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The photoluminescence (PL) characteristics of CdTe/ZnS quantum dots (QDs) infiltrated in TiO, inverse
opal photonic crystals (PCs) are studied in detail. The PL dynamics of QDs show that the PCs could
accelerate the PL relaxation rate of QDs as the PL peak of QDs is overlapped with the photonic stop band
of PCs. Besides, the PCs could decrease the activation energy of QDs due to its porous structure and sup-

press the exciton annihilation process of QDs at high excitation intensity, owing to the light scattering
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effect. The final results are beneficial for people in further understanding the role of inverse opal PCs
on manipulating the PL characteristics of QDs.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductor quantum dots (QDs) are a kind of interesting
novel nano-materials, which own many excellent properties [1],
and could be used in the fields of optoelectronic devices [2] and
biomedical imaging [3], etc. Among them, CdTe/ZnS quantum dots
are a type of core-shell quantum dots, which exhibit excellent
luminescent characteristics [4], and have potential applications
in the fields of light-emitting diodes [2]. Generally speaking, the
luminescence yield of QDs depends on the radiative and
non-radiative process of excited QDs, which are sensitive to the
surrounding environment, such as the reflective index [5] and
the temperature [6]. If the environment of QDs could be changed,
it would be possible to further manipulate the photoluminescence
(PL) characteristics of device performance based on QDs, which
also opens a window to broaden the applications of semiconductor
QDs. Recently, the appearance of photonic crystal (PC) could
resolve this problem [7-9], since it could change the environments
in which light propagation is altered in the photonic stop band
(PSB) of PCs [10,11]. Therefore, the PCs could manipulate the PL
characteristics of luminescent species in PCs [12,13]. Generally,
the three-dimensional (3D) TiO, inverse