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Abstract

We developed a novel method to measure local temperature at micro/nano-scale regions using
selective deposition of quantum dots (QDs) as a sensitive temperature probe and measured the
temperature of Joule heated silicon microwires (SiMWs) and silicon nanowires (SiNWs) by this
method. The QDs are selectively coated only on the surface of the SiMWs and SiNWs by a
sequential process composed of selective opening of a polymethyl methacrylate layer via Joule
heating, covalent bonding of QDs, and lift-off process. The temperatures of the Joule-heated
SiMWs and SiNWs can be measured by characterizing the temperature-dependent shift of
photoluminescence peak of the selectively deposited QDs even with far-ﬁeld optics. The validity
of the extracted temperature has been also conﬁrmed by comparing with numerical simulation
results. The proposed method can potentially provide micro/nanoscale measurement of localized
temperatures for a wide range of electrical and optical devices.
S Online supplementary data available from stacks.iop.org/NANO/27/505705/mmedia
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[8, 9]. Accordingly, accurate temperature measurement of
micro/nano-scale heating devices is very important, and thus
a number of methods with micro/nano-scale resolutions have
been developed for this purpose. Examples include high
resolution infrared camera imaging [10], thermal reﬂectance
measurement [11], temperature dependent liquid crystal
imaging [12], scanning thermal microscopy [13] and spectral
measurement of temperature dependent quantum dots (QDs)
[14–16]. Infrared camera measures the peak wavelength or
intensity of thermal radiation spectrum and converts them to a
temperature. The temperature measurement techniques by

Introduction
Microheater devices have been widely used in thermal stimulation devices [1], microﬂuidic devices for the polymerase
chain reaction [2] and miniaturized sensors such as gas sensors [3], humidity sensors [4] and ﬂow sensors [5, 6] because
of their fast heating/cooling speeds, localized heating conﬁnement and low power consumption. Furthermore, nanoscale heaters such as Joule heated nanowires also have been
used to fabricate highly integrated nanostructure arrays [7]
and to detect gas molecules with enhanced performances
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heated area become stronger than that from the micro/nanoscale heated area (case 3 in ﬁgure 1). However, the optical
detectors with high spatial resolutions are highly complicated
and expensive, and the excitation beam with sub-wavelength
focal spot size also requires specialized equipment and
stringent experimental control. Although a near-ﬁeld measurement technique can measure the temperature of nanoscale
heated area, the measurement procedure is much more complicated than the far-ﬁeld measurement. In order to resolve
this limitation, we have proposed a novel method by selectively depositing QDs on desired micro/nano-scale hot spots
(‘this work’ in ﬁgure 1). By using our method, neither a
highly focused excitation beam nor a probe with high spatial
resolution is required. Speciﬁcally, QDs are selectively
deposited on the Joule heated area of a silicon microwire
(SiMW) or silicon nanowire (SiNW) through thermal
decomposition of polymer passivation layer and chemical
bonding of QDs on the surface, followed by lift-off process.
We measure the Joule heating dependent photoluminescence
of QDs on the Joule heated SiMW/SiNWs and calculate their
temperatures by using the temperature dependent bandgap
energy of QDs. The temperature dependence of photoluminescence peak of QDs is characterized and the temperature function of bandgap is calculated, from which the
temperature of SiMWs/SiNWs is estimated.

Figure 1. Representation of proposed method compared with three

different types of conventional equipment setups for temperature
measurement: (Case 1) high spatial resolution detector (grid
indicates resolution of detector) with large excitation beam; (Case 2)
low spatial resolution detector with ultraﬁne excitation beam; (Case
3) low spatial resolution detector with large excitation beam. In this
work, neither ultraﬁne excitation beam nor high spatial resolution
detector is required because QDs are coated only on the heated
micro/nano-scale area.

