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Abstract. The shape of the temperature nano-probes is a significant factor to evaluate the temperature measurement
accuracy in the nanoscale temperature detection. Based on the finite element numerical simulation method, the temperature nano-probe model is established for nano-devices with variable powers. The temperature nano-probes with
different shapes of sphere, rod, tube and disk are designed and studied. It is found that the heat transfer process between
the nano-device and the temperature nano-probes is affected by the shape of nano-probes. Additionally it is dependent on
the size of the device and the gap distance between the nano-device and nano-probes. The high stability and accuracy in
the temperature measurement process is obtained in case of the nano-probe with the shape of nano-disk. The temperature
error can be minimized through controlling the side length of the disk.
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Introduction

The rapid development of nanotechnology has gained
considerable attention, which brings the need for high
sensitivity temperature measurement of microscopic matter
[1]. For decades, the accurate temperature measurement in
the nanoscale field is still a challenging topic [2]. It
becomes difficult using a thermometer to measure nanoscale objects [3]. At present, many methods [4] have been
used for temperature measurement in the nanostructure
field, such as infrared imaging [5], nanoscale resistance
thermometry [6], scanning thermal microscopy (SThM)
[4,7–9], near-field optical temperature measurement [10]
and so on. Among these methods, it was reported that the
SThM method was independent of the restriction of
diffraction limit, and the resolution could reach within
100 nm [4]. However, it was difficult to measure the temperature of nano-samples within 10 nm spatial resolution
accurately. This often needed to impose complicated
external conditions and was restricted by environmental
operating conditions. At present, there are only a few
reports that the temperature probe can be applied to a
variety of temperature detection materials and its spatial
resolution is less than 10 nm. Kim et al [11] introduced
a kind of ultra-high vacuum scanning thermal microscopy
for the temperature measurement between the metal

thermocouple probe and the sample surface with about 10
nm spatial resolution. Its limitations are that the high
operating expense is required and need to be provided with
ultra-high vacuum condition that is difficult to control.
Menges et al [12] reported the versatile scanning probe
thermometry technique that enabled spatial resolution down
to few-nanometre. However, it is limited to cases where the
sample temperature can be controlled, such as by electrical
or optical measures. Therefore, it is necessary to explore
some new convenient methods to complete it.
Yue and Wang [4] reported that the heat exchange
between the sample and the nano-probe was affected by the
gap distance. Hammiche et al [13] observed that the
detection accuracy was strongly dependent on the shapes of
nano-probes. Kittel et al [14] proposed that the size of nanosamples also affected the heat transfer between the sample
and nano-probes, which induced the low resolution and
inaccuracy. To achieve accurate temperature measurement,
it is essential to understand the thermal interaction between
thermal nano-probes and sample. For better understanding
the complicated heat transfer mechanism [15–18], simulating and predicting these influencing factors will be a
good practice. Thus, it is necessary to design the suitable nano-probe to achieve the accurate temperature of
nanoscale samples through controlling the distance between
the sample and nano-probe. In this study, we designed the
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Y2O3 nano-probes with four different shapes of sphere, rod,
tube and disk to detect the cuboid nano-device with variable
powers. The heat transfer process was studied between the
nano-probe and nano-sample based on the finite element
numerical simulation method. The Y2O3 was chosen as the
thermal detection material for its excellent thermal stability
and efficient luminescence [19].

2.

Temperature nano-probe model

Figure 1 shows the temperature nano-probe model based on
Y2O3 nanomaterials with different shapes of sphere, rod,
tube and disk. Considering different shapes may affect the
heat transfer between the Y2O3 nano-probe and the sample,
four different shapes were designed. Main size parameters
of each nano-probe shape are listed in figure 1. In our
model, the silicon is used as the simulated heat source and
the silicon device is embedded in the substrate. The probe is
placed above the centre of the silicon device. The heat
transfer process between the Y2O3 nano-probe and sample,
mainly exist the heat conduction and heat convection
(natural convection) of the air, in which the heat conduction
is dominant. These two heat transfer processes occur
simultaneously. The results of probe and sample after
thermal equilibrium are studied in our model. The heat
transfer from the device to air can be expressed by the
following equation [15,20]:
qC p rT þ rðkrT Þ ¼ Q;

ð1Þ

where T is the temperature of the sample, q, C p and k
are the density, the specific heat capacity at constant
stress and thermal conductivity of the device,

Table 1.
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Parameter values of the device.

