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A temperature sensor based on CdTe quantum
dots–layered double hydroxide ultrathin films
via layer-by-layer assembly†

Ruizheng Liang, Rui Tian, Wenying Shi, Zhihui Liu, Dongpeng Yan, Min Wei,*
David G. Evans and Xue Duan

Ordered ultrathin films based on alternate assembly of CdTe QDs

and layered double hydroxide monolayers have been fabricated,

which can be used as a photoluminescence temperature sensor

with dual-parameter signals and high response sensitivity.

Recently, colloidal semiconductor quantum dots (QDs) have
attracted considerable attention for their excellent behavior in
light-emitting diodes (LEDs),1a optically pumped lasers,1b photo-
voltaic cells,1c and biomedicine.1d Compared with traditional
organic fluorophores, they offer several advantages including flexible
photoexcitation, tailored wavelength, sharp photoemission as well as
superb resistance to photobleaching.2 However, the use of colloidal
QDs results in undesirable leaching and pollution, high cost and
inconvenient manipulation. From the viewpoint of practical applica-
tion, incorporation of QDs into solid matrices for the fabrication of
macroscopic arrays has been demonstrated to be an efficient
resolution to obtain optoelectronic devices with high stability,
recyclability and long-term service.3

Luminescence thermometry, which exploits temperature-
dependent changes in the luminescence properties (e.g., excited
state lifetime or emission intensity) of an indicator or probe, is a
versatile optical technique for the measurement of local tempera-
ture.4 To date, a variety of luminescent compounds have been
employed as optical temperature probes, including inorganic phos-
phors,4 organic dyes,5a and luminescent coordination complexes.5b

Compared with these luminescent materials, QDs possess the
advantages of strong PL intensity, narrow half peak width and
multi-parameter detectable signals. However, several problems
in the application of QDs-based optical temperature probes
are not well resolved. For instance, previously solid-state CdSe
QDs-polymer films only have an alternative detectable signal

(PL intensity6a or emission energy6b,c,7), and the response
sensitivity is not very satisfactory. In addition, these QDs-
polymer films generally suffer from poor thermal stability and
limited temperature response range,6,7 since the geometrical or
electronic structure of polymers changes easily under thermal
agitation.8 Therefore, how to fabricate new types of QDs-based
optical temperature sensors with high sensitivity, stability as
well as reproducibility remains a challenging goal.

Layered Double Hydroxides (LDHs) are a class of layered anionic
clays which have been widely used in the fields of catalysis, biology,
and optical materials.9 LDHs can be exfoliated into positively
charged nanosheets as building blocks for the fabrication of func-
tional ultrathin films (UTFs).10 Herein we present a UTF system as a
temperature sensor based on the layer-by-layer (LBL) assembly of
mercaptosuccinic acid modified CdTe QDs and positively charged
LDH nanosheets (Scheme S1, ESI†), which shows dual-parameter
detectable signals and superior temperature response sensitivity.
XRD and SEM indicate that the CdTe QDs–LDH UTF has long-range
order structure, with a periodic repeating distance of 12.33 nm. The
UTF exhibits a linear response in luminescence intensity as well as
peak position in the temperature range 23–80 1C, with a fast
response, high sensitivity, good repeatability and photostability. This
work provides a successful paradigm for the design and fabrication
of highly-oriented luminescence film via incorporation of QDs into a
2D inorganic matrix, and demonstrates its prospective application as
an optical temperature sensor.

Mercaptosuccinic acid modified CdTe QDs with a particle size of
B2.7 nm show strong yellow-green emission at 550 nm with a
quantum yield of 53% (see Fig. S1, ESI†). Scheme S1 (ESI†) shows
the multilayer assembly process of the CdTe QDs–LDH UTFs, in
which CdTe QDs and LDH nanosheets were alternately deposited on
the surface of quartz substrates via the LBL method. UV-vis absorp-
tion spectra (Fig. S2-A, ESI†) of these UTFs show that the intensity of
the absorption band at 519 nm increases gradually with the bilayer
number n, indicative of a stepwise and regular deposition procedure
with an approximately equal amount of CdTe QDs incorporated in
each cycle. The UTFs are nearly colorless and highly transparent
(Fig. S2-B, ESI†), as shown by the lack of visible absorption
between 400 and 800 nm (Fig. S2-A, ESI†). The (CdTe QDs–LDH)n
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UTFs display strong yellow-green emission under UV-light irradia-
tion, and the intensity at B558 nm also exhibits a monotonic
increase along with n (Fig. 1). This was further confirmed visually
by the gradual increase in the UTF brightness under UV irradiation
(Fig. 1, inset). Photoluminescence quantum yield (PLQY) of the
(CdTe QDs–LDH)30 UTF is 16.5%, which was measured using a
fluorescence spectrometer equipped with an integrating sphere.
The luminescence emission of the CdTe QDs–LDH UTFs shows a
little red-shift compared with the pristine solution of CdTe QDs
(Fig. S1-C, ESI†), which can be ascribed to the electrostatic
interaction between LDH nanosheets and CdTe QDs.

