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In this paper, we report the temperature and rhodamine B (RhB)-concentration sensing behavior of Ag/
ZnO/Er**:YbMoO, composite films based on the fluorescence intensity ratio (FIR) of two green
upconversion (UC) emissions which are ascribed to the 2Hyy,2/%Ss/> — *l15/2 transitions of Er®*. Through
the strong and non-overlapping green UC emissions, the FIR of the two green emissions is closely
related to temperature in the range of 300-650 K, which shows a high sensing accuracy and the
maximum sensitivity of 0.01574 K~%. Due to the wavelength-dependent absorption of dye molecules, the
FIR of the two green UC emissions exhibits an excellent exponential relationship with the RhB
concentration in the range of 0—1000 ppm, which is ascribed to the radiative energy transfer (RET) from
the composite film to RhB molecules. It is anticipated that the FIR technique based on the UC
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Introduction

Over the past few decades, rare-earth (RE) ion-doped lumines-
cence materials have drawn increasing attention for the effi-
cient lighting, visualization, optical communication and health
applications because of their various outstanding features, such
as sharp emissions, large Stokes shifts and long luminescence
lifetime.”™ RE ion-doped upconversion (UC) materials, where
higher energy photons can be emitted after absorbing lower
energy photons through multi-photon processes, have been
getting more and more interest due to their wide applications in
biomedicine, photocatalysis, solar cells, sensing, etc.>® Among
these applications, UC luminescence-based sensors, such as
optical temperature sensors and biosensors, have attracted
growing attention because they are non-contact and non-
invasive, capable of fast response, high accurate and spatial
resolution characteristics, and suitable to be applied in the
biological and medical fields due to the large penetration depth
into tissues, less photodamage and photobleaching, and low
background noise.”*
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In general, UC luminescence-based optical temperature
sensors are based on the variation of the UC emission intensity
of RE ions with increasing temperature due to the temperature-
dependent nonradiative rate at a particular energy level of
interest.’**? Also, the UC luminescence-based biosensors are
usually based on the variation of the emission intensity of
chromophores resulting from the concentration-dependent
energy transfer (ET) from RE ions to target molecules.>*?
However, the fluorescence emission depends on many factors
including the host material, the energy level of interest, the
dimension of the material doped with RE ion, the excitation
condition, etc. The above-mentioned temperature-dependent
nonradiative rate and concentration-dependent energy trans-
fer would often be incorrectly interpreted and susceptible to
errors due to changes in those factors. One way of avoiding
these obstacles is to use the fluorescence intensity ratio (FIR)
method, which consists of measuring the intensity of fluores-
cence from two different emissions that have different
temperature dependence or concentration dependence, whose
ratio provides a measurand that is essentially independent of
other disturbance factors, such as the reduction of the vari-
ability induced by the measuring conditions, and helps to
improve the sensitivity, accuracy and resolution.*

The FIR measurement technique has already been success-
fully used in optical temperature sensors based on the ratio of
fluorescence intensity originating from two closely spaced
energy levels with separations of the order of the thermal
energy, which is independent of fluorescence loss and fluctua-
tions in the excitation intensity.'*"****> Although a variety of RE
ions and host materials are adopted for temperature sensing