Parameter

Values
2329 kg m–3
700 J (kg K)–1
130 W (m K)–1

q
Cp
k

respectively. The corresponding values are listed in
table 1 [21,22]. Q is the volumetric power induced by
the heating device.
The temperature of initial condition is the ambient temperature T ext , which is shown in equation (2).
T ext ¼ T 0 ¼ 293:15 K

ð2Þ

The boundary condition, including heat exchange
through air, is determined by equations (3) and (4). The
external boundary condition includes the heat transfer
between the sample and the Y2O3 thermal nano-probe. ha is
the heat transfer coefficient to air during conduction and
1
convection ðW ðm2 KÞ Þ, q1 is the boundary convective
2
heat flux (W m Þ, q0 is the inward heat flux and is equal to
q1 in value. The q is the conductive heat flux of air and n is
the normal vector.
n  q ¼ q0

ð3Þ

q1 ¼ ha ðT ext  TÞ

ð4Þ

On the setting of the heat source, the upper surface of the
nano-device is used as the heating surface. The heat conduction and convection process between the device and the
surrounding air is described by equation (5).
nq ¼ Qb ;

Figure 1. Temperature nano-probe model based on (a) Y2O3 nano-sphere, (b) Y2O3 nano-rod, (c) Y2O3 nano-tube
and (d) Y2O3 nano-disk. The letter g is the gap distance between the nano-probe and the nano-device, P the heating
power of the device and S the upper surface area.

ð5Þ
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Figure 2. (a) The overall isosurface temperature distribution of the nano-device with 0.05 mW heating power and 10 nm gap
distance, and (b) the section temperature distribution with the same heating power and the gap distance.

where Qb is the total boundary heat source
(W m2 Þ:
The boundary of the model is far away from the nearby
area of the probe; therefore, the ambient temperature should
be set at the boundary of the model. The temperature
relationship is shown by equation (6).
T ¼ T ext

3.
3.1

ð6Þ

Results and discussion
Temperature nano-probes based on Y2O3 nano-sphere

The heat transfer process between the nano-device and
the Y2O3 nano-sphere is studied. Figure 2a shows the
overall isosurface temperature distribution with 10 nm
gap distance between the bottom of the Y2O3 nano-sphere
and the upper surface of the nano-device. The heating
power of the device is 0.05 mW. It is shown that the
high temperature centres around the device surface and
the surrounding air. The highest temperature is concentrated around the device. Additionally, there exists the
temperature difference between the Y2O3 nano-sphere and
the nano-device. The temperature difference is relatively
small, approximately 12.38 K. Figure 2b shows the section temperature distribution at the condition of the same
gap distance and heating power. Similarly, the temperature distribution is the highest in the device part. From
the device to the nano-sphere and the substrate, the
temperature gradually decreases. At the bottom of the
substrate is close to room temperature.
Figure 3 shows the power-dependent temperature difference (DT) curve changing with the different gap

Figure 3. The DT between the nano-sphere probe and the nanodevice changing with the different gap distances (g1 ) at different
heating powers (P1 ).

distances between the probe and device. The result in
figure 3 shows the same trend under different powers. The
DT values rapidly increase when the gap distance is below
100 nm, and when the gap distance exceeds 100 nm, the
curve tends to be flat. Since the heat conduction between the
heat source and substrate is much greater than that between
the probe and sample, most of the heat will flow to the
substrate. Therefore, the introduction of temperature nanoprobe has little effect on the temperature of device. With the
increase in gap distance, the heat conduction between the
nano-probe and device will become not obvious due to the
poor thermal conductivity of air, which results in the DT
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Figure 4. The DT (nano-sphere) changing with the different
sphere radii (r 1 ) at different heating powers.

