of 461 nm emis-
sion in Tm:CLN (T-#) increased first and then decreased at temperature
higher than 250 K as shown in Fig. 4(b). The thermal characteristics
might be one reason for the emission intensity variation of Tm®* in the
co-doped sample DT-2, but conflicted with the emission intensity var-
iation of Dy>* in DT-2: increasing with increased temperature until
350 K. The abnormal temperature-dependent emission intensity varia-
tion of Dy>* in DT-2, which was unusual and similar to the emission
variation of Tm®* at 700 nm in the Ho®>*:Yb®*:Tm>* tri-doped LiNbO5
[7]1, should be accounted for in terms of the energy transfer between
Tm®" and Dy®* [33,34] after Tm>* co-doping.

Since the probability of energy transfer is proportional to the
overlap area between the absorption spectrum of the acceptor and the
emission spectrum of the donor [33] according to Dexture's theory [35],
with the significant overlap between the Tm>* absorption band
(®*He—'G,) and the Dy** emission band (*Fg/,,—°H;s,/5) presented in
Fig. 5(a), an energy transfer process from Dy*>* to Tm3* (ET1) was
confirmed. The fluorescence decay curves of the transition Dy>*: *F,
2—>6H13/2 (583 nm) in DT-0 or DT-2 were measured at temperature
from 20K to 430 K and the curves obtained at 298 K were shown in
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Fig. 6(a). The radiant lifetimes of the level Dy®*:*F,, in DT-0 and DT-2
at temperature ranging from 20K to 430 K were determined and
plotted in Fig. 6(c). The energy transfer efficiency (7gr; = 1— tpr.2/7p1-
o) of ET1 plotted in Fig. 6(d) varied between 5.36% and 10.26%
without regularity. With the relatively low value of 5gr;, the effect of
ET1 on emission intensity was negligible.

There should be another energy transfer process from Tm>* to
Dy>* (ET2), caused by the significant overlap of the Dy>* absorption
band (6H15/2—>4115/2) and the Tm®** emission band (*D,—°F,) pre-
sented in Fig. 5(b). The fluorescence decay curves of the transition
Tm>*:'D,—3F, (461 nm) in T-# or DT-2 were measured at temperature
from 20 K to 430 K and the curves obtained at 298 K were shown in
Fig. 6(b). The radiant lifetimes of the level Tm®*:'D, in T-# and DT-2
were determined by single exponential fitting and double exponential
fitting respectively and plotted in Fig. 6(c). The energy transfer effi-
ciencies of ET2 (ygr2 = 1— tpr.o/7r.#) were calculated and added to
Fig. 6(d). ET2 should be dominant, weakening the upward trend of
emission intensities of Tm®* in DT-2 at temperature from 20K to
250 K, since 5g7, was remarkably greater than #gr;. The increasing ngr2
at temperature ranging from 75K to 200 K might be an important
reason for the increasing emission intensity of Dy*>* in DT-2. When the
operating temperature was above 200 K, gy, decreased with increasing
temperature, which was consistent with the variation of Tm** emis-
sion. With the decreasing 5pr2, emission intensity of Dy*>* in DT-2 still
kept increasing but started to flatten at 350 K.

To depict the dominant energy transfer process and emission me-
chanism of the Tm(0.5 mol%):Dy(1 mol%):CLN single crystal, The en-
ergy level diagram was presented in Fig. 5(c).

3.5. The temperature-dependent white light in Tm(0.5 mol%):Dy(1 mol
%):CLN

The CIE chromaticity coordinates of Tm(0.5 mol%):Dy(1 mol
%):CLN under 363 nm excitation with increased temperature from 20 K
to 430 K were calculated and presented in the CIE chromaticity dia-
gram, as shown in Fig. 7. The CIE chromaticity coordinates were within
the white region consistently. At temperature range of 20-135 K, the
CIE chromaticity coordinates moved from the yellow region (581 nm)
to the blue region (461 nm), followed by a slow trend of shifting toward
the yellow region with increased temperature from 135 K to 430 K. The
temperature-dependent color tuning property apparently resulted from
the variation of blue/yellow integrated intensity ratio and the energy
transfer process. The corresponding color temperature and color purity
were calculated and listed in Table 2. With the operating temperature
exceeding (below) 135K, there was a negative (positive) correlation
between the color temperature and the operating temperature, which
might find application in temperature measurement. The minimum of
color purity was 10% at 400 K, indicating that the optimal operation
temperature for white light generation in Tm(0.5 mol%):Dy(1 mol
%):CLN was 400 K.

4. Conclusion

The luminescence properties of Tm®>* and Dy>* single and co-
doped CLN single crystals have been investigated over a wide range of
temperatures. The chromaticity coordinates, color purity and color
temperature of Tm:Dy:CLN crystals with various Tm®* concentration
under 358 nm and 363 nm excitation were determined. And the white
light emission was accomplished in the Tm(0.5 mol%):Dy(1 mol%):CLN
single crystal under 363 nm excitation. The energy transfer processes
between Tm>* and Dy*" in Tm(0.5 mol%):Dy(1 mol%):CLN were
analyzed at the temperatures ranging from 20 K to 430 K, indicating the
energy transfer from Tm®* to Dy>* always dominant with higher ef-
ficiencies. Luminescence properties could be tuned with temperature
and the optimal white light emission in Tm(0.5 mol%):Dy(1 mol
%):CLN occurred at 400 K with the color purity of 10%. With the
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results, we proposed the potential applications of Tm:Dy:CLN in optical
temperature sensors and UV-excited white light emission.
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