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version nanocrystals in PMMA
microfiber: a novel methodology for temperature
sensing

Muhammad Khuram Shahzad, a Yundong Zhang, *a Lugui Cui, b Lu Liu, b

Mehwish Khalid Butt b and Hanyang Li *b

This paper reports the synthesis of a b-NaYF4:Yb
3+/Tm3+ phosphor by a thermal decomposition method

and focuses on the fabrication of microfibers by the co-doping of nanocrystals with PMMA solution via

a facile drawing method. The structural characteristics of the nanocrystals are studied by XRD and TEM

techniques. Meanwhile, the optical properties of the microfibers are probed by wave guiding

performance and upconversion spectroscopy. With the excitation of a 980 nm laser source, the

microfiber presented blue upconversion emission of Tm3+ ions. The fluorescence intensity ratio (FIR)

method is utilized for the non-thermally coupling transition (1D2 / 3F4 (452 nm) and 1G4 / 3H6 (476

nm)) levels to carry out the optical thermometry. The maximum sensitivity is recorded at 298 K and is

0.00157 K�1. The results suggest that the microfibers have potential applications in thermometry with

high sensitivity.
1. Introduction

The majority of luminescent materials emit light at longer
wavelengths compared to the excitation source. There are many
technological applications that can benet from atypical
materials that convert lower energy photons into higher energy
photons, by a process known as upconversion (UC). Upconver-
sion can be achieved through a variety of optical process, such
as two photon absorption, second-harmonic generation, two
step absorption and energy transfer upconversion at low exci-
tation intensity, and has been the subject of research interest
over the last decade. Moreover, upconversion materials doped
with rare earth ions have been used extensively because of their
attractive applications such as lighting,1 multiple color
displays,2 sensors3 and biological4 and optical thermal sensi-
tivity.5–13 Dye doped PMMA (polymethyl methacrylate) nanowire
uorescence guiding has been applied to a series of integrated
microstructural optical devices in one dimension, including
nano-lasers, micro-optical sensors and ber biosensors.14–18

Due to their high efficiency, uorescence photons can be
coupled into guided modes of microbers.19 Furthermore,
upconversion materials such as oxyuoride glass-ceramics,
Ca(WO4)3 and b-NaLuF4, aer co-doping with rare earth ions,
were used for temperature sensing and the fabrication of
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nanowires and microtubes.20–24 Generally, such techniques are
expensive and the fabrication process is difficult. The fabrica-
tion process for nanowires and microtubes from glass-ceramics
and crystals are not simple and they have a high cost, and thus
their applications are highly limited. Fortunately, this disad-
vantage may be countered by the co-doping of nanocrystals with
a polymer for the fabrication of microbers. Therefore, it is
promising to investigate whether upconversion nanocrystal
polymer microber (UCNPMF) can be used in an easier and
cheaper way. It is noteworthy that Tm3+ and Yb3+ ions possess
relatively high luminescent efficiency. These ions exhibit visible
upconversion luminescence pumped by the near infrared (NIR)
region and therefore the doping of nanocrystals with Tm3+/Yb3+

is commonly used for the investigation of optical properties, but
co-doping with a polymer is of growing interest for the fabri-
cation of microbers. Before now a few investigations for
optical sensing have been reported, mainly concerning the
fabrication of upconversion microbers in a simplistic way,
therefore it is important and novel to focus on a simple strategy
for fabrication of microbers and the use of a single microber
for temperature sensing.

Herein, we have used a thermal decomposition technique for
the synthesis of b-NaYF4:Yb

3+/Tm3+ ions, while microbers are
successfully fabricated by the co-doping of nanocrystals with
PMMA solution by applying a facile drawing method. Under the
excitation of a 980 nm ber laser the microbers demonstrated
light transmission and blue upconversion luminescence. The
wave guiding and upconversion luminescent properties of the
microbers will be discussed systemically. Subsequently, the
light transmission loss coefficients and coupling efficiency of
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Schematic diagram for optical characterization.
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two microbers with different angles were evaluated. The uo-
rescence intensity ratio (FIR) method is used between the 1D2

/ 3F4 (452 nm) and 1G4/
3H6 (476 nm) emissions. Aerwards,

the sensitivity is calculated in the temperature range from 298 K
to 338 K. The results are evidence that the microber can be
used as an excellent candidate for optical temperature sensing.