increasing gradually. The thermal resistance of the probe
will increase with the increase in gap distance due to
increased air thermal resistance [23]. When the gap distance
exceeds 100 nm, as the nano-probe loses its sensitivity, the
temperature of probe will stabilize at room temperature,
which makes the DT curve flat. It is seen that the change in
temperature is about 25 K under the power of 0.05 mW and
100 nm gap distance. This temperature difference in nanodevices existed in the previous study [24]. Notably, the
temperature difference also exists when the gap distance is
zero. However, it is a hard work to make the nano-probe
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very close to the device in the actual experiment, or even in
contact with the sample. Therefore, studying this non-contact heat transfer process may provide predictions for the
following preparation of nano-thermometre.
The geometric size of the nano-sphere that has a huge
impact on the thermal conduction is shown in figure 4.
Compared with the trend of figure 3, the DT curve is
relatively flat when the radius of the nano-sphere is below
15 nm. As the heating power and the radius increase, the
DT values increase rapidly. This result indicates that in the
aim of making the temperature measurement more accurate, the radius of the nano-sphere should be smaller,
below 15 nm.
Considering the influence of the device size on the heat
transfer process, in our study, mainly the heating surface
and the height of the device were studied. Figure 5a and b
shows the DT curves altering with the upper surface area
and the height of the device, respectively. It is found that
with the upper surface area and the height increasing, the
temperature measurement will be more and more accurate,
particularly the DT is nearly eliminated when the upper
surface area increases to 150 9 75 nm2 and the height
increases to 80 nm. In fact, the probe sensitivity is highly
dependent on the heating areas due to the contribution of the
air-mediated thermal transport, which may provide a guide
for the design of the device size.

3.2

Temperature nano-probes based on Y2O3 nano-rod

The shape of the thermal detection probe is a key factor
that needs to be studied comprehensively. Compared with

Figure 5. (a) The DT changing with the different upper surface areas of the sample, and (b) the DT changing with the different heights
of the sample.
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Figure 6. The DT changing with (a) the gap distances (g2 ) at different heating powers (P2 ), (b) the bottom radii of
the nano-rod (r 2 ) at different heating powers, (c) the heating powers at different gap distances, (d) the heating powers
at different bottom radii, (e) the heights of the nano-rod (D2 ) at different heating powers and (f) the heating powers at
different nano-rod heights.

the nano-sphere mentioned above, there will be one more
rod height discussion when it comes to nano-rod. The DT
curve is similar to the result in figure 3, as shown in
figure 6a. The difference is that the gap distance is
beyond 100 nm (critical gap distance) when the curve
begins to flatten, especially when the heating power rises
to 0.05 mW. It can be discovered that the shape of the
probe will affect the critical gap distance at higher
powers. When the abscissa is changed to heating power,
discussing the gap distance dependent DT graph, the

result becomes a linear graph, which is displayed in
figure 6c. It can be clearly seen that when the gap distance exceeds 90 nm, no matter how the heating power
increases, the variation of DT is very close. This consequence is consistent with the previous result of the
impact of the critical gap distance. Figure 6b displays the
DT varying with the bottom radii (r 2 ) of the nano-rod
under different heating powers. Compared with the nanosphere mentioned above, this graph first slides down
rapidly and then begins to rise after reaching an
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Figure 7. The DT changing with (a) the gap distances (g3 ) at different heating powers (P3 ), (b) the bottom radii of
the nano-tube (r3 ) at different heating powers, (c) the heating powers at different gap distances, (d) the heating powers
at different bottom radii, (e) the heights of the nano-tube (D3 ) at different heating powers and (f) the heating powers at
different nano-tube heights.

intermediate point (r 2 ¼ 25 nm). This result demonstrates
that the bottom radius of the rod needs to be controlled
within a range, additionally it should not be too small or
too large. Similarly, figure 6d shows the DT diagram
under each heating power with different bottom radii of
the rod. The diagram can also indicate that the bottom
radius should not be too small or too large, preferably
around 25 nm, and the heating power should also be as

small as possible. The other factor affecting heat transfer
is the height (D2 ) of the rod. Figure 6e exhibits the DT
varying with different rod heights at different heating
powers. It can be seen that within the heating power
range of 0.005 to 0.05 mW, the height of the rod has
little effect on the DT, especially when the heating power
is low. This result is consistent with that shown in
figure 6f, from which we can clearly find that the
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Figure 8. The DT changing with (a) the gap distances (g4 ) at different heating powers (P4 ), (b) the side lengths (a) of the nano-disk at
different heating powers, (c) the heating powers at different gap distances and (d) the heating powers at different side lengths.

increase in the height of the rod does not cause an
obvious increase on the DT.

3.3

tube is too small compared to the thickness of the tube, so
this impact can be ignored. This result reveals that choosing
the nano-tube instead of rod can be a good consideration in
terms of saving cost.

