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Abstract
A fluorescence signal has been demonstrated as an effective implement for micro/nanoscale
temperature measurement which can be realized by either direct fluorescence excitation from
materials or by employing nanoparticles as sensors. In this work, a steady-state electrical-heating
fluorescence-sensing (SEF) technique is developed for the thermal characterization of one-
dimensional (1D) materials. In this method, the sample is suspended between two electrodes and
applied with steady-state Joule heating. The temperature response of the sample is monitored by
collecting a simultaneous fluorescence signal from the sample itself or nanoparticles uniformly
attached on it. According to the 1D heat conduction model, a linear temperature dependence of
heating powers is obtained, thus the thermal conductivity of the sample can be readily
determined. In this work, a standard platinum wire is selected to measure its thermal conductivity
to validate this technique. Graphene quantum dots (GQDs) are employed as the fluorescence
agent for temperature sensing. Parallel measurement by using the transient electro-thermal (TET)
technique demonstrates that a small dose of GQDs has negligible influence on the intrinsic
thermal property of platinum wire. This SEF technique can be applied in two ways: for samples
with a fluorescence excitation capability, this method can be implemented directly; for others
with weak or no fluorescence excitation, a very small portion of nanoparticles with excellent
fluorescence excitation can be used for temperature probing and thermophysical property
measurement.

Keywords: fluorescence, thermal property, graphene quantum dots, one dimensional, steady-
state
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1. Introduction

Several measurement techniques have been developed in the
past two decades to measure the thermophysical properties of
one-dimensional (1D) materials, such as the 3ω method [1, 2],
the microfabricated suspended device method [3, 4], the
transient electro-thermal (TET) technique [5, 6] and the
Raman-based thermal characterization technique [7, 8]. In the
3ω method, the second-harmonic temperature response of a
sample is generated by a sine/cosine current. The amplitude
and phase shift of the voltage variation at the third-harmonic
frequency across the sample is used to determine thermo-
physical properties [1, 2]. The micro-bridge method measures
the temperature difference of the sample between two elec-
trodes, and, combined with heat transfer along the sample, the
thermal conductivity of the sample can be characterized
[3, 4]. The TET technique monitors the transient thermal
response of the sample when heated by a step DC current.
Thermal diffusivity and conductivity can be obtained through
fitting the transient period of the temperature rise and is cal-
culated from the steady-state curve respectively [5, 6].

The above referenced techniques are electrical thermal
characterization methods which depend on the Joule heating
of either the characterization device or sample. The fabrica-
tion of the electric circuit is a prerequisite, and the temper-
ature determined from the resistance-temperature relationship
is sometimes unstable and varies upon the different exper-
imental setup, while a laser-based optical technique features
non-contact and non-destructive measurement. Sometimes,
the combined use of the electrical and optical method is
advocated, e.g. the electrical heating combined with the
optical temperature sensing technique. In 1D thermal char-
acterizations, Raman spectroscopy has been widely used for
temperature probing and thermal property measurement
[7, 9, 10]. Yue et al developed a steady-state electro-Raman-
thermal (SERT) technique for measuring the thermal con-
ductivity of mircro/nanowires [7]. In the SERT technique, a
sample is suspended between two electrodes and heated by
DC currents. The middle-point temperature of the sample is
probed by the Raman spectrum. The thermal conductivity of
the sample can be obtained from the linear relationship
between the middle-point temperature and the Joule heating
energy. The SERT technique has been successfully applied on
the thermal characterization of a carbon nanotube (CNT)
bundle, fiber and buckypaper [7, 8, 11, 12]. It needs to be
noted that the Raman signal has a non-elastic scattering effect
in a laser-material interaction, and is often very weak for most
materials. For materials which are not active in Raman
excitation, the SERT technique is not applicable and this
greatly limits the measurement capacity.

Fluorescence is another spectroscopy technique which
advances a much stronger signal and the signal is temperature
dependent [13–15]. Fluorescence thermometry has been used
extensively for temperature probing or mapping [16–21].
Okabe et al demonstrated the intracellular temperature map-
ping based on fluorescence lifetime imaging microscopy [16];

Donner et al used green fluorescent proteins as thermal probes
for intracellular temperature mapping [17]; Maruyama et al
successfully measured the thermal conductivity of a single
CNT using a fluorescent temperature sensor embedded in the
electrodes [18]. Compared with Raman thermometry, the
fluorescence spectrum not only features a stronger signal
intensity but also has better temperature response [22–24].
For example, it was found that the temperature dependence of
the fluorescence intensity of graphene quantum dots (GQDs)
is significant [22]. Therefore, fluorescence spectroscopy can
be used for thermophysical property measurement
accordingly.

