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Abstract
This work describes a micrometer resolution and plane-array temperature-sensing method using
the photoluminescence (PL) of ZnCuInS/ZnSe/ZnS quantum dots (QDs). Heavy-metal-free QDs
were directly deposited on a printed circuit board to analyze the surface temperature of the
devices on the board. An optical fiber monochromator and a high-powered microscope were
employed to fabricate a system which could collect temperature-dependent QD emissions from
the micrometer area for the temperature measurements. This system realizes the imaging of the
surface temperature distribution in the planar micrometer area. Temperature sensitivity of the PL
intensity reached 0.66% °C−1, and the relative error was less than 2%.

Keywords: temperature sensing, micrometer resolution, planar, ZnCuInS/ZnSe/ZnS, quan-
tum dots

(Some figures may appear in colour only in the online journal)

1. Introduction

With the development of integrated circuits (ICs) and micro/
nano-electromechanical systems (MEMS/NEMS), it is very
important to analyze and monitor the performance of these
micro-/nano-scale systems. In many of these applications,
temperature plays an important role in overall chip perfor-
mance. For example, the performance uniformity of each
single chip in an alternating current/high voltage (AC/HV)
LED is an important factor affecting a device’s lifetime and
can be analyzed by using surface temperature. The junction
temperature,another critical parameter that affects internal
efficiency, maximum output power, reliability, and other

specifications of LEDs, can also be analyzed by usin surface
temperature [1]. Temperature measurement is also an effec-
tive way to detect defects in MEMS/NEMS and ICs [2].

Because of the low spatial resolution, measuring the
temperature of MEMS/NEMS and ICs by using conventional
techniques becomes extremely challenging either in the con-
tact or noncontact modes when the characteristic dimension
of the functional structures reduces down to the nanometer
range [2–4]. Traditional temperature measurement methods
such as contact measurement of thermocouples and non-
contact measurement of thermal infrared imagers suffer
similar limitations [5–8]. Furthermore, these methods are
limited to single-spot data acquisition, and the complexity of
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the assembly (fabrication) is increased when thermocouples
are incorporated [4].

Luminescent semiconductor quantum dots (QDs) have
been considered for use as temperature sensing material on
microchips because of properties such as strong confinement
in all three spatial dimensions [9], broad absorption and
tunable emission [2, 10], small size (a few nanometers) [11],
and easy chemical modification and processing [12]. Because
QDs can be directly placed into micro-/nano-channels for
temperature measurement through far-field optical readouts,
more and more researchers have paid attention to QD-based
temperature sensing systems.

Previous works have shown that the spectroscopic
characteristics for an ensemble of CdSe QDs shift with tem-
perature [13–16]. Therefore, CdSe QDs were integrated into
micro- and nano-structures to monitor surface temperatures
with a spectral shift sensitivity of 0.1 nm °C−1 [2]. Also, the
temperature-dependent optical spectra of PbSe QDs have
been confirmed as having a better sensing sensitivity of
0.16 nm °C−1 [10], and they have been employed as real-time
and on-chip temperature sensors to monitor the surface tem-
perature of GaN LED chips [17]. The optical spectra of CdTe
QDs have been used for temperature sensing with a tem-
perature coefficient of 1.47% °C−1 [18]. Though the use of
these QDs in temperature sensing is promising, a serious
drawback is their toxic heavy metal components of cadmium
and lead, which raise concerns about carcinogenicity and
other chronic health risks as well as disposal hazards [19].

In this paper we propose the use of non-toxic ZnCuInS/
ZnSe/ZnS QDs for temperature sensing by employing tem-
perature-dependent far-field optical readouts. In our work, we
demonstrated the feasibility of directly depositing a film of
QDs on a printed circuit board (PCB) for noncontact, local
temperature sensing of IC and MEMS. We did so by designing
a calibrated PL spectra-based sensing system that included an
optical fiber monochromator, a high-power microscope, and a
fine wheel structure. This plane-array and micrometer resolu-
tion temperature-sensing system may be promising in detecting
defects and sensing micro-/nano-scale temperatures.

2. Experimental section

2.1. Chemicals

Indium (III) iodide (InI3, 99.99%) and selenium powder (Se,
100 meshes) were purchased from Alfa Aesar. Coppor (I)
iodide (CuI, 98%), dichlorodiphenyltrichloroethane (DDT,
98%), tributylphosphine (TBP, 95%), diethyldithiocarbamic
acid zinc (DECZn, 98%), zinc oxide (ZnO, 99.99%),1-octa-
decene (ODE, 90%), and oleylamine (OAm, 80%–90%) were
obtained from Aladdin. Acetone, methanol, hexane, and
toluene were purchased from Sigma-Aldrich. All chemicals
were used directly without further treatment.