This journal is © The Royal Society of Chemistry 2017
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based on the FIR technique, two factors that mainly affect the
FIR-based optical temperature sensing behavior are the overlap
of the two fluorescence wavelengths from the coupled levels,
and the sufficient fluorescence intensity from two coupled
energy levels." Currently, biological detection using RE-doped
UC materials as a biosensor mainly based on the fluorescence
of chromophores activated by the ET process from RE ions
resulting from the spectral overlap between RE ions (donor) and
chromophores (acceptor).>**>'®'” It is established that ET can be
realized by either fluorescence resonance energy transfer
(FRET) or radiative energy transfer (RET). FRET is a non-
radiative dipole-dipole coupling process with an efficiency
inversely proportional to the sixth power of the distance
between donor and acceptor.’® FRET is extremely sensitive to
small changes in the distance of the donor and acceptor, which
are usually separated by a few nanometers.'” Thus, relatively
complex methods must be used to combine the RE-doped UC
materials with other chromophores. These methods are usually
carried out in a solution which is usually unstable, which makes
them irreproducible, with poor processability and low UC effi-
ciency.'*?*?*> Compared with FRET, RET is a process where the
emission from the donor is reabsorbed by the acceptor. The
propagation of radiation from donor to acceptor can be remote,
which permits the development of solid state UC biosensor with
a high UC efficiency, an easy and stable operation, and an
excellent recyclability and tailorability. However, the low effi-
ciency of the RET process usually leads to weak fluorescence of
chromophores, which results in lower concentration detection
sensitivity and a larger error.

The Ag/ZnO/Er**:YbMoO, composite film under infrared
excitation produces strong and non-overlapping green UC emis-
sions of Er*" ions. Based on such performance, the temperature
sensing behavior of the composite film based on the FIR of two
green UC emissions was greatly improved in this work. For
instance, the highest temperature sensitivity of 0.01574 K"
achieved in the temperature range of 300-650 K is better than
that of other reported Er** based UC sensing materials and most
of the other RE based sensing materials. In addition, different
from the biodetection methods based on the fluorescence of
chromophores,®**® the rhodamine B (RhB) dye concentration
sensing behavior of the composite film was investigated based on
the FIR of the two green UC emissions of the Er’*" ions. A good
exponential relationship was found between the FIR and RhB
concentration in the large concentration range of 0-1000 ppm,
indicating the excellent biosensing behavior based on the FIR
technique of the RE UC emissions.

Experimental

The Ag/ZnO/Er**:YbMoO, composite film, consisting of three
sublayers of Ag, ZnO nanowires and Er’*-doped YbMoO,, was
prepared as reported elsewhere.”® First, Ag sublayer with
a thickness of 28 nm was deposited on a glass substrate by
direct-current magnetron sputtering. Second, radio-frequency
magnetron sputtering was used to deposit ZnO seeds on the
Ag sublayer and the hydrothermal method was utilized to grow
a sublayer of ZnO nanowires (900 nm in length), based on the
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ZnO seeds. Third, an Er**-doped YbMoO, (molar ratio of Er : Yb
=1 :10) sublayer with a thickness of 500 nm was spin-coated on
the ZnO nanowires with a stoichiometric solution of Er(NO;);-
-5H,0, Yb(NO;);-5H,0 and (NH,)sMo0,0,,-4H,0. Finally, the
whole composite film was annealed at the temperature of 773 K
for 2 h in a normal atmosphere.

The luminescence emission spectra of the composite film
were detected by a Jobin Yvon iHR550 monochromator coupled
to a CR131 photomultiplier tube under a 980 nm laser diode
(LD) excitation. The spectral resolution of the experimental set-
up was 0.1 nm. For the temperature-dependent luminescence
measurement, a temperature controlling system was used to
adjust the temperature from room temperature to 673 K, where
the measuring and controlling accuracy were about +0.5 K. For
the dye concentration-dependent luminescence measurement,
the aqueous solution with a certain RhB concentration was
adopted and the measurement was conducted at room
temperature.

Results and discussion

Y-Type fiber optic reflection/backscatter probe bundles were
used to introduce the 980 nm excitation light and simulta-
neously collect the temperature-dependent UC emissions, and
a schematic diagram of the luminescence measurement is
presented in Fig. 1. The advantages of this measuring system
are that the flexible fiber makes the measurement process easier
to operate in practical application, the composite film can be
easily integrated into the fiber head, and the measuring light
path is very simple.