In this work, we develop a thermal characterization
method based on fluorescence spectroscopy. Similar to the
SERT technique, the steady-state electrical-heating fluores-
cence-sensing (SEF) technique also employs Joule heating
and is capable of measuring the thermal conductivity of 1D
materials. Compared with Raman thermometry where the to-
be-measured material needs to be Raman active, this SEF
method can be applied on any material, even without fluor-
escence excitation characteristics. Since small structures, such
as QDs, have a very strong fluorescence effect [22–26], they
can be used as the thermal probe coating on the to-be-mea-
sured material with weak or no self-excited fluorescence
signal for thermal characterization, ideally without affecting
its intrinsic thermal property.

2. Experimental principle and physical model

In the SEF method, a sample is suspended between two
electrodes on a stage which is placed inside a vacuum
chamber to reduce convective heat transfer. The schematic of
the experimental setup for the SEF technique is shown in
figure 1. During the measurement, the sample is fed with a
constant current for steady-state Joule heating. The heat dis-
sipates along the sample to the electrodes. As the heat sinks,
the electrodes are required to be much larger than the sample,
and the thermal contact resistance between them should be
small. Therefore, the end temperature of the sample is
regarded as room temperature during Joule heating.

The physical model of the SEF technique can be readily
developed and the theoretical temperature distribution along
the sample is shown in figure 1. Given that the distance from
any point to the middle point of the sample is x, and the total
length of the sample is 2 L, a governing equation for heat
conduction can be mathematically expressed as d2T/
dx2=Q/(2 L·k·Ac), where k and Ac are the thermal con-
ductivity and cross-sectional area of the sample, respectively.
Herein, Q is equal to heating power I2·R, where I is the
current and R is the resistance of the sample. Applied with
boundary conditions dT/dx|x=0=0 and T(L)=T0 (T0 is the
room temperature), the temperature distribution of the sample
can be obtained as
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The average temperature can be calculated as
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The thermal conductivity of the sample can be derived from
the slope of the I2·R–T curve.

If the sample itself is a good fluorescence agent, the
strong fluorescence signal from the whole sample surface (the
size of the sample is smaller than the laser spot) when irra-
diated with a laser can be used for temperature measurement.
In this case, equation (2) can be directly employed for thermal
conductivity calculation. If the size of the sample is larger
than the laser spot, it needs to carefully focus the laser spot on
the middle of the sample and integrate equation (1) between
the middle point and half-length of the laser spot. For a
sample with weak or no self-excited fluorescence signal, some
nanoscale materials with good fluorescence excitation char-
acteristics, such as QDs, should be used as the fluorescence
agent for thermal probing. In such a case, the probing material
can be coated or attached on the sample surface and the
measured fluorescence signal represents the local temperature
of the sample. If the sample is fully covered by the fluores-
cence agent, the average temperature of the sample can be
obtained.

When the coating material is positioned only at the
middle point of the sample or the sample is large enough
compared with the size of the laser spot, the middle point
temperature of the sample can be derived as
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which is a little different from the average temperature
equation (equation (2)). It is also found that the middle point
temperature behaves with a linear relationship to the heating
power, and the coefficient is L/(4k·Ac). As both the length and
cross-sectional area of the sample are constant values, the
thermal conductivity of the sample can be calculated from the
slope of the I2·R–T curve. In these physical models, the laser
energy absorbed by the sample is far less than the Joule
heating energy, and Joule heating is considered as the heating
source. In the measurement experiments, the laser irradiation
is kept steady and the heating effect is consistent during the
measurement. Thus the temperature increase induced by the
laser heating effect should be the same. Since the slope of the
I2·R–T curve is used to fit the thermal property instead of the
individual point, the same temperature rise due to the heating
effect does not affect the final result. Besides, to prevent an
additional heating effect induced from the laser, extra caution
on optical adjustment should be made to allow the lowest
laser energy to excite the sound fluorescence signal to be
detected.