The surface morphology and thickness of (CdTe QDs–LDH)n

UTFs were investigated by scanning electron microscopy (SEM). The
top-view images (Fig. S3, ESI†) display the homogeneity of the UTFs
upon increasing bilayer number n, and a typical SEM image of the
(CdTe QDs–LDH)30 UTF is shown in Fig. 2A. The UTFs’ thickness
with various n can be estimated from their side-view SEM images
(Fig. 2B; Fig. S4, ESI†). The approximately linear increase in thick-
ness as a function of n was observed, with an average thickness
increment of B11.96 nm per bilayer cycle (Table S1, ESI†). The AFM
topographical images (2 mm � 2 mm) of the CdTe QDs–LDH UTFs
are illustrated in Fig. 2C and Fig. S5 (ESI†). The value of root-mean-
square (rms) roughness for the (CdTe QDs–LDH)n UTFs increases
gradually from 5.40 to 12.75 nm as the bilayer number varies from
6 to 30 (Table S1, ESI†), indicating a relatively smooth surface of
these UTFs. Furthermore, the (CdTe QDs–LDH)30 UTF shows a
homogeneous yellow-green color with strong brightness under a
fluorescence microscope (Fig. 2D), indicating that the CdTe QDs are
distributed uniformly throughout the UTF.

The CdTe QDs–LDH UTF undergoes a significant change in both
luminescence intensity and peak position upon heat treatment for a
short period of time. Upon heating the (CdTe QDs–LDH)30 UTF from
23 to 80 1C, the luminescence intensity gradually decreases with a
rather high response sensitivity (�1.47% per 1C); concomitantly, its
peak position exhibits a red-shift with a temperature sensitivity of
0.193 nm 1C�1 (Fig. 3A). The response sensitivity is much higher

than previously reported work (�1% per 1C (ref. 6a) and 0.1 nm 1C�1

(ref. 7)). Visually, a color change from yellow-green to yellow along
with a decrease in brightness can be clearly observed upon heating
the (CdTe QDs–LDH)30 UTF from 23 to 80 1C; as the film is cooled to
room temperature, it recovers its original color completely with
reverse fluorescence spectrum changes (Fig. 3B: inset; Fig. S6, ESI†).
The reversible process in the temperature range 23–80 1C can be
readily repeated up to 8 cycles (Fig. 3B), and a relatively obvious
decrease in the PL intensity was observed in the following cycles.
Small angle XRD was performed to illuminate the structural
variation in this heating–cooling cycle. As shown in Fig. 3C, the
basal spacing (d003) decreases from 12.33 to 10.50 nm as the
temperature rises from 23 to 80 1C. The contraction of basal
spacing is possibly attributed to the aggregation of CdTe QDs
in the LDH nanosheets gallery, which leads to a red-shift in
emission and fluorescence quenching. After cooling to 23 1C,

Fig. 1 Fluorescence spectra of (CdTe QDs–LDH)n UTFs (n = 6–30); the insets show
a linear correlation between intensity at B558 nm and bilayer number as well as
photographs of these UTFs under UV irradiation.

Fig. 2 Morphology of the (CdTe QDs–LDH)30 UTF: (A) top-view SEM image; (B) side-
view SEM image; (C) tapping-mode AFM image; (D) fluorescence microscope image.

Fig. 3 (A) The luminescence spectra of the (CdTe QDs–LDH)30 UTF in the
temperature range 23–80 1C (inset: the emission position or intensity as a
function of temperature, respectively); (B) the reversible fluorescence response of eight
consecutive cycles (the inset shows the UTF photographs at 23 and 80 1C, respectively);
(C) the small angle XRD patterns in a heating–cooling cycle: (a) 23 1C, (b) 80 1C and
(c) 23 1C; (D) typical fluorescence decay curves (green: 23 1C; red: 80 1C).
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the basal spacing recovers to 12.06 nm, indicating a reversible
aggregation state of CdTe QDs. This was further verified by fluores-
cence lifetime measurements. The fluorescence lifetime of the UTF
was determined to be 17.12 ns at 23 1C and 14.25 ns at 80 1C, and
the fluorescence decay at high temperature is faster than that at low
temperature (Fig. 3D). The results indicate that nonradiative decay
enhances significantly at high temperature, resulting in the reduced
luminescence intensity.11 Therefore, the dual parameters and high
sensitivity of the (CdTe QDs–LDH)30 UTF will guarantee its practical
application in temperature sensing.