The UC emission spectra of the Ag/ZnO/Er*':YbMoO,
composite film at different temperatures recorded by using the
above measuring system are shown in Fig. 2. Intense green and
faint red UC emissions are observed from the *H,y/,/*S;, —
11552 and *Fo;, — Iy, transitions of Er’*" in the wavelength
range of 500-700 nm for all temperatures, separately. The two
green emission bands originating from the *Hy1/,/*S3, — *Lisn
transitions show nearly no overlap, which boosts the accuracy of
the measurement of the integral intensity. In addition, the
variation of temperature does not change the position of the UC
emission peaks, whereas the emission intensity clearly changes.
The inset in Fig. 2 shows the integral intensity of UC emissions
as a function of temperature. The intensity of the green UC
emissions of the *H,/, — *I;5, transition (I) and Sz, — 115,
transition (I5) undergo complex changes with temperature,
whereas the red UC emission intensity of the “Fg, — *Iys
transition (Igeq) is nearly independent of temperature.
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Fig. 1 Schematic diagram of the measurement of the temperature-
dependent UC emissions.
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Fig. 2 UC emission spectra of the Ag/ZnO/Er3+:YbMoO4 composite
film at different temperatures. The inset shows the green and red
emissions intensity versus the temperature.

It is well-known that the coupled energy levels of *Hy,/, and
“S;;, are thermalized, whose population follows the Boltz-
mann's distribution. The FIR of the two green UC emissions
from *Hyy, — *Lis, and “S;, — *Lis, transitions can be

expressed as:'!

no N(Hug) N
—=——=Cexp| ——— (1)
Is N(4S3 /2> kT

where, T is the absolute temperature, k is the Boltzmann
constant, AE is the energy gap between the ®H,, and *Ss/,
levels. The pre-exponential factor C is a constant relative to the
degeneracy, emission cross-section, and angular frequency of
the corresponding transitions. A monolog plot of the FIR of the
two green UC emissions as a function of the inverse absolute
temperature is shown in Fig. 3a. The excellent linear fitting of
the plot reveals that FIR is dependent on 1/7T with an intercept of
3.36 £ 0.01 and a slope of about 988.10 + 5.01. The FIR of the
two green UC emissions relative to the temperature is presented
in Fig. 3b. The FIR of the two green UC emissions increases
from 1.09 to 6.31 as the temperature increases from 300 K to 650
K, indicating an obvious variation of the FIR for the two green
UC emissions. The value of the pre-exponential factor C is
around 28.74 according to the fit of experimental data. The large
determination coefficients (r*) in Fig. 3a and b indicate the high
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Fig. 3 (a) Monolog plot of the FIR of the green UC emissions for the
2Hy1/2/%S3/5 — “lis)» transitions as a function of the inverse absolute
temperature. (b) FIR of the green UC emissions for the 2Hyq/0/*S30 —
4I15/2 transitions relative to the temperature.
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accuracy of the measurement by the FIR technique using the
composite film based temperature sensor.

The temperature sensitivity is an important characteristic for
evaluating the performance of a thermometer. The relative
sensitivity Sy, which allows the comparison between the sensi-
tivities obtained from different thermally coupled energy levels,
can be expressed as:™

7ld_R7A_E (2)
" RAT  kT?

S, is only dependent on the energy gap AE of the pair energy
levels with larger AE in support of S,. The S, of the composite
film-based sensor is 988.1/7> from the fitting in Fig. 3. For
comparison, Table 1 presents the relative sensitivities of other
temperature-sensing materials based on the FIR technique.
Although the energy gap AE for the *Hy;;, and *S;, levels is
different in those sensing materials, maybe as a result of the
different environments of Er’", the small difference of AE leads
to the weak variation of the relative sensitivity S, in Er**-doped
sensors (this work and ref. 24-32 in Table 1). Other RE ions
(such as Nd**, Eu**, Dy*" and Ho®" in Table 1) based tempera-
ture sensing materials have higher S, than that of this work
because of the larger AE in those RE ions.

