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Optical thermometry based on upconversion luminescence in Yb**/Ho>* @mem
co-doped NaLuF,4
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ARTICLE INFO ABSTRACT

Article history: Short wavelength upconversion luminescence of Ho'' was investigated for temperature sensing with
Received 27 September 2013 fluorescence intensity ratio (FIR) technique in Yb**/Ho co-doped p-NaLuF, hexagonal microprisms syn
Reocived in revised fn-rm 13 _Nnuemhr:r 2013 thesized by hydrothermal method. The origins of two emission peaks located at 4820 nm and 443.6 nm
:"TELI;::I Eﬂlll'iuvg?m:rr mlhir 2013 were identified for the first time. Further study on temperature dependence of 980 nm-excited upconver
vatlable onfine =7 Novem sion FIR between two thermally coupled multiplets (°F,/°Gg and °F; 3/°Kg) was carried out from 390 K to
780 K. The FIR increases with temperature monotonously and the experimental data are well fitted with a

::‘;Ejuii:-.uﬂﬁ;wmmm theoretical function. A large energy difference (1438 cm™ ') is obtained from the fitting curve, which could
ULEDHW_H.[D“ v account for a hizher relative sensitivity in this system than most RE* doped FIR-based temperature sen-

Fluorescence intensity ratio sors, making this optical material a promising candidate for high-sensitive temperature sensing.
Hydrothermal method & 2013 Elsevier B.V. All rights reserved.



1. Introducton

Non-invasive temperature sensors based on optical thermome-
try techniques, such as fluorescence life-time [1-4] and fluores-
cence intensity ratio (FIR) technique |[5-19|, have recently
attracted considerable attention. This kind of non-invasive tech-
nique can be used in many situations, such as the temperature
measurement of fast-moving objects, cells and corrosive circum-
stances, where the conventional thermometers using contact
methods are not applicable. Moreover, this measurement can be
carried out with a high spatial resolution and a high sensitiviry
in a short acquisition time. Therefore, real-time monitoring of the
temperature distribution and change can be achieved. FIR tech-
nique, based on the temperature dependence of the FIR between
two thermally coupled energy levels (TCEL), is regarded as a very
promising approach for temperature sensing because it can reduce
the dependence on measurement conditions and improve sensing
accuracy.

Some rare-earth ions (RE*") possessing TCEL play a key role in
the study of FIR-based temperature sensors. Vetrone et al. [7] have
successfully realized temperature measurement inside an individ-
ual Hela cell with water soluble Na¥YFs:Yb*'[Er’' upconversion
(UC) nanoparticles. Recently, Song et al. reported the dual mode
temperature sensing utilizing silane-modified NaYF,Yb*'|Er*
loaded with Eu(TTA):(TPPO), [8]. Gd** based UC material used as
temperature sensor was firstly reported in 2013 by Qin et al. |9].

* Corresponding author, Tel.: +86 (551) G3606912; lax: +86 (551) GIGOORTY,
E-mail address: yinmin&ustceduw.cn (M. Yin).

Other ions such as Pr*' [10], Nd*' [11], Dy™ [12], and Tm*" [13]
were also widely investigated in relation to FIR technique. How-
ever, the relative sensitivities for these ions are low due to the nar-
row energy gaps between these TCEL (less than 1200cm™'),
because the relative sensitivity is proportional to the gap AE
[14]. Therefore, a more ideal energy gap is desired to improve
the relative sensitivity.

Ho* was verified to be another promising candidate for FIR-
based temperature sensing in Ho>*[Yb* co-doped glass ceramic
containing PbF; nanocrystals [ 15]. The largest energy gap between
the TCEL (°F;/°Gg and °F23/’Kg multiplets) in Ho*" is 1660 cm ™'
|20], so a high relative sensitivity can be expected.

In this work, well-crystallized fi-NaluF4:10% Yb*, 0.5% Ho™
powder sample was synthesized in view of the fact that f-NaLuF,
is regarded as one of the most efficient hosts for UC luminescence
|21,22]. Under 980 nm excitation, the short wavelength UC spectra
were studied at different temperatures from 390 K to 780 K. The
results demonstrate that this material is a promising candidate
for high-sensitive temperature sensing. Compared with most
RE* doped temperature sensors, Ho** exhibits higher relative sen-
sifivity in certain temperature range.