Temperature nano-probes based on Y2O3 nano-tube

Based on the nano-rod probe, the hollow nano-tube with
initial 2 nm thickness (t3 ) was designed in our model. As is
displayed in figure 7a and c, similarly, the gap distance has
a relatively large impact on the DT at different heating
powers within about 100 nm range. In addition, combining
the results of figure 7e and f, except for the small difference
in the value and the slope of the graph line, the overall DT
trend is the same as the rod case. Compared with the rod,
there is a hollow part in the tube. From the perspective of
the heated surface, this hollow may make a discrepancy in
the DT of the rod and the tube. However, as is shown in
figure 7b and d, the influence of this hollow part on the DT
value is almost negligible. While the tube diameter
increases, the thickness of the tube also increases by the
same amount simultaneously. The hollow part size of the

3.4

Temperature nano-probes based on Y2O3 nano-disk

The cube-shaped nano-disk model with 10 nm initial side
length was designed in our work. Similar trend of the DT
dependent on the heating power and the gap distance is
shown in figure 8a and c. Compared with the sphere, rod
and tube mentioned above, it can be easily observed that the
probe shapes have little effect on the DT when contrasting
the effect of the gap distance. It means that only when
studying one shape of the temperature nano-probe, it will be
meaningful to discuss the effect of the gap distance of each
shape probe on the DT. Figure 8b shows that the DT curve
declines as the side lengths (a) of the nano-disk increase at
the different heating powers. It can be realized that the
curve trend is analogous with that of the rod and tube.
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Figure 9. (a) The DT of five nano-probes changing with the different side lengths of the nano-disk, and (b) the linear relationship
between the DT of the five nano-probes and the heating powers of the device.

Notably, the DT variation under each power is relatively
small and the largest variation of DT values is about 1.5 K.
It can be considered that compared with the previous probe
shapes, the nano-disk has better stability and accuracy in the
temperature measurement. In terms of the gap distance, it is
obvious that the closer to the device to be measured, the
more accurate the temperature measurement will be.
Therefore, when selecting probes based on accuracy and
stability, the shape of the nano-probes and the size of each
shape will be the main consideration. Figure 8d shows the
DT changing with the heating powers at the different side
lengths of the disk. It also reflects the slight difference of
the DT line at each side length, which also proves the
superiority of the nano-disk shape in the nanoscale temperature measurement.
Combining the above four shapes of the temperature nanoprobes, nano-disk is chosen as the best shape due to its relatively better stability and accuracy. Therefore, five kinds of
thermal probes are discussed based on the nano-disk shape.
Thermal conductivity and other parameters of these temperature probes are used in the model [19,25–33]. Figure 9a shows
the DT of five probes changing with different side lengths of
the nano-disk at 0.05 mW heating power.
It can be found in figure 9a that the DT values of these
five nano-probes are extremely close when the side length
of the nano-disk is below 20 nm. When it exceeds 20 nm,
the DT values show the discrepancy. It is seen that all five
nano-probes have a minimum DT value when the side
length is 30 nm, which means that the nano-disk with 30 nm
side length is the best size choice for temperature
measurement. Therefore, the nano-disk with a side length of

30 nm is selected. Figure 9b illustrates the heating powers
(P)-dependent DT values of five nano-probes. It shows the
linear relationship between the DT and P. In the power
range from 0.01 to 0.2 mW, the DT values of the five nanoprobes are always close. The result reveals that these five
nano-probes have the similar ability to receive heat from the
device in this heating power range.

4.

Conclusion

In summary, we established a temperature nano-probe model
to study the heat transfer between the thermal detection probes
and the nano-device in the nanoscale temperature measurement. Based on the finite element numerical simulation
method, the Y2O3 nano-sphere, nano-rod, nano-tube and nanodisk were studied comprehensively to achieve the accurate
nanoscale temperature measurement. The shape of nanoprobes is observed to be a main factor, resulting in the significant difference in the heat detection ability of probes. The
nano-disk with 30 nm side length is found to be suitable for
the temperature measurement. This study provides a new
perspective centred around the shape of the temperature nanoprobes for studying the heat transfer process in the nanoscale
temperature measurement field.
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[31] Mamedov B A, Eser E, Koç H and Askerov I M 2009 Int.
J. Thermophys. 30 1048
[32] Florescu D I, Mourokh L G, Pollak F H, Look D C, Cantwell
G, Li X et al 2002 J. Appl. Phys. 91 890
[33] Jeong J, Li C, Kwon Y, Lee J, Kim S H, Yun R et al 2013
Int. J. Refrig. 36 2233