However, the absolute sensitivity S, is a more important
parameter for the practical application of optical thermal
sensing, and is given by:"

dR
.= -——=R
S dTr

AE
T (3)

The absolute sensitivity S, as a function of temperature for
the composite film based sensor is depicted in Fig. 4. In the
temperature range of our measurement, S, initially increases
and then decreases with elevated temperature, with the
maximum value of about 0.01574 K ' at 494 K. From our
previous study,*® the maximum absolute sensitivity Spax iS
expressed by:

0.54C

Smax = AE/k

(4)
which depends not only on the energy gap AE, but also on the
pre-exponential factor C. The comparison of Sy,.x between this
work and other sensing materials is also presented in Table 1.
The Smax in this work is larger than those of other sensing
materials based Er*" and most of the other RE ions. To obtain
higher Spax, both smaller energy gap AE and larger pre-
exponential factor C are required, like the Tm>'-doped
sensing materials (ref. 37 in Table 1). In addition, the optimal
operating temperature range is also vital for temperature
sensors. The parameter Ty,.x, at the temperature where the
sensor has maximum S,,,y, is given by

AE  S.T?
2 2 (5)

Tmax =

which is only relative to the energy gap AE. Like the relative
sensitivity S;, there is also no obvious difference in the Tyax
among Er’*-doped sensing materials (around 500 K) due to the
similar energy gap AE of *H,4,, and *S;, coupled energy levels,

This journal is © The Royal Society of Chemistry 2017
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Table 1 Temperature sensing properties based on the luminescent materials with RE ions as the activator
g

Materials Transitions AE (em™) Sy (K™ c Smax (1074 K™ Timax (K) Ref.

3+, 3+, 2 4, 4 T .
Ag/ZnO/Er**:YbMoO, Er*": Hyy ), %S5 — "Lispa 687 988.1/ 28.74 157.4 494 This work
composite film
Er’'/Yb**:cawo, Er*": Hyy ), %S5 — "Lispa 745 1072/T* 13.87 721 535 24
Er*'/Yb**/Li":NaYF, Er*": Hyyp, S50 — "ispa 804 1198.2/T* 18.54 59.2 453 25
Er*":KYb,F, Er*": Hyyp, 'Sz — “Lisp 844 1224/T* 10.29 45.4 590 26
Er’*:Yb,Ti,O, Er*": Hyy ), %S5 — "ispa 473 679.2/T* 9.3 74 340 27
Er*":PLZT ceramics Er*": Hy1p, S50 — "ispa 773 1108.3/T* 3.88 18.9 554 28
Er*":PKAZLF glass Er*": Hyyp, %S5 — "ispa 850 1218.6/T* 21.5 79 630 29
Er*'/Yb*:Y,0, Er*": Hyyp, 'Sz — “Lisp 827 1185.5/T* 19.89 91 593 30
Er’'/Yb**:Srwo, Er*": Hyyp, S50 — "ispa 602 866.1/T* 21.12 149.8 403 31
Er’*:BaMoO, Er*": Hy1p, %S5 — "Lispa 655 939/T* — 227 463 32
Nd*":P-K-Ba-Al glass Nd**: *Fs5, “Fs0 — "o 908 1301.8/T° 5.36 22.2 651 33
Eu*":(Yo.75Gdo.25)203 Eu’": °Dy, °Dy — 'F, 1633 2350/T* 24.84 49 823 34
Dy**:Y,4A1,00 Dy**: Y155, “Fos — ®Hisp 1347 1937.6/T* 11.0 30 873 35
Ho’'/Yb*":CawO, Ho™": °F, 3/°Ks, °Ge/°F; — °Ig 1304 1890/T° 16.67 50 923 36
Tm*'/Yb**:Y,0; Tm*": 'D, — °F,, *H, — *Hq 394 564.9/T* 82.76 780 270 37

> 100

m Experimental data
—— Theoreticalivalue

Sensitivit
5
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Temperature (K)

Fig. 4 Dependence of absolute sensitivity on the temperature for the
composite film based sensor.

as shown in Table 1. Using an RE ion with larger energy gap AE
contributes to higher Ty, such as Nd**, Eu**, Dy** and Ho’",
shown in Table 1.