3. Experimental details

To test the measurement capacity and accuracy of this tech-
nique, we select a standard material—platinum wire—for the
measurement. As shown in figure 2(c), the length of the
platinum wire is 6.2 mm, and the diameter is 25 μm. Since
platinum is not the fluorescence agent, a supplemented mat-
erial is needed to monitor its temperature during the heating

Figure 1. Schematic of the experimental setup of the SEF technique. The sample is suspended between two electrodes inside a vacuum
chamber. The sample is heated by different constant currents and a violet lamp with a wavelength of 405 nm is used as the excitation source.
The corresponding florescence signal is collected at each heating current.

3
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experiment. GQDs are chosen as the supplemented material
due to their nanometer scale and excellent fluorescence
excitation property [22]. In the preparation procedure, the
platinum wire is immersed into the GQDs solution thoroughly
for about 12 h, and then it is air-dried at room temperature for
24 h. After repeating the process three times, it is assumed
that the GQDs are attached on the surface of the platinum
wire uniformly. Figures 2(a) and (b) are the scanning electron
microscopy (SEM) images of the sample, showing that these
GQDs on the surface of the platinum wire are randomly
distributed. In figure 2(b), there are some single GQDs dis-
tributed separately on the platinum wire surface. It can be
found that the size of GQDs is much smaller compared with
the platinum wire.

In our past work, we found that the intensity, peak shift
and peak width of fluorescence in GQDs have a significant
temperature effect [22]. The fluorescence intensity decreases
over 50% when the temperature rises from 5 °C–80 °C, which
is more significant than conventional semiconductor QDs
[23–26]. Comparably, the fluorescence bandwidth is much
wider in GQDs [27]. As a carbon material, GQDs can be
highly soluble in sundry solvents and equipped with func-
tional groups at their edges. Thus GQDs are generously
available for most applications compared with semiconductor
QDs [28]. The temperature dependence of the peak shift and
peak width is not as significant as that of the peak intensity
due to the uncertainty in data processing. Therefore, the
fluorescence intensity is chosen to analyze the temperature
evolution in the experiment. In the temperature-normalized
intensity calibration experiment, the environmental temper-
ature and corresponding fluorescence spectra of GQDs are
recorded. Before each signal acquisition, the sample is
maintained for 5 min at each temperature to guarantee that the
sample has reached the steady state. The fluorescence spectra
are recorded three times at each temperature for averaging to
ensure accuracy. In the temperature coefficient calibration
experiment, strong fluorescent emissions are observed by the

spectrometer. Figure 3(a) shows the temperature dependence
of the fluorescence spectrum intensity of GQDs. It can be
seen that the fluorescence intensity of GQDs decreases with
increasing temperature, almost 60% for the temperature range
of 70 °C. In figure 3(b), the normalized fluorescence spectrum
intensity shows a linear relationship with temperature with a
slope −0.0088 K−1. Since the GQDs’ distribution for each
platinum wire with GQDs covered are different, the coeffi-
cient of the normalized fluorescence spectrum intensity with
respect to temperature might change. To ensure accuracy, it is
suggested that the calibration experiment for each sample is
conducted before using this SEF technique.

In the measurement experiment, the sample stage is
placed in a vacuum chamber to minimize convective heat
transfer. Two large copper pieces used as electrodes are
connected to the power supply. Two ends of the platinum
wire are attached to the copper pieces by silver paste, and the
electrical resistance of the wire is 1.75 ohms. Due to the high
thermal conductivity of the silver paste, electrical/thermal
contact resistance between the wire and copper pieces can be
neglected. Since the copper pieces have good thermal con-
ductivity and the volume is much bigger than the sample, the
sample endpoint temperature can be regarded as room
temperature. The wire is heated under different constant
currents supplied by a current source (KEITHLEY 6220)
from 5 mA–55 mA. The GQDs used in this work are pur-
chased from ACS Materials Company and are synthetized via
the bottom-up method [29–31]. According to the information
from the supplier, GQDs with controllable morphologies are
produced by the bottom-up method from small carbon pre-
cursors, such as glucose and citric. GQDs have a well-dis-
tributed size of 15 nm and a quantum yield of 7∼11%. The
standard concentration of GQDs water solution is
1 mg·ml−1. In our experiment, a laser with a wavelength of
405 nm is used as the excitation light source and the energy
density of the laser beam is 0.38 mWmm−2. By accounting
for the irradiation area of the sample and the absorptivity of