2.2. Precursor solution

0.181 g DECZn was dissolved in 6 mL TBP and 24 mL ODE
and degassed for 20 min. Then, the mixed solution was
heated to 70 °C for 30 min to obtain a DECZn/TBP/ODE
solution. 0.0857 g CuI and 0.113 g InI3 were respectively
placed in 10 mL OAm under sonication until two clear
solutions were obtained. 0.078 g Se powder was dissolved
into 10 mL TBP at room temperature to get a clear solution.
0.100 mg ZnO and 2.073 g OA were added to 10 ml ODE at
200 °C under N2 flow to obtain a colorless zinc oleate/ODE
solution.

2.3. Synthesis

The ZnCuInS/ZnSe/ZnS QDs were synthesized by using
an approach modified from the method proposed by
Uehara et al [20] and Tan et al [21]. In a typical synthesis
of 2.3 nm QDs, 2 mL CuI/OAm, 2 mL InI3/OAm, and
6 mL DECZn/TBP/ODE solutions were mixed into 20 mL
ODE (which had been degassed with N2 for 10 min) under
N2. The mixture was heated at 70 °C for 30 min and then
at 120 °C for 4 h. 2 mL Se/TBP and 2 mL zinc oleate/ODE
solutions were then added dropwise into the solution just
describes.

Ten min later, another 2 mL Se/TBP and 2 mL zinc
oleate/ODE solutions were dripped into the reaction
solution and the temperature was increased to and main-
tained at 180 °C for 1 h. After that, the reaction tem-
perature was adjusted back to 150 °C for another 1 h. Then
3 mL DECZn/TBP/ODE solution was added to the flask,
and the reaction solution was heated to and maintained at
210 °C for 30 min. At this time the temperature was again
set back to 150 °C for annealing (2 h). The solution was
further cooled to 100 °C, and 3 mL DDT was added. After
1 h, the solution was cooled to room temperature. The
growth temperatures were maintained at 210 °C and
180 °C to achieve particle sizes of 3.3 nm and 2.7 nm,
respectively.

The QD solution was mixed with an equal volume of
hexane solution and then extracted once with twice the
volume of methanol. The QDs were further precipitated by
twice the volume of methanol and an equal volume of acetone
[22–24]. The purified ZnCuInS/ZnSe/ZnS QDs were finally
dispersed in toluene for further research.

2.4. Characterization

Absorption spectra were measured on a Perkin-Elmer
Lambda 950 UV-Vis spectrophotometer. Photo-
luminescence (PL) spectra were recorded on a Perkin-Elmer
LS50B spectrophotometer. Transmission electron micro-
scopy (TEM) studies were performed by using a TECNAI
F30ST TEM operated at 300 kV. Samples for TEM were
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prepared by placing a 4 μL toluene solution of nanocrystals
on copper grids coated with ultrathin carbon film in a
glove box.

3. Results and discussion

3.1. Detecting system

Figure 1 shows the schematic diagram of the ZnCuInS/ZnSe/
ZnS QDs-based temperature sensing system. The QD solution
was spread on the surface of the PCB and then dried under
air. The sample was mounted on a sample holder with a
moving accuracy of 1 μm. QDs on the surface of samples
were excited by a 450 nm continuous-wave laser with a
collimator.

The temperature-related emission of QDs in the region of
1 × 1 μm2 was collected by the microscope system with an
objective lens (10×) and an optical fiber (with a core diameter
of 10 μm). The emission from QDs was collected through a
dichroic mirror. After a circuit board or an electronic device
coated with QDs is placed on the sample holder, the holder
will shift along the pixels one by one to record the spectrum
and to analyze the temperature and surface properties of the
device. The spectra of each point on the device were scanned
twice, once before and once during operation. Then the

spectra before operation were considered as ‘1’ and the
relative intensity was obtained for temperature calibration and
calculation.

3.2. Temperature-dependent emission property

Figure 2 displays the optical absorption, PL spectra, and
temperature-dependent PL for three sizes of ZnCuInS/ZnSe/
ZnS core/shell/shell QDs dissolved in toluene. The Stokes
shifts determined from figure 2 were 398.6, 436.7, and
460 meV. The insets in figures 2(a)–(c) show the TEM ima-
ges of ZnCuInS/ZnSe/ZnS QDs with particle sizes of 3.3, 2.7,
and 2.3 nm.