A schematic diagram of the luminescence measurement of
the RhB concentration-dependent UC emission is presented in
Fig. 5. The Ag/ZnO/Er3+:YbMoO4 composite film was attached to
the outer wall of a cuvette containing the aqueous solution with
different RhB concentration. The composite film was excited by
the 980 nm LD and the corresponding luminescent signal was
collected at the other side of the cuvette. The advantage of this
measuring system is that the amount of RhB solution can be
precisely controlled for the measurement of different RhB

%uvette
_l’\
p
. | Lens
\ 4
pe
© - Spectrometer
©
N == Green emissions of Er3*
Rare earth doped N ™ RhB RhB emissions
composite film — solution © RhB molecular

Fig. 5 Schematic diagram of the luminescence measurement of the
RhB concentration-dependent UC emissions.

This journal is © The Royal Society of Chemistry 2017

concentration, and the measuring system can be easily, stably
and repeatedly reused in the practical application.

Under the measuring system, the Ag/ZnO/
Er*":YbMoO, composite film still exhibits strong green UC
emissions and weak red UC emissions, and the UC emission
spectrum for the RhB concentration of Cgnp = 0 (pure water) is
shown in Fig. 6. The normalized RhB relative absorption and

above

emission spectra are also presented for comparison.** The RhB
absorption band has a large degree of overlap with the green UC
emission band of the composite film, which suggests that ET
may be taking place between the composite film (as the donor)
and the RhB molecules (as the acceptor).

The UC emission spectra of the composite film at different
Crng is shown in Fig. 7. The spectra reveal that with increasing
Crnp, the intensity of the green UC emissions gradually
decreases and the FIR of two green UC emissions also varies
likewise, while a new emission band from RhB appears in the
wavelength range of 560-640 nm. The inset of Fig. 7 reveals that

1 .0 I 21 4 S5 tlisr
11727 11572 A
—_ ; —— Composite film
= 0.8t g —— RhB absorption
© 7 RhB emission
~ 0.6} ?
> 1
B 1
n 0.4} 77
£ o
-
c 0.2}/ ‘
- \\y\\ 4Fv/z—"]ﬁ/z
0.0 “~ >

500 525 550 575 600 625 650 675 700
Wavelength (nm)

Fig.6 UC emission spectrum of the Ag/ZnO/Er3+:YbMoO4 composite
film (black line) under the measurement condition in Fig. 5. The
normalized RhB absorption (green line) and emission (yellow line)
spectra are presented for comparison. The asterisks calculated by egn
(6) denote the relative RhB absorption coefficients of the two green
UC emissions for the 2Hqq2/%Ss/2 — *l15/2 transitions.
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Fig. 7 UC emission spectra of the composite film at different Crpp.

the intensity of the RhB emissions increases with RhB
concentration, and the RhB emission peak gradually redshifts
with increasing Cgrpg, Which could be explained by the reab-
sorption effect of RhB.* The red UC emission intensity from the
composite film remains almost unchanged with the variation of
the RhB concentration, indicating that the red UC emission has
no interaction with the RhB dye. Note that the RhB emission at
low concentration (<100 ppm) is difficult to observe because of
the relatively low intensity.

To clearly detect the influence of the RhB concentration on
the fluorescence emission, the integrated intensity of the green
UC emissions and RhB emissions as a function of the RhB
concentration is given in Fig. 8. The monotonical decrease of
the green UC emissions and increase of RhB emissions can be
detected. Due to the identical measuring condition, the
decrease of the green UC emissions is uniquely caused by the
increased absorption resulting from the increasing RhB
concentration. Meanwhile, the intensity change of the RhB
emissions can be ascribed to the ET process between the
composite film and RhB molecules because of no absorption of
RhB in the wavelength around 980 nm.