2. Experimental

All of the chemicals are of analytical grade reagents and ased without further
purification. The RE[ND;); standard solutions were prepared by dissolving the
respective rare earth oxide (99.99%) in dilute nitric acid at elevated temperature.

In a typical procedure |23) for the synthesis of f-NaLuF,:10% Yb*, 0.5% Ho™'
powiler sample, RE(NOg); standard solutions {(LufYh{Ho = 89.5:10:00.5, 2 mmuol in
total) were added into 10 mL agueous solution containing 2 mmol ethylenedi
aminetetraacetic acid disodium salt (EDTA-2Ma), resulting in a chelated RE-EDTA



3. Results and discussion
3.1. Structure and upconversion luminescence

The crystal structure of the as-prepared sample was identified
by X-ray diffractometer (XRD). As shown in Fig. 1({a), all diffraction
peaks can be indexed by the standard powder diffraction file card
No. 27-0726 | 24| and no other impurity peak 1s detected, indicat-
ing that pure f-NaluF; has been synthesized. The SEM image
(Fig. 1({b)) shows that the as-prepared powder sample is composed
of hexagonal microprisms with an average size of 40 pm in length
and 10 pm in diameter. Most microprisms crossed together, which
could be attributed to the several different growth directions from
seed crystals. From the inset of Fig. 1(b), which is the enlargement
of the marked part, the prismatic planes are very smooth without
any obvious defects, revealing high crystallinity of the sample.

Under 980 nm excitation, the short wavelength UC emissions
were observed from 350 nm to 510nm in f-NalLuF,:10% Yb*',
0.5% Ho** sample, though the intensity was about two orders of
magnitude weaker than that of the intense green luminescence
(centered at 541 nm). Fig. 2 illustrates the UC luminescence mech-
anism in the as-prepared sample |25,26|. Speahcally, under
980 nm excitation, an Yb*" ion in the ground state is excited to
EFf,ﬁ. When it drops back, the energy is transferred to an adjacent
Ho™ ion, leading to a °l; excited state. Then the second energy
transfer (ET) pumps the Ho** ion to °F,/°S; states, and the G, state
15 populated through a third ET process. The below energy levels
are populated by the subsequent multi-phonon relaxation pro-

Ao SpotMagn Det Wik
SO0 Y AT 5B 71 DS

Fig. 1. (a) XRD pattern of the f-NaLuF,:10% Yb*', 0.5% Ho®' powder sample and the
standard data of hexagonal f-MaLuF, (JCPDS No, 27-0726). (b) SEM image of the as-
prepared sample. Inset is the magnification of the marked part.

density is not larger than 32.5 mW/mm? in our experimental con-
ditions. Interestingly, the intensity of the emission peak at
482.0 nm increases monotonously with the power density, which
is temperature-independent. This trend is consistent with the var-
iation of *G4/*K; —» °lg transitions centered at 387.3 nm. Moreover,
the energy gaps between “Ga/°Ky and °l; levels in LaCls:Ho?" are
20,666 cm ' and 20,985 cm ', respectively [20], which match well
with the emission peak at 482.0 nm. Therefore, it is concluded that
the peak at 482.0 nm should be assigned to the transitions of
5G4l*K7 —» °1; rather than 5F,3/°Kg —» °lg. To the best of our knowl-
edge, this transition has never been previously assigned. Further-
more, the power dependence of UC emissions located at



4. Conclusions

Well-crystallized f-NaLuF,:10% Yb*, 0.5% Ho® hexagonal
microprisms were successfully synthesized. By the analysis of
short wavelength UC spectra, the emission peaks at 482.0 nm
and 4436nm were firstly identiied to orginate from
°G4/*K7 — 717 and °G's/*Hg — 17 transitions of Ho**, respectively.
Then thermal behavior of the emissions originated from the TCEL
(°F1/°Gg and °F3/*Kg) was investigated in the temperature region
from 390K to 780 K. The relationship between the integral FIR
and temperature are well-fitted with an effective energy gap of
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ntics ‘@ CENTURY SPECTROSCOPY
MTO-1000-H20