Experimental
thermal reﬂectance, liquid crystal imaging and spectral analysis of QDs utilize the temperature dependent reﬂectance of
surface, crystallinity of polymer and band gap energy of QDs,
respectively. The spatial resolutions of all of these optical
temperature measurement methods are limited by the diffraction limit of emission spectrum, and a precise detector or
highly focused excitation beam are required for measuring
micro/nano-scale heated area. Thus, near-ﬁeld measurement
method such as scanning thermal microscopy has been utilized to measure nanoscale heated area by attaching temperature-sensing elements at the scanning probe tip [13, 17].
Although the scanning thermal microscopy has a high spatial
resolution, its measurement accuracy is limited due to the heat
dissipation via scanning probe tip and real-time measurement
is difﬁcult due to a long scanning time.
As mentioned above, QDs have been utilized as a noncontact temperature probe since their bandgap energy is
dependent on the temperature [18–20]. When the QDs are
deposited on a device and irradiated by laser, the temperature
of the device can be extracted by measuring the photoluminescence spectra of the QDs [14–16]. Figure 1 shows the
schematic of our method in comparison to other conventional
methods based on the spectral shift of QDs. In order to
measure the micro/nano-scale heated area using this method,
the emission spectra of QDs from micro/nano-scale heated
areas and non-heated areas should be distinguished. Thus, the
spatial resolution of optical detector should be micro/nanoscale (case 1 in ﬁgure 1) or the laser beam should be focused
only on the desired micro/nano-scale hot spots (case 2 in
ﬁgure 1). Otherwise, the emission spectra of QDs from non-

We fabricated SiMW/SiNWs by top-down micro/nano-fabrication processes. SiMWs were fabricated by using silicon on
insulator (SOI, top silicon device layer=50 nm and buried
oxide layer=400 nm) substrate. The patterns of SiMWs
were deﬁned by photolithography and reactive ion etching.
Fabricated SiMWs had an average width of 4.2 μm, length of
5 μm, thickness of 45 nm and were doped with p-type dopants
(ion implantation, boron, ρ=7×10−2 Ω ⋅ cm). Source and
drain regions were highly doped with p-type dopants (ion
implantation, boron, ρ=6×10−4 Ω ⋅ cm) for ohmic contact
with metal electrodes and decrease of resistance except for the
microwire region. Rapid thermal annealing (1000 °C, 10 s in
N2 environment) was used for the dopant activation. Thermal
oxidation and forming gas annealing were utilized to grow
9 nm thick silicon oxide layer on the SiMW with reduction of
top silicon layer and to passivate dangling bonds generated at
the boundary between silicon and silicon oxide layer. Gold
electrodes for electrical probing were patterned by using
photolithography, vacuum deposition of chromium (10 nm)
and gold (200 nm) by electron beam evaporation, and lift-off
process. The SiNWs were also fabricated by similar CMOS
compatible fabrication processes using SOI (top silicon
layer=40 nm and buried oxide layer=140 nm) wafer,
except for the nanolithography process instead of photolithography. Speciﬁcally, SiNWs were fabricated by deep
ultraviolet lithography, time-controlled photoresist ashing,
and reactive-ion etching [9]. Fabricated SiNWs had an average width of 120 nm, length of 2 μm and thickness of 40 nm,
and were doped with n-type dopants (ion implantation,
2
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Figure 2. Temperature dependence of QD photoluminescence: (a) normalized photoluminescence results of QDs on a bare silicon wafer by
increasing the temperature from 23 °C to 130 °C and (b) band gap energy (E=hc/λ=(1239.8 eV nm)/λ) of QDs having a linear
relationship with the temperature (E(eV)=2.089–4.309×10–4 T(K)).