The 2.3 nm QDs were employed as a temperature sensor
as an example. The quantum yields (QYs) of the ZnCuInS/
ZnSe/ZnS QDs were 57% in solution and 8% as a thin film
measured with an integrating sphere. The ZnCuInS/ZnSe/ZnS
QDs have similar temperature-dependent PL properties for
different particle sizes [25]. To further confirm the spectra
stability of the QDs, three cyclic tests of the change of tem-
perature-dependent PL intensity were measured as shown in
figure 3(a). The PL intensity decreases with increasing tem-
perature and can return to its original spectrum when the
material is cooled. The good reversibility of PL intensity was
observed for the second and third cycles of heating and
cooling. The PL intensity was able to return to its original

Figure 1. Schematic diagram of noncontact temperature characterization system using QDs (a). Image of PCB (b) and enlarged images of
PCB without QDs (c) and with QDs (d). A–H are eight micrometer-sized resistors.
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values after three cycles of heating and cooling at the related
temperature. Such good reversibility ensures that this material
is appropriate for repeated temperature measurements.

Because the PL origin of ZnCuInS/ZnSe/ZnS QDs is most
probably due to the recombination of a quantized conduction-
band state to a localized intra-gap state and the donor and
acceptor pair [25–28], the temperature-dependent band gap
shifts of these QDs were not as strong as that of band-edge
emitting material. Therefore, the PL intensity (not the peak
position) was employed in this system. However, the PL
intensity on the surface of the device varies with the number of
QDs, and it is difficult to control the uniformity of the QD film;

therefore, the normalized intensity of PL spectra was proposed
to be capable of simplifying the temperature sensing.

We used room temperature (20 °C) as the reference
temperature. Before the measurement, we scanned the optical
spectrum of each pixel at room temperature, recorded the PL
intensity, and normalized it at 1.0 for an individual pixel.
Then we scanned the surface pixel emission again when the
circuit board or electronic device coated with QDs was
operating. According to this strategy, all the operating emis-
sions were compared with the PL intensity at room tem-
perature. The processed result is shown in figure 3(b). The
temperature coefficient of PL intensity was thus obtained as

Figure 2. Absorption spectra and TEM images of ZnCuInS/ZnSe/ZnS QDs: 3.3 nm (a), 2.7 nm (b), and 2.3 nm (c). Temperature-dependent
PL spectra of 3.3 nm (d), 2.7 nm (e), and 2.3 nm (f) from 20 °C to 105 °C.

Figure 3. Three cycles of the reversible change of temperature-dependent PL intensity for ZnCuInS/ZnSe/ZnS QDs (a). Normalized PL
spectra of ZnCuInS/ZnSe/ZnS QDs at temperatures of 20 °C to 105 °C (b). The calibrating curve of the normalized PL intensity for
temperature from 20 °C to 105 °C (c).
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0.66% °C−1, which was decent compared with those of CdSe
(∼0.34% °C−1) and CdTe QDs (∼1.47% °C−1) [2, 18]. The
PL intensity comparison (normalization) demonstrates that
the concentration of the QDs (number of QD particles) and
the nonuniformity of QD film on the PCB will not affect the
detecting results, which makes this method simple to use.

Before measuring the temperature of the QD film, a stan-
dard curve of temperature-dependent normalized PL intensity is
needed for calibration. Figure 3(c) shows the standard line of
temperature-dependent PL intensity of 2.3 nm QDs from 20 °C
to 105 °C. The calibration equation was derived as,

= − ×I t1.136 0.00657 (1)n

where In is the normalized PL intensity and t is the temperature
(°C). As can be seen from figure 3(c), intensity decreases line-
arly as temperature increases. According to the equation, tem-
perature can be calculated through the normalized PL intensity
of ZnCuInS/ZnSe/ZnS QD film.

3.3. Temperature measurement on PCB

First, a series circuit composed of five different resistors was
employed to analyze the effectiveness of our temperature-
detecting system. A stable current was applied to the series
resistors. Figures 4(a) and (b) show the five resistors; three of
them have resistances of 1982Ω (A), 992Ω (B) and 196Ω

Figure 4. Images of PCB without QDs (a) and with QDs under UV
lamp (b). Thermal infrared images of PCB with QDs operated at
0 mA (c) and 7.9 mA (d). A, B, and C are three resistors in a series
circuit.