As mentioned above, FRET only occurs in a nanoscale
spacing between the donor and the acceptor, thus, due to the
large gap in the cuvette wall between the composite film and the
RhB solution, only RET process exists in this work. A plausible
schematic diagram is presented in Fig. 9 to illustrate the
emission and ET process. Under the 980 nm LD excitation, the

200k %Q =@- In+Is
= -@-Iu
sk N\ -0-I
; 0\ —Q— Irs
100k} oo
2 - \Q\o\
7] o
£ 50kt “\3
0f @ 9Q—O—9O— : d
0 200 400 600 800 1000

Dye concentration (ppm)

Fig. 8 Integralintensity of the green UC emissions and RhB emissions
as a function of the RhB concentration.

48498 | RSC Adv., 2017, 7, 48494-48500

View Article Online

Paper
PR
20 e w1l
- e | | AT

- ‘__,: Sz A
"_E 15 E'!',"' t “Farz H
o ' 1
2 e ol |
T 10%Fs2 1 AL e RET:
S 4 1
O | 4 |
g H l1312 :
5 1 |

| 1

| 1

' { ¢

042Fr2 A L y hsiz |
Yb3* Er3* Cuvette RhB

Fig. 9 Schematic diagram of a plausible mechanism for the emission
and ET processes in the measuring system.

well-known processes of absorption and subsequent ETs are
ascribed to the green and red UC emissions of the composite film.
Then, part of the green UC emissions from the *Hy15/*S3, — 1152
transitions could be reabsorbed by the RhB dye molecules through
the RET process, exciting the RhB molecules from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO). Next, the radiative transition of RhB
molecules from LUMO to HOMO produces the RhB emissions as
shown in Fig. 7.

As the decrease of the green UC emission intensity is caused
only by the reabsorption of RhB molecules, the relationship
between the green UC emissions and RhB concentration
satisfies the Beer-Lambert law,

I(C) = L0) x 1075/€ = [,(0) exp(—2.303K;/C) (6)

where, C is the concentration of the absorbent substance (RhB
molecules in this work), I,(0) and I,(C) are the intensity of the
transmitting light with a wavelength of 1 at the concentration of
0 and C, respectively. K; and [ are the absorption coefficient at
wavelength of 1 and the optical length, respectively. Since the
absorption property of RhB is relative to the wavelength (green
line in Fig. 6), we study the intensity evolution of the two green
UC emissions for the *H;,,, — “I;5,, and *S;,, — L5, transi-
tions with elevated RhB concentration. According to eqn (6), the
FIR of the two green UC emissions can be expressed as:

_ I_H _ IHO CXp( _2303KH1CRhB)

FIR =R = =
IS ISO exp( —2.303KslthB)

= @ exp(2.303AKs_y/Crip) (7)
Iso
where, Iy, and Iy are the UC intensity of the *Hyy, — “Lisp
transition at the RhB concentration of 0 and Cgyp, respectively,
and I, and I are the UC intensity of the *S;,, — *I;5,, transition
at the RhB concentration of 0 and Cgpg, respectively. Ky and Kg
are the absorption coefficient of RhB at the center wavelength of
the *Hyyp — “Iys;, and *S;, — ‘I35, transitions, respectively,
and AKs_y = Ks — Ky1. Eqn (7) shows that In R is linearly relative
to Crng, and the corresponding plot of FIR as a function of Crpp
is displayed in Fig. 10. Within the concentration range from 0 to
1000 ppm, there is a good linear relationship between In R and
Cgrnp With an intercept of 0.096 £+ 0.006 and a slope of 0.0014 +
0.000017. The large determination coefficients (+*) in Fig. 10a

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra09977k

Open Access Article. Published on 16 October 2017. Downloaded on 4/7/2026 12:29:52 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
5
(a)ﬁ B Experimental data (b) B Experimental data
=, | —Fit(~=0.99904) _ 4 ——Fit(r2=0.99937)
= )
1.0 s
x x
€ 05 2t
|
0.0 LnR = 0.096 + 0.0014Cpyp 1t R = 1.1007exp(0.0014Cpp)
0 200 400 600 800 1000 0 200 400 600 800 1000
Dye concentration (ppm) Dye concentration (ppm)
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(b) FIR of the green UC emissions for the 2Hy1//%Sz/> — *l15/2 transi-
tions relative to the RhB concentration.

and b indicate that the FIR technique based on the two green
UC emissions from the composite film is suitable for the
detection of the RhB concentration.