phosphorus, ρ=1×10−2 Ω ⋅ cm). Source and drain regions
were highly doped with n-type dopants (ion implantation,
arsenic, ρ=6×10−4 Ω ⋅ cm) for ohmic contact with probing tips and decrease of resistance except for the nanowire
region. Rapid thermal annealing (1000 °C, 10 s in N2
environment) was used for the dopant activation. Thermal
oxidation and forming gas annealing were utilized to grow
3 nm thick silicon oxide layer on the SiNW and to passivate
dangling bonds, respectively.
Polymethyl methacrylate (PMMA, MicroChem) used as
a passivation polymer layer was coated on the SiMW and
SiNW devices by spin coating with a thickness of 140 nm.
PMMA layer was selectively decomposed only along the
Joule-heated SiMW/SiNWs [21]. For the surface modiﬁcation of exposed silicon oxide layer with amine group, the
devices was immersed in an ethanol diluted solution of
3-aminopropyl triethoxysilane (Sigma Aldrich) for 2 h and
rinsed with ethanol and deionized water several times. QDs
(Emfutur) composed of cadmium selenide (CdSe; core) and
zinc sulﬁde (ZnS; shell) with an average diameter of 6.0 nm
were utilized. For chemical bonding with amine-modiﬁed
silicon surface, the surface of ZnS layer of QDs was modiﬁed
with a carboxyl group by thioctic acid (Sigma-Aldrich) [22].
Carboxyl-modiﬁed QDs were immobilized on the aminemodiﬁed silicon substrate with a crosslinking agent of
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) [23].
Finally, PMMA layer was removed by dipping the device into
acetone while the QDs were remained on the SiMW/SiNWs
via covalent bonding. Figure S1 in the online supplementary
data shows the schematic of QDs coating processes.
In order to characterize the temperature dependent photoluminescence of QDs, they were coated on a bare silicon
wafer. Then, the silicon wafer was mounted on a small heater
and while the substrate temperature was measured by using a
k-type thermocouple attached on the substrate. We can
assume that the temperature of QDs is the same as that of the
top surface of silicon wafer due to very small thickness
(∼20 nm) of QD ﬁlm. Afterwards, the photoluminescence of
QDs was characterized with a 514 nm laser as an excitation
light source while increasing the temperature. For characterizing the photoluminescence of QDs on the Joule heated

SiMWs/SiNWs, electrical bias was applied on the QD coated
SiMWs/SiNWs by using a source meter (Keithley 2400)
while the photoluminescence of QDs was characterized with
514 nm laser as the excitation light source.

Results and discussion
Figure 2(a) shows the photoluminescence plots of the QDs on
the heated silicon wafer. The emission wavelength of QDs is
shifted to higher wavelength as the temperature is increased
[19, 20]. The bandgap energy is decreased due to the dilatation of lattice structure as the temperature is increased [24].
The emission wavelength of QDs changes from 632 to
647 nm as the temperature is increased from 23 °C to 130 °C.
The bandgap energy of QDs can be calculated by the Plank–
Einstein relation (E=hc/λ=(1239.8 eV nm)/λ) and plotted as shown in ﬁgure 2(b). The bandgap energy of QDs
shows a linear relationship with temperature and is ﬁtted as
the function of temperature in the following:
E (eV) = 2.089–4.309 ´ 10-4 T (K) .

(1 )