Figure 2. (a) and (b) are SEM images of the platinum wire with GQDs attached on the surface. The images show that GQDs are distributed on
the platinum wire randomly and the size of the GQDs are much smaller compared with the sample. (c) The dimension of the sample
measured in this experiment. The length of the platinum wire is 6.2 mm and the diameter is 25 μm.

4

Nanotechnology 27 (2016) 445706 X Wan et al



platinum wire at a wavelength of 405 nm, the absorbed laser
energy is only 0.02 mW, which is much less than the current
energy (from 0.2 mW–5.3 mW) in the experiment. It has been
proven that the GQDs sample exhibited a great florescence
signal under such violet light excitation [22]. All excitation
spectra and fluorescent decays are recorded by an Ocean
Optics HR2000+ spectrometer.

The platinum wire we use is a standard material; the
thermal diffusivity and thermal conductivity is
2.52×10−5 m2 s−1 and 71.6W/(m−1·K), respectively [5].
In the SEF measurement, the wire is heated by a different
constant current. The size of the laser spot is adjusted to be
much larger than the sample so that the sample can be
completely covered by the laser and guarantee that the
fluorescence signal of the GQDs comes from the total surface
of the wire. This ensures that the measured temperature

represents the average temperature of the sample. Before each
signal acquisition, the sample is maintained for 5 min at each
constant current to guarantee that the sample has reached the
steady state. The data is collected three times at each current
for averaging to ensure accuracy.

4. Results and discussion

4.1. Experimental results

Figure 4(a) shows the power dependence of the fluorescence
intensity; as Joule-heating power increases, the temperature of
the wire/GQDs increases, and the fluorescence spectrum
intensity decreases. By the linear relationship between the
normalized fluorescence spectrum intensity and temperature,
y=−0.0088x+1.18, the temperature corresponding to the

Figure 3. (a) Fluorescence spectra of GQDs at different temperatures from 25 °C–91 °C in the calibration experiment. It shows that the
intensity decreases with increasing temperature and there is not an obvious peak shift due to the wide spectrum. The normalized intensity is
used as the temperature indicator in this experiment. (b) The linear fitting of normalized intensity with respect to temperature.

Figure 4. (a) Different fluorescence spectrum of GQDs attached on the platinum wire when heated under different currents from 0 mA–
55 mA. The temperature of the sample increases according to increased heating power. The excited fluorescence signal from GQDs at the
sample surface represents the sample temperature.(b) The linear fitting result of the sample temperature (obtained from the fluorescence
intensity in figure 4(a)) with respect to the heating power.

5
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normalized fluorescence spectrum intensity can be calculated.
The heating power–temperature curve is shown in figure 4(b),
and the slope of the temperature with respect to the heating
power is 14.5 K mW−1 by fitting. According to equation (2),
the slope is the value of L/(6k·Ac). As L and Ac are all con-
stant values, then k can be calculated as 72.6±4.8W/
(m·K). Compared with the standard value of 71.6W/
(m·K), the error is less than 1.5%.

4.2. Effect of GQDs on thermal property measurement

When using coated material as the fluorescence agent, it is
essential that the coating material cannot affect the intrinsic
property of the measuring material. Therefore, only a small
dose can be used. In this work, we use the GQDs, which are
excellent in fluorescence excitation and have a negligible
effect on thermal property measurement. To confirm this, we
conduct a parallel measurement on the platinum wire by using
the TET technique. The TET technique has been proven to be
a convenient and effective approach for measuring thermal
diffusivity and conductivity of microwires [5, 6]. The sche-
matic is as shown in figure 5(a): a to-be-measured sample is
suspended between two electrodes in a vacuum chamber. The
sample is fed with a step DC current, and its temperature
increases until it reaches the steady state. The temperature rise
of the sample causes the variation of electrical resistance.
Thus the temperature evolution can be obtained by measuring
the voltage evolution during the heating period. Thermal
diffusivity (a r= k cp) of the sample can be calculated by
fitting the time–temperature curve using the equation [5]:

/
* åp
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ized temperature increase. Thermal conductivity can be
derived from the temperature increase as /= Dk q L T12 .0

2 In
the TET experiment, as shown in figure 5(b), the thermal
diffusivity of the wire with GQDs is calculated as
2.56×10−5 m2 s−1. The thermal conductivity is obtained to
be 72.8W/(m·K). Comparably, thermal diffusivity and
thermal conductivity of the wire without GQDs is calculated
as 2.52×10−5 m2 s−1 and 71.6W/(m·K), respectively.
The effect of GQDs causes only 1.7% error in the thermal
conductivity measurement, and this error can be diminished
by using a smaller dose of GQDs. It is noteworthy that when
measuring extremely small materials, e.g. samples at nanos-
cale, the intrinsic property of fluorescence excitation is nee-
ded for the sample rather than by coating additional materials,
since it could be a factor that influences the measurement
accuracy. Owing to the nanoscale size of GQDs and the
micro-to-millimeter scale of the sample we used in this SEF
technique, the intrinsic thermal property of the sample is not
impacted too much by these GQDs.

4.3. Experimental uncertainty analysis

The uncertainty of the measurement result mainly comes from
three factors: uncertainty induced by the linear fitting during
data processing, laser heating effect and heat loss. The ther-
mal conductivity of the wire is obtained as 72.6±4.8W/
(m·K). The uncertainty of 4.8W/(m·K) is from the linear
fitting process, which can be improved by performing several
measurements at the same current. If more data points are
collected during the experiment, the linearity of these data
points may be more obvious, and the uncertainty value can be

Figure 5. (a) Schematic of experimental setup for the TET experiment. The sample is suspended between two electrodes in a vacuum
chamber. Under Joule heating with a step DC current, the sample experiences the transient temperature increase until it reaches a steady state.
The temperature variation can be monitored by recording the voltage over the sample as the electrical resistance and temperature are
correlated. (b) An example data for normalized temperature with respect to time. Thermal diffusivity can be determined as
2.56×10−5 m2 s−1 by fitting this curve.
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reduced further. For the laser heating, as analyzed above, the
wire is completely covered by the laser spot during the
experiment. The laser heating effect on the sample is kept
consistent. Thus, the temperature rise induced by the laser
heating effect should be the same. In our data processing,
only the slope of the temperature–power curve is used where
the same temperature increase does not affect the final result.
Moreover, the heating effect from the laser is adjusted to be as
weak as possible by adjusting the focal level of the config-
uration while ensuring a sound fluorescence signal.

The fluorescence quenching effect, which refers to the
decreased intensity when irradiated with a laser beam, is often
observed in common fluorescence agents. The quenching
effect is a complex process which is caused by many physical
factors, one of which is the high laser intensity induced
shifting effect. In this work, we need to exclude or minimize
the effect of the quenching effect of GQDs on the reduced
fluorescence intensity, which will deliver an error in temp-
erature transformation. To achieve this, we minimize the laser
intensity as much as possible during the measurement. To
confirm this operation, we take the fluorescence spectrum
without Joule heating after an acquiring time 29 times longer
than the time we use in the SEF experiment, and compare this
spectrum with the spectrum from instant laser irradiation. In
figure 6, the sample is heated by the laser energy individually.
The 1st spectrum, 6th spectrum, and the 30th spectrum are the
spectrum collected during the first, sixth, and the thirtieth
round of the integration time, respectively. The temperature
increase induced fluorescence intensity drop due to the
quenching effect is involved in the measurement. In the 6th
spectrum, the laser heating effect is six times that of the 1st
spectrum. It is found that there is not much difference

between them. In the 30th spectrum, the laser heating effect is
30 times that of the 1st spectrum; the fluorescence intensity
decreases only 5% than the original spectrum after a long-
time laser irradiation. It can be concluded that the temperature
increase due to the quenching effect is not significant in our
experimental setup. Furthermore, the laser irradiation time
during our experiment is carefully controlled to the minimum
so that the quenching effect is further reduced and has a
negligible effect on our measurement uncertainty.