To further give insight into the largely enhanced response
sensitivity of the CdTe QDs–LDH UTF, another two samples, CdTe
QDs solution and a pristine CdTe QDs film prepared by using the
solvent evaporation method, were used for comparison. The two
samples also show a linear decrease in fluorescence intensity in the
temperature range 23–80 1C, with a low response sensitivity of
�0.57% per 1C and �0.83% per 1C, respectively (Fig. S7 and S8,
ESI†), in contrast to the sensitivity of �1.47% per 1C for the (CdTe
QDs–LDH)30 UTF. Only the temperature-dependent nonradiative
decay of CdTe QDs is responsible for the decrease in luminescence
intensity of the two pristine CdTe QDs samples. In the case of CdTe
QDs–LDH UTF however, both the temperature-dependent nonradia-
tive decay and the QDs aggregation lead to its luminescence
quenching, accounting for the largely enhanced sensitivity.

Good photo-, thermal- and storage stability are extremely impor-
tant criteria in practical applications for a temperature sensor. To
illustrate the advantages of incorporation of CdTe QDs into a 2D
inorganic matrix, a CdTe QDs-polymer film sample was fabricated
by LBL assembly of QDs and poly dimethyldiallylammonium
chloride (PDDA) with a similar method. The fluorescence
intensities of CdTe QDs–LDH UTF and CdTe QDs–PDDA UTF were
recorded by illuminating them with UV-light in a comparative study.
After a 5 h irradiation, the fluorescence intensity of the CdTe QDs–
PDDA UTF decreased 55.6%; while 38.7% loss was found for the
CdTe QDs–LDH UTF (Fig. S9 and S10-A, ESI†). The results confirm
that the CdTe QDs–LDH system possesses a better UV-resistance
stability than the CdTe QDs–PDDA one. Subsequently, as the
irradiated CdTe QDs–LDH and CdTe QDs–PDDA UTF are immersed
into water for 2 min, the CdTe QDs–LDH UTF recovers its original
intensity completely (Fig. S10-B, ESI†), but the CdTe QDs–PDDA UTF
only returns to 71.4% of its primary value (Fig. S10-C, ESI†). The
CdTe QDs–LDH UTF system exhibits a surprising UV-resistance
stability as well as retrievability. Moreover, the response reversibility
of the two samples was also studied. For the CdTe QDs–PDDA UTF,
the luminescence intensity only recovered to 83.2% in the first
heating–cooling cycle, and a continuous decrease in luminescence
emission was observed in the following cycles (Fig. S11, ESI†). In
contrast, a high reversibility of the CdTe QDs–LDH UTF was
obtained (Fig. 3B). Generally, the geometrical or electronic structure
of organic polymer changes easily under thermal agitation, giving
rise to spontaneous fluorescence quenching of QDs dispersed within
the polymer matrix.8 In the case of the CdTe QDs–LDH UTF
however, the rigid LDH nanosheets are insensitive to thermal
relaxation and therefore provide a stable microenvironment for
the QDs. Furthermore, the CdTe QDs–LDH UTF did not show any
decrease in fluorescence intensity when dipping in water for 5 s,
even for 100 repeated cycles (Fig. S12-A, ESI†). No delamination

or peeling occurred on cross-cutting the UTF surface (Fig. S12-B,
ESI†), indicating a strong adhesion of the film to the substrate. In
addition, the storage stability test of the CdTe QDs–LDH UTF
shows that B97.4% of its original fluorescence intensity remained
after one month (Fig. S13, ESI†). The results above demonstrate
that the CdTe QDs–LDH UTF possesses strong photostability,
thermostability, mechanical and storage stability, which can be
used as a promising candidate for temperature sensing.

In summary, we have fabricated CdTe QDs–LDH UTFs as a
temperature sensor based on a long-range order architecture
comprising CdTe QDs and LDH nanosheets. The UTF exhibits
significant and reversible transformations (fluorescence intensity
and wavelength) in the temperature range 23–80 1C. Both the
temperature-dependent nonradiative decay and the reversible
QDs’ aggregation in the LDH matrix account for the largely
enhanced response sensitivity of the CdTe QDs–LDH UTF. In
addition, the photo-, thermal- and storage stability as well as
excellent reversibility promise long service lifetime of the UTFs
under practical conditions. It is expected that the strategy demon-
strated in this work can be extended to the fabrication of other
QDs–LDH UTFs with specific functionality.
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