This empirical function is used for the temperature estimation
of Joule heated SiMW/SiNW devices.
As explained above, QDs were selectively coated on the
SiMW/SiNWs by self-assembly and lift-off of QDs. PMMA
was used as a lift-off layer and selectively removed by thermal decomposition through Joule heating of SiMW/SiNWs
as shown in ﬁgures 3(a) and (b). The Joule heating of SiMW/
SiNWs generates localized heating along the wires and the
local temperature is raised sufﬁciently for the thermal
decomposition of PMMA. Here, the PMMA layer was
decomposed by applying a DC bias of 43 V (0.985 mA) for
the SiMW and by a DC bias of 11.5 V (0.177 mA) for the
SiNW. Figures 3(a-(i), (ii)) and (b-(i), (ii)) show the optical
microscope images of SiMW/SiNWs before and after selective opening of PMMA layer by their Joule heating. The
AFM images clearly indicate local thermal decomposition of
PMMA along Joule heated SiMW/SiNWs (online supplementary ﬁgure S2). A possible residual layer on the SiMW/
SiNW surface after decomposition of PMMA was completely
3
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Figure 3. Selective coating of QDs on the SiMW and SiNW by thermal decomposition of PMMA layer via Joule heating of SiMW/SiNW:
(a), (b) Microscope images of PMMA decomposition by Joule heating of SiMW and SiNW: (i) before decomposition and (ii) after
decomposition. (c)–(f) SEM images of QDs selectively coated on the SiMW and SiNW (red dotted contour indicates QDs coated region). (g),
(h) Line proﬁles of SiMW (g) and SiNW (h) after each step of sequential QD coating process. PMMA layer is decomposed only along the
Joule heated SiMW and SiNW, and QDs are coated only on the SiMW and SiNW after the lift-off process.
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Figure 4. Temperature measurement of SiMW/SiNW by QD photoluminescence measurement: (a) normalized photoluminescence of Joule
heated SiMW; (b) Joule heating dependent bandgap energy of QDs on SiMW; (c) Joule heating voltage versus temperature of SiMW; (d)
Joule heating power versus temperature of SiMW; (e) normalized photoluminescence of Joule heated SiNW; (f) Joule heating dependent
bandgap energy of QDs; (g) Joule heating voltage versus temperature of SiNW; (h) Joule heating power versus temperature of SiNW. Here,
the arrows represent the voltage sweeping directions.

removed from the SiMW/SiNW surface by a short-term
oxygen plasma etching process (10 W, 30 s). We conﬁrmed
the selective coating of QDs by the SEM images
(ﬁgures 3(c)–(f)). Figures 3(g) and (h) show the cross-sectional line proﬁles of bare SiMW/SiNW, those after PMMA
coating, those after thermal decomposition of PMMA layer,

and those after QD coating from AFM imaging. The line
proﬁles of the QD coated SiMW/SiNW prove that the QDs
are coated only on the SiMW/SiNW. Also, the differences of
the line proﬁles before and after QD coating show that the
heights of QD layer on SiMW/SiNW are approximately
5
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Figure 5. Reliability of temperature measurement by using this method: (a) repetitive temperature measurement of the same SiMW through

two cycles of experiments, (b) repeatability conﬁrmed by repeating the temperature measurement for three different SiMWs, (c) computer
simulation of Joule heated SiNW with selectively coated QDs on the SiNW compared with the experiment results.

20 nm and 10 nm, respectively (online supplementary
ﬁgure S3).
After the selective coating of QDs on the Joule-heated
SiMW/SiNWs, their photoluminescence is characterized as
shown in ﬁgure 4. Figure 4(a) shows the normalized photoluminescence (I/Ipeak) of the QDs while increasing the
applied voltage across the SiMW from 0 to 25 V (0.59 mA).
The bandgap shift of QDs is observed to be from 1.959 to
1.922 eV due to the Joule heating of SiMW as shown in
ﬁgure 4(b). The temperature of QDs is calculated by the
empirical function (equation 1) of temperature. Figure panels
4(c) and (d) show the temperature–voltage and temperature–
power relations in the SiMW, respectively. The temperature
of SiMW should be a linear function of applied power
because most of the Joule heating energy is dissipated via
thermal conduction and convection in microscale, and this is
experimentally veriﬁed as shown in ﬁgure 4(d). The measured
temperature of SiMW is well ﬁtted as a linear function of the
Joule heating power. However, it should be also noted that the
temperature of SiMW may not be exactly a linear function of
Joule heating power because the resistivity of the SiMW is
increased by the phonon scattering due to Joule heating at
high voltage conditions. Red and blue curves in ﬁgures 4(b)–
(d) represent the temperature of SiMW measured by
increasing and decreasing the Joule heating voltage, respectively, and this reveals a small hysteresis of the temperature
measurement, presumably due to the photo-oxidation of QDs.