In the measurement, the heat loss can be another factor
introducing uncertainty. The heat loss includes the radiation
heat loss and convective heat loss. Since the experiment is
performed in a vacuum chamber, convective heat loss can be
neglected and only radiation heat loss needs to be considered.
The radiation heat loss can be roughly estimated by the
thermal radiation formula Φ=εσA(T4-T0

4), where ε is emis-
sivity (taken as 1 for the maximum calculation), σ is the
blackbody radiation constant, which is taken as
5.67×10−8 W/(m2·K4), A is the surface area of the wire.
The largest radiation heat loss of the wire is calculated at the
highest temperature as 0.37 mW, and the corresponding
heating power is 5.3 mW; thus the portion of radiation heat
loss is about 6.9%. In our measurement, aluminum-foil was
used to cover the vacuum chamber to minimize the radiation
heat loss. Therefore, the radiation heat loss contributes very
little uncertainty in the measurement.

4.4. Advantage of SEF technique and extended application

Compared with a Raman signal, a fluorescence spectrum
signal is much more significant and the integration time
needed for each spectrum acquisition is much shorter.
Moreover, due to the fact that GQDs are low-toxic and bio-
compatible [32], this new SEF method is promising for the
thermal characterization of bio-materials. Besides, as an
optical measurement method, the SEF method features steady
state measurement instead of transient measurement in most
conventional laser-based thermal characterization techniques
(such as laser flash and pump-probe, etc). Therefore, this SEF
method features an easy and fast measurement, and should
have a wide range of implementations.

The SEF technique can be modified for measuring the
thermal property of nonconductive materials by using laser
heating after adjusting the physical model slightly. The
schematic is shown in figure 7. The sample configuration is
almost the same: the sample is suspended between two
electrodes, and two ends of the sample are connected to the
two electrodes with silver paste respectively. A laser is
focused on the middle region of the sample. In the new
model, the governing equation for heat transfer in the laser
irradiation region can be determined as d2T/dx2+q/k=0.
Herein, T is temperature, x is the coordinaqte along the
sample with its middle point which is regarded as the original
point, k is the thermal conductivity of the sample, q is the
equivalent heat generation rate, q=Q/(2πrs

2r0), where Q is
the absorbed laser energy, rs is the radius of the sample, r0 is
the half length of the laser beam. Outside the laser irradiation
region, a governing equation without an inner heat source can

Figure 6. Collected fluorescence spectrum of GQDs after a much
longer laser irradiation compared with laser excitation integration
time in the SEF experiment. The total irradiation time is 30 times
that of the integration in the SEF experiment. It can be seen the
fluorescence intensity decreases with the laser on. However, this
peak intensity reduction is indistinctive. Comparing the black line
(1st spectrum) with the red line (6th spectrum), the two lines nearly
overlap. In comparison, the decrease of the fluorescence intensity is
not obvious until the 30th spectrum collection. Even so, fluorescence
intensity decreases by only 5% of the total intensity.
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be described as
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region can be derived as

p p
= - +T

QL

k r

Qr

k r
T

2 3
6

s s
2

0
2 0 ( )

There exists a linear correlation between the average temp-
erature and the laser energy. In the measurement, the laser
energy should be set from weak to strong, thus the thermal
conductivity can be derived from the slope of the Q–T curve.

5. Conclusions

In this work, an optical method designated SEF technique
based on fluorescence thermometry and Joule heating is
developed to measure the thermal conductivity of micro/
nanowires. To implement this technique, the sample needs to
be either fluorescence active or small particles used as the
fluorescence agent for temperature probing. As a demon-
stration, a platinum wire is tested by using this SEF technique
and GQDs are used as the fluorescence agent coating on the
wire for exciting the fluorescence signal. Based on the 1D
heat conduction model, the thermal conductivity of platinum
wire is measured to be 72.6W/(m·K), which is close to the
standard value from reference. TET experiments conducted
on the same platinum wires validate that the coating with a

small dose of GQDs has a negligible effect on the sample’s
thermal property. Therefore, it is viable to use a fluorescence
agent on the sample when employing the SEF technique in
thermal characterizations. Compared with the large uncer-
tainty and low signal intensity of Raman thermometry, this
SEF technique has a much wider range of applications, and is
capable of measuring both fluorescence active and non-active,
conductive and non-conductive materials, especially bio-
materials.
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