Eqn (7) also indicates that the FIR is relative to the difference
of absorption coefficient for the two green UC emissions
(AKs_y) and the initial intensity ratio of the two green UC
emissions (Iyo/lso). Since the two green UC emissions of Er’*
have different absorption coefficients (the asterisks shown in
Fig. 6), the FIR of the two green UC emissions is an efficient
measurand that is essentially independent of the fluorescence
loss or fluctuations in excitation intensity. Another advantage of
using RE UC emissions for RhB sensing is that the UC emis-
sions by infrared excitation are very suitable for biodetection. In
addition, there are plenty of monochromatic RE UC emissions
which can be used for the FIR technique. For instance, the green
UC emissions of the composite film can be divided into five
different monochromatic Stark UC emissions (Figs. S1 and S27),
where the FIR of two of them can be suitably used for RhB
concentration sensing, as shown in Fig. S3(e-j).T

Like the relative sensitivity of temperature sensing in eqn (2),
the relative sensitivity S, of the RhB concentration sensing can
be given by:

1 dR

where, AK is the difference of absorption coefficients for the two
UC emissions. The S; is the slope of the In R-Cgnp plot
(Fig. 10a), which is strongly relative to AK, and large AK helps to
improve the relative sensitivity S,. The relative absorption
coefficients of the two green UC emissions for the 2H,1,5/"S30 —
1,5, transitions (the asterisks calculated by eqn (6) which are
very consistent with the absorption spectrum of RhB, as shown
in Fig. 6) have a large difference of about 55%, which is suitable
for the FIR technique. It is also found that the two Stark UC
emissions with a AK larger than 37% (Fig. S3(i)t) can be used for
the FIR technique with high accuracy (Fig. S3(e—j)T), while the
small AK of the two Stark UC emissions will cause a large error,
which deviates from the linear relationship (Fig. S3(a-d)T).
Note that the RhB emissions at the wavelength range of 560-
620 nm are also relative to the RhB concentration (Fig. 7).
Accordingly, we also study the relationship between the RhB
emission intensity (Izxng) and Cgpp. It is found that Igpp is
exponentially related to the Crp but has a very large fitting error

This journal is © The Royal Society of Chemistry 2017
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(Fig. S4t1). Due to the low RhB fluorescence efficiency (only
about 2.82% calculated from Fig. S47), the RhB fluorescence
emissions was very weak and even undetectable at lower
concentration (Fig. 7 and S2t), indicating that it is unsuitable
for RhB sensing based on the RhB emissions in this work. Thus,
compared with the RhB sensing based on the RhB emissions,
the FIR technique based on the two green UC emissions of Er**
is proved to be an effective and excellent approach for RhB
sensing with high detection accuracy. Moreover, the FIR tech-
nique is simpler than other methods, such as the lifetime
measurement, because of the easy fluorescence detection and
the low cost of measurement. Compared with conventional
absorption measurements, the use of FIR technique would be
beneficial in microfluidic devices where short optical paths
prevent the use of the conventional attenuated transmission
technique for optical measurements.

Conclusions

In summary, both the temperature and RhB-concentration
sensing properties of the Ag/ZnO/Er*":YbMoO, composite film
were investigated using the FIR technique. The FIR of the two
green UC emissions of Er’* was studied as a function of
temperature. The maximum sensitivity was approximately
0.01574 K ', which is higher than that of other Er’**-based
sensing materials and most of the other RE ions-based sensing
materials. The FIR of the two green UC emissions of Er’* was
also found to be exponentially dependent on the RhB concen-
tration with high measurement accuracy. It is suggested that
the FIR technique is an effective method in the multifunctional
temperature and dye concentration sensors.
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