The temperature of SiNW is also measured by the same
method as shown in ﬁgures 4(e)–(h). Figure 4(e) shows the
change of normalized photoluminescence (I/Ipeak) of SiNW
when the applied voltage is increased from 0 to 8 V
(0.147 mA). In contrast, no emission wavelength shift by
Joule heating of the SiNW is observed in the photoluminescence measurement from QDs that are nonselectively
coated on the SiNW (i.e. QDs are coated on the SiNW as well
as in the surrounding of SiNW) (online supplementary ﬁgure
S4). A bandgap shift of QDs from 1.965 to 1.923 eV occurs
due to the Joule heating of SiNW as shown in ﬁgure 4(f). We
can ﬁnd a linear relationship between the temperature and
power applied to the SiNW as shown in ﬁgure 4(g). Even
though the power supplied to the SiNW is much smaller than
that supplied to the SiMW, the temperature of SiNW can
reach similar value as that of the SiMW due to much smaller
heat capacity of the SiNW. In addition, we observe larger
hysteresis of temperature while the applied power is increased
and then decreased (red and blue curves). This may be due to
smaller amount of QDs on SiNW than on SiMW, which may
have caused higher measurement error.
We conﬁrmed the repeatability of this method for the
temperature measurement of Joule-heated SiMWs.
Figure 5(a) shows the result of repeated temperature measurement of a SiMW by two scanning cycles. The ﬁrst and
second temperature measurement cycles of a SiMW show
similar Joule heating voltage–temperature dependency, but
6
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the temperature at the second measurement cycle is lower
than that from the ﬁrst measurement cycle. It has been found
that the QDs tend to gradually degrade under laser irradiation
or high temperature conditions [25–28]. An oxidation of QDs
under laser irradiation in ambient condition and a blue shift of
emission wavelength by the oxidation were reported in the
previous study [27]. Shorter wavelength corresponds to lower
temperature in the empirical function (1) and thus the temperature is underestimated in the second scanning cycle than
the ﬁrst cycle. We can conclude that the temperature measurement using QDs is useful for the short-term temperature
characterization rather than repetitive or long-term temperature measurement. We have conﬁrmed the reliability of our
temperature measurement method by repetitive temperature
measurement of three different SiMWs as shown in
ﬁgure 5(b). Temperature measurement results of the three
SiMWs are not exactly the same due to the geometrical difference of microfabricated devices. However, the slopes of
linear ﬁtting for temperature versus power are almost identical
with 4% of difference. Figure 5(c) displays the numerical
calculation of Joule heated SiNW in comparison with the
measured temperature for different electrical power (detail of
numerical simulation is explained in the supporting information (online supplementary ﬁgures S5–S7)). Here, it should
be noted that the plotted simulation result is the average
temperature along the channel region of Joule-heated SiNW
and the experimental result is the average temperature of QDs
that are coated on thermally decomposed region. Although
there is some discrepancy at high heating power (>1200 μW),
the experimental and simulation results generally show good
agreement with each other, verifying the validity of measured
temperature by using our method.
In summary, we developed a novel method to measure
the temperature of Joule heated SiMW/SiNWs by selective
coating of QDs on the heated area of SiMW/SiNWs. Selective coating of QDs can be achieved simply by the thermal
decomposition of polymer layer via Joule heating of the
SiMW/SiNWs, followed by the deposition and lift-off of
QDs. This temperature measurement does not require complicated laser focusing or precise stage control because QDs
are selectively coated only on the heated micro/nano-scale
areas. We have conﬁrmed the repeatability and reliability of
this measurement method and good agreement with the
numerical calculation based on ﬁnite element method. It is
expected that this simple approach would have a great
potential for probing localized temperature of various micro/
nano-electronic devices such as microheaters for integrated
gas sensors, self-heated nanomaterial-based chemical sensors,
phase-change memory devices, etc.
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