Figure 5. PL intensity of QD film with increasing biases of resistors A (a), B (b), and C (c) (see figure 4). Comparison of QD-measured
temperature (vertical axis) achieved from QD sensors and temperature (horizontal axis) achieved from thermal infrared imager for resistors A
(d), B (e), and C (f).
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(C), respectively. Each resistor has a surface area of
5 × 3 mm2. The ZnCuInS/ZnSe/ZnS QDs were spread on the
surface of the resistors. Figure 4(a) is the image of the PCB
without QDs and figure 4(b) shows the image of the PCB

with QDs under a UV lamp. All the resistors operated at the
same current but with different resistances, so the stabilized
temperature for each resistor was different. The QD-covered
PCB board was placed under an optical microscope with an

Figure 6. PL spectra of eight micrometer resistors A (a), B (b), C (c), D (d), E (e), F (f), G (g), and H (h) operating at different currents (see
figure 1).
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excitation light beam focused on it. The PL spectra of the QD
films were thus collected for temperature measurement.

The spectral data were collected after the PCB operated
for several minutes when the surface temperature reached
equilibrium (no more changes). Figures 5(a)–(c) show the PL
spectra of QDs on the three different resistors A, B, and C,
respectively. The PL intensity at a current of 0 mA (room
temperature) was used as the reference to achieve the nor-
malized PL spectra at different currents. The PL intensity of
the QD films decreased with the increased current and
accordingly the increased temperature of the resistors.

According to the measured normalized PL intensity and
equation (1), the surface temperatures of the resistors at dif-
ferent currents could be obtained. To analyze the accuracy of
this temperature measurement, a thermal infrared imager was
employed to monitor the surface temperature of the three
resistors as a comparison. The images of the PCB obtained
from the thermal infrared imager are given in figure 4 when
the PCB was operating at 0 mA and 7.9 mA. The different
colors indicate that the different resistors induced different
surface temperatures. With the temperature increasing, the
color varies from blue, green, yellow, and red to white. The
comparison of the actual temperatures measured by the
thermal infrared imager and the QD-measured temperatures
for the three resistors are shown in figures 5(d)–(f). The
relative error of the QD temperature system was 1.9%.

3.4. Plane array and micrometer-area temperature sensing

We also used a QD temperature sensor to analyze plane array
and micrometer area circuits. The thermal infrared imager
could no longer be used easily and directly to measure
micrometer areas [7, 8]. The micrometer area circuits and
systems were made of a black PCB with eight micrometer-
sized resistors (with the same resistance) as shown in
figures 1(c) and (d). The size of the micrometer resistors was
200 × 200 μm2.

When the resistors wereoperating, the currents in them
differed and thus different surface temperatures were gener-
ated. ZnCuInS/ZnSe/ZnS QDs were spread on the surface of
these resistors. A microscope with a spectrophotometer was
employed to focus on one single device area at a time and
collected the QD emission for each resistor. The circuit board
was placed on the objective table. Through the movement of
the objective table, the PL spectra of QD film on every
resistor (no current) were respectively recorded as the refer-
ence and each PL intensity was set to be 1.0. The PL spectra
of QD film on the resistors were then measured when the
resistors had been operating for 10 min (that is, they had
already reached temperature equilibrium with the surround-
ings). According to the normalized PL intensity of the QD
film, the surface temperature of each resistor could be cal-
culated according to equation (1).

The normalized PL spectra of the eight resistors are
shown in figures 6(a)–(h). Therefore, the surface temperatures
of the eight resistors can be determined by the relative PL
intensity of the QDs film. The data for the measured

temperatures of the resistors operating at different currents are
shown in figure 7.

To further determine the resolution of this temperature
analysis system, we recorded the emission intensity of QDs
on resistor H for an area of 200 × 140 μm2 as shown in
figure 8(a). The color varied on the basis of the detected
temperature for the surface of resistor H, which shows that
this method can be used to analyze planar surface temperature
with a 10 × 10 μm2 resolution, as shown in figure 8(b). This
method can be applied to the analysis of a plane-array with
micrometer resolution temperature detection, which is pro-
mising for use in detecting defects in highly integrated
devices such as ICs. Defects and non-uniform distribution of
cabling often occur in ICs in the form of broken diodes and
cabling with different widths, which can cause different
resistances or distributions of surface temperature while the
IC is operating. Therefore, coating the device surface with a
thin layer of the proposed QDs will show a detailed thermal
image of the device so that one can directly find the broken
point or non-uniform distribution.

4. Conclusions

We have described the application of ZnCuInS/ZnSe/ZnS
core/shell/shell QDs as temperature sensors, which is made
possible by their temperature-dependent PL intensity. We
used the system we designed to analyze micro-area surface
temperature with micrometer resolution and low analysis
error.
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