Trace Moisture Analyzer for Inert, Passive, Toxic and Corrosive Gases

Lowest Detection Limit*:
Bensifivity:

Accuracy (greater of):
Speed of Response (typical):
Operating Range:
Environmental Conditions:
Storage Temperature:

* Bssed on 24-howr pesk-fo-pesk variation

Materials of Construction:

Wetted Componenis:
Gas Connection:
Leak Tested to:
Pneumatic Pressure:

Automatic Sampling System:
- MTO-1000
= MTO-1007

Alarm Indicators:
Power Requirements:
Power Consumption.
Output Signals:

= Recorder

= Alarm
Communications:
User Interface:

- - - B
<Pl
r

200 ppd Mounting:

100 ppt

4% of reading or £ 0. 1ppb Weight:

To 50 ppb intrusion <3 minufes

0- 5000 pph

10°C-40°C

-10°G-50°C
318L stainless steel Sample Inlef Pressure:
(optional HastelowE) Flow Rafte:

10 R surface finish

144" Li VCR Infef & Ouflet
=2 X 107 mbar- | fsec

T0-100 psig, clesn dry air, 1487
Press-to-iock

COne input
Four inputs standsnd

User programmahle set poinis
90-240 VAC, 50/60 Hz
200 Walis max

Isolsfed 4-20 7 0-5VDG

Fom-C relzy

RE-232, Wireless (Oiptional]
104" Golor VGA dispisy with
towch screen, P52 Mouse and
Keyboard connection, 10BaseT
Ethemet. LIS, RE-232

Sample Gases:
= WTO-1000
= WTC-1007

Sample Line Temperature:

Approvals:
Methaod:

Patents:

14192757
(25 6cm x 48.3cm x 70.0cm)
T00bs (45.4kg)

10— 125 psi (1.7 - 3.6 bar)
Up to 2 sim per infet

inerf and passive gases
inert, toxiz, corrosive, and
passive gases

Up to 60°C

GCE: LVD & EMC

GCawity Ring-Down
Spectrossopy

LS. Patent # 5,528,040

U5, Applicafion # 09/358, 518
Other Patenis Pending

250 Titus Avenue, Warrington, PA 18976
Phone: (215) 343-6600 + Fax: (215) 343-4194
www.tigeroptics.com

Basad on absorption spectroscopy, Cavity Ring-Down
Spectrascopy (CRDS) works by attuning light rays to the unique
molecular fingerprint of the sample species. By measuring the
fime it takes the light to fade or “ring-down", you receive an
accurate molecular count in milliseconds. The time of light
decay, in essence, provides an exact, non-invasive, and rapid
means to detect contaminants in the air, in gases, and even

in the breath.

A breakthrough discovery by Professor Kevin Lehmann, Ph.D., of
Princeton University made the commercialization of this tech-
nique possible. He proved that compact, relatively inexpensive,
and widely available Continuous Wave (CW) lasers can substi-
tute for the costly, cumbersome pulsed lasers previously used
in CRDS-based research. He thereby made the requisite power
of light affordable and practical for commercial use.

—

. A Continuous Wave (CW) diode laser emits a directed beam
of light energy through an ulira-high reflective mirror into
the absorption cell (cavity).

M

. The light reflects back and forth between two ultra-high
reflective mirrors multiple times, up to a total path length
of 100 kilometers.

[2%]

. Once the photodiode detector “sees” a preset level of light
energy, the light source is shuttered or diverted from
the cavity.

.

. On each successive pass, a small amount of light or ring-
down signal emits through the second mirror and is sensed
by the light detector.

o

. Once the light "rings down", the detector achieves a point of
zero light energy in milliseconds, and the measurement is
complete.

1 =n
Mimor  Photodiode Trigger Computer

The key components illustrated are as follows:

1. Emits light energy

2 Prevents light energy feed-
back from interfering with
the laser

Shuttering device for the
light source

With mirrors, creates
measurement cavity

5. Monitors the light energy
from the absorption cell

6. Works in concert with the
photediode and sends
signal to the AOM to
activate the ring-down
cycle.

SNtics

UNITED STATES:
250 Titus Avenve, Warrington, PA 18976
ph: 1-800-641-6478 / fax: 1-215-343-4194
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