2. Materials & methods
2.1 Synthesis of b-NaYF4:Yb

3+/Tm3+ nanoparticles

All of the chemicals are analytical grade reagents and are used
without further purication. The b-NaYF4 doped with Yb3+/
Tm3+ powder was prepared using a thermal decomposition
method.25 In a typical process, 2 ml of a methanol solution of
LnCl3 (Ln ¼ Tm, Yb and Y, total amount of 1 mmol, with a ratio
of 79.5 : 20 : 0.5) was magnetically mixed with oleic acid (OA)
(19 mmol) and octadecene (ODE) (46 mmol) in a 100 ml three-
necked ask. Before cooling to room temperature, the mixture
was degassed under an argon (Ar) ow and then heated up to
150 �C for 30 min to form a clear solution. 12 ml of a methanol
solution containing NH4F (4 mmol) and NaOH (2.5 mmol) was
added to the solution of LnCl3 in OA and ODE and stirred for
60 min. The mixture was slowly heated to remove the methanol
and any residual water. The mixture was then quickly heated to
the reaction temperature of 300 �C and aged for 2 hours. The
solution was cooled down to room temperature and was washed
with cyclohexane, ethanol and methanol at least 4 times before
the nal NaYF4 nanocrystals were re-dispersed in 10 ml cyclo-
hexane in preparation for their use.

2.2 Fabrication of the microbers

In order to fabricate the microbers, rstly, a block of PMMA
was dissolved in chloroform and the nanocrystals were
dispersed in cyclohexane. The two kinds (nanocrystal and
PMMA) of solution were mixed, followed by ultra-sonicating
for one hour to get a uniform solution. The weight ratio of
PMMA to nanocrystal was about 200 : 1. A ber probe with
a tip (diameter � 10 mm) was fabricated using a ame heated
drawing process using the single mode ber with diameter of
125 mm. The ber tip was xed with a plate and connected to
a direct current (DC) motor. When the ber tip was immersed
into the mixed solution (nanocrystal and PMMA) the DC
motor was used to pull out the ber tip for the fabrication of
microbers with different diameter. We controlled the speed
Fig. 1 (a–c) Fabrication of microfibers from incorporated solutions of P

This journal is © The Royal Society of Chemistry 2018
of pull and uniform diameter of the microbers using the DC
motor. The drawing process is shown in Fig. 1(a–c). Lastly,
a double ber tip was used for cutting the microbers into
small pieces. The diameter of a microber can be increased or
decreased by changing the speed of the DC motor. The ber
probe tip was xed on a three dimensional (3D) adjustment
stage to contact the microber which was further used to
investigate the optical properties.
2.3 Optical characterization

The characterization and optical properties of UCNPMF were
studied under optical microscopy. Fig. 2 shows the experi-
mental set up. The ber probe tip was xed on the 3D adjust-
ment stand which was coupled to a 980 nm laser source for the
excitation of a microber. A heater was used to increase the
temperature of the sample. Thus, photoluminescence (PL)
signals were collected using 10� (numerical aperture (NA) ¼
0.25), 20� (NA ¼ 0.4) and 40� (NA ¼ 0.65) objectives. The
emission spectra were observed using a 40� (NA ¼ 0.65)
objective. Moreover, a 980 nm lter was used to overcome the
reection of the ber laser. The beam splitter was applied for
splitting the emission spectra of the microber to the spec-
trometer (Ocean optics QE Pro) and the charge-coupled device
(CCD) camera (Olympus DP 26).
MMA and nanocrystals by a facile drawing process.
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3. Results and discussions

The crystal structure was characterized using XRD analysis.
Fig. 3(a) shows that the pattern is consistent with standard
values of hexagonal phase NaYF4. It can be clearly seen that the
relative intensity and position of all diffraction peaks have
closely matched with standard peaks (JCPDS no. 28-1152). The
well-dened and sharp diffraction peaks suggest that synthe-
sized nanoparticles are well crystallized and no raw materials
were detected in an as-synthesized sample conrming that the
Tm3+ and Yb3+ are well doped into b-NaYF4 lattices. Fig. 3(b and
c) show typical transmission electron microscopy (TEM) images
of nanocrystals which indicate the uniform particles distributed
monodispersely, with an average diameter of �23 nm. Fig. 4(a
and b) show the SEM images of a microber with a diameter of
� 2 mm. One can clearly see the smooth surfaces of the micro-
bers. On closer inspection, the inset gures indicate that the
microbers are well-dened and homogeneous.

We co-doped b-NaYF4:Yb
3+/Tm3+ with PMMA solution to

fabricate the microbers. In order to prove that b-NaYF4:Yb
3+/

Tm3+ are present in a single microber, a small diameter
microber was prepared and characterized via TEM. Fig. 4(c)
shows the TEM images of a single microber, indicating that
b-NaYF4:Yb

3+/Tm3+ is well-dispersed in a single microber.
In order to probe the optical properties of an individual

microber a 980 nm laser source was used to illuminate the
microber at the middle and top points. Fig. 5(a) shows the
Fig. 3 The characterization of the nanocrystals. (a) XRD pattern of b-NaY
(TEM) images of b-NaYF4:20% Yb3+/5% Tm3+ at 100 nm and 50 nm scal

Fig. 4 (a and b) The scanning electronmicroscopy (SEM) images of micro
(TEM) image of a microfiber with a small diameter.

19364 | RSC Adv., 2018, 8, 19362–19368
microber (diameter � 11 mm and length � 405 mm) which was
excited at the middle point with a white and dark background
under a 10� objective. The two bright end points act as an optical
waveguide and suggest that the microber absorbs the light and
propagates towards the end spots uniformly.26 Fig. 5(b) shows the
true-color PL image of amicrober under a dark background. The
PL microscope image was obtained with a 10� objective. Then,
part of the microber was magnied using a 20� objective and
further magnied using a 40� objective. The brightness proved
that the distribution of nanocrystals within the microber is
uniform on this large diameter scale. There is no evidence of
appreciable scattering centers such as break points or UCNPMF
clustering. Furthermore, to analyze the wave guiding perfor-
mance, Fig. 5(c) shows the propagation of light with different
excited points of amicrober under a dark background (diameter
� 6 mm) under a 980 nm ber laser. Themicrober was excited at
different positions to measure the normalized PL intensity of
output spots but the brightness intensity remained the same
along the excited point positions.

We used Adobe Photoshop to convert the output spot images
from RGB (red, green and blue) to gray styles. The gray styles
values were calculated using Matlab for characterizing the cor-
responding intensities, as used in previous work.27 The
normalization was considered in measured intensities at the
end faces against those measured at each excited location on
the microber due to little uctuation in excited power. It is
observed that self-absorption and Rayleigh scattering hinder
F4:20% Yb3+, 5% Tm3+ and (b and c) transmission electron microscopy
es.

fibers with diameter� 2 mm. (c) The transmission electronmicroscopy

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Wave guiding performance of upconversion UCNPMF. (a) The photoluminous (PL) blue color image of a microfiber with a diameter of 11
mm and a length of 405 mm; (b) the PL image of microfiber (diameter of 12 mm and length of 571 mm) with 10�, 20� and 40� objectives; (c–e) PL
images of three microfibers with black background (diameters � 6 mm, �10 mm and �13 mm) at different excited point positions.
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the propagation of light in microbers and become asource of
optical loss. Similarly, Fig. 5(d and e) show that the propagation
of light in microbers (diameter � 10 and 13 mm) with different
excited points under a dark background and follows the same
phenomena as in Fig. 5(c). Moreover, Fig. 6(a–c) illustrates the
relationship between guide distance and PL intensity, with inset
dark images of the microbers (diameter � 6 mm, �10 mm and
�13 mm, respectively). The experimental data was tted using
a rst order exponential decay curve with reference to the
Lambert–Beer law which is given as follows.

Iendpoint/I0 ¼ exp(�ad) (1)

where Iendpoint is the intensity of the endpoint of the microber
and I0 is the intensity of the excited spot, d is the propagation
distance and a is the tting parameter. The corresponding curves
in Fig. 6(a–c) show that by increasing the propagation distance
the PL intensity of the output spots decreases exponentially.
Thus, the transmission loss coefficients (a) of different micro-
bers with diameters � 6 mm, �10 mm and �13 mm are
�135.263 cm�1, 160.88 cm�1and 261.98 cm�1, respectively.

From Fig. 6(a–c), it is also observed that when diameter of
the microber increases the transmission loss in a microber
also increases. In fact, the transmitted light in a microber is
adversely affected by its increasing diameter and becomes the
source of more propagation loss due to self-absorption of wave
guided PL.28 The lanthanide (Ln3+) ions have a great absorption
cross-section area, it therefore largely overlaps with the
Fig. 6 (a–c) The relationship between PL intensity and guided distance o

This journal is © The Royal Society of Chemistry 2018
emission cross-section that undergoes a serious uorescence
self-absorption.29 If the dimension of a microber is less than
wavelength, it leads to Rayleigh scattering which agreed with
CdSe/ZnS-doped nanobers.30 These results suggest that the
wave guiding performance of the microbers (b-NaYF4:Yb

3+/
Tm3+ co-doped with PMMA) are closely matched with the wave
guiding performance of microtubes31 and demonstrate the
typical active and passive wave guide features of nanowires.32,33

In order to explore the coupling efficiency of two microbers
we studied the image brightness and normalized PL intensity of
emitted light. Fig. 7(a–f) show the coupling efficiency of two
microbers with different angles between them. A microber
with a diameter of 10 mm was excited using a 980 nm laser ber
tip. Another microber with a diameter of 13 mm is placed
underneath. The position of the excited spot remained same
but the angle between the two microbers was changed.
Fig. 7(a) shows that when the cross angle is 106� between two
microbers then the coupling efficiency becomes very low. We
estimated the coupling efficiency by studying the image
brightness and normalized PL intensity of the emission light.
Here, we dened coupling efficiency as h ¼ Ioutput/Iexcited point

and the estimated efficiency is about 1.8%. Similarly, Fig. 7(b–f)
show that when the cross angle is tuned to 83�, 59�, 44�, 16� and
5�, the estimated efficiency is about 2.5%, 5%, 11.6%, 16.5%
and 22.27% respectively. It can be seen that the brightness of
the end points gradually increases aer decreasing the cross
angle between two microbers. However, the brightness of the
end points shows an obvious decrease while increasing the
f microfibers at diameters of � 6 mm,�11 mm and�13 mm, respectively.

RSC Adv., 2018, 8, 19362–19368 | 19365
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Fig. 7 (a–f) True-color PL microscope images of twomicrofibers with different cross angles (diameter� 10 mm and�13 mm) under excitation of
a 980 nm fiber laser. (g) The relationship between coupling efficiency and angles between two microfibers.
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angle between them. We found that tuning the cross angle
between two microbers could make the coupling more prom-
inent. It is interesting to nd that the brightness of the end
points exhibits signicantly angle-dependent behavior with
respect to two microbers. Fig. 7(g) shows the relationship
between efficiency (%) and angle (degree). The experimental
data can be tted using a rst order decay function. The
maximum coupling efficiency at 5� is recorded as 22.27%. Thus,
the increasing angle is attributed to decreasing the coupling
efficiency. The coupling efficiency depends on an angle between
two microbers. Hence, these results correlate with wavelength-
converted wave guiding in dye-doped polymer nanobers.34

Fig. 8(a) represents the luminescence decay prole of b-
NaYF4:Yb

3+/Tm3+. The life time decay curves at 476 nm (1G4 /
3H6) and 452 nm (1D2 / 3F4) distinguish the upconversion
mechanisms. Moreover, Fig. 8(b) shows the energy level diagram
of Tm3+ and Yb3+ ions. The incident pump photons of the 980 nm
laser source mainly excite Yb3+ ions from the 2F7/2 to

2F5/2 levels.
The three successive energy transfers (ETs) from Yb3+ to Tm3+

populate the 3H5,
3F2,3 and

1G4 levels of Tm
3+.35 The Tm3+–Tm3+
Fig. 8 (a) Decay curves for 1D2 /
3F4 (452 nm) and 1G4 /

3H6 (476 nm) e
Tm3+ with the possible upconversion mechanism under 980 nm excitat

19366 | RSC Adv., 2018, 8, 19362–19368
interaction is weak in the sample with a low Tm3+ concentration
owing to the large energy mismatch (�3516 cm�1) in the transfer
process 2F5/2 /

2F7/2 (Yb
3+):1G4 /

1D2 (Tm
3+).

3F2 / 3H6 (Tm3+):3H4 / 1D2 (Tm3+) may alternatively play
the most important role in populating 1D2.36,37 As a result, the
1D2,

1G4,
3F2 and 3H4 levels are populated and ve emission

peaks at 452 nm, 476 nm, 647 nm, 697 nm, and 810 nm origi-
nate from the 1D2 /

3F4 (452 nm), 1G4 /
3H6 (476 nm), 1G4 /

3F4 (647 nm), 3F2 / 3H6 (697 nm), and 3H4 / 3H6 (810 nm)
transitions of Tm3+ ions, respectively. Thus, the population of
states 1D2 and 1G4 come from four-photon and three-photon
upconversion processes which conrms that ET:3F2 / 3H6

(Tm3+):3H4 /
1D2 (Tm

3+) (four-photon upconversion process) is
the fundamental process in populating the 1D2 state.

To investigate the optical-thermal characteristics of
UCNPMF, Fig. 9(a) demonstrates the emission spectra in the
range from 400 to 800 nm and upconversion spectra were
measured in the temperature range from 298 K to 338 K
(acquired aer 5 �C). We used 0.64 mW laser pumping power to
avoid the thermal effect. We observed that, as a result of
mission of UCNPMF excited at 980 nm. (b) Energy diagram of Yb3+ and
ion.

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Optical characteristic of upconversion nanocrystal polymer microfiber (UCNPMF). (a) Emission spectra of UCNPMF calculated in the
temperature region from 298 to 338 K under a range from 400 to 850 nm. (b) The relationship between FIR and temperature for UCNPMF. (c) The
relative sensitivity of a microfiber under the excitation of a 980 nm fiber laser with different temperatures ranging from 298 to 338 K.

Table 1 Comparison of sensitivity and temperature sensing region of Tm3+ in different host materials

Phosphor Maximum sensitivity (K�1) Temperature range (K) References

Tm3+(NaYF4) 0.00157 298–338 This work
Tm3+(NaLuF4) 0.00045 250–600 44
Tm3+(Ca(WO4)3) 0.00057 313–573 45
Tm3+(oxyuoride glass ceramic) 0.00030 297–703 46
Tm3+(oxyuoride glass ceramic) 0.00042 303–623 47
Tm3+(NaNbO3) 0.00080 293–353 48
Yb3+/Tm3+:CaF2 0.0025 298–323 49
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increased temperature, the emission intensities decrease and
vice versa. To conrm that different decay rates are caused by
temperature changes, the microber was emitted until the
temperature reduced from 338 to 298 K. It was found that the
emission intensity was back to the original location in spec-
trum. In fact, the upconversion nanocrystal (UCNC) powder
pumped using a 980 nm laser source in temperature ranges
from 100 K to 700 K could make an effective optical thermom-
eter.38 In this paper, the FIR technique was applied to examine
the optical temperature sensing of UCNPMF. The energy gap
between the 1D2 and 1G4 levels (DEDG � 6476 cm�1) does not
exist between 200–2000 cm�1 and therefore, the FIR originated
from non-thermally coupled levels (1G4/

3H6 (476 nm) and 1D2

/ 3F4 (452 nm)) of Tm3+ transitions.39,40 As can be seen in
Fig. 9(b), the FIR increases monotonically with the increase in
temperature. The tted curve shows the increase in tempera-
ture. The tted curve shows the relationship between FIR and
temperature (K). The experimental data as a function of the
temperature can be tted using a polynomial function:

FIR ¼ I476

I452
¼ C1 þ B1T þ B2T

2 (2)

where C1, B1 and B2 are constants, I476 is the intensity of the
lower level, I452 is the intensity of upper level and T is the
absolute temperature. The constant values are derived from
tting the curve which is given in Fig. 9(b).

The relative sensitivity is a paramount parameter for sensing
applications. It is denoted by Sr,41–43 which has been calculated
using eqn (3).
This journal is © The Royal Society of Chemistry 2018
Sr ¼ dðRÞ
Rdt

¼ �
0:0049� 12:54� 10�6 � T

��
R (3)

where FIR ¼ R ¼ uorescence intensity ratio of Tm3+.
In order to better understand the temperature sensing

performance, the relative sensitivity was calculated using eqn
(3) and also plotted in Fig. 9c in the temperature range of 298–
338 K. It is clearly seen that the relative sensitivity gradually
decreases with the rise in temperature and the maximum value
is about 0.00157 K�1 at 298 K. Table 1 shows the values of the
maximum sensitivities of Tm3+ in some different host matrices.
By comparison, the value of the maximum sensitivity obtained
in this work is close to that of Tm3+ in other systems, which
suggests that a single microber has potential applications in
the eld of temperature sensing.
4. Conclusion

In summary, we have reported a straightforward synthesis of
Yb3+/Tm3+ ion doped b-NaYF4 by a thermal decomposition
method and subsequently nanocrystals co-doped with PMMA
solution to obtain microbers by employing a facile drawing
method. The relationship between guide loss and propagation
distance of different diameters of microbers was measured
and indicated that a single microber is typical of active wave-
guides. The upconversion emission spectra and sensitivity of
a microber were obtained for a temperature range of 298 K to
338 K. The maximum sensitivity was recorded as 0.00157 K�1 at
298 K which illustrates that the device can achieve higher
sensitivity and it could easy be used for temperature sensing.
RSC Adv., 2018, 8, 19362–19368 | 19367
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View Article Online
The microber may excite the microsystem in owing gas or
uid. Hence, this work will represent a new horizon for
microlight emitting devices in photonic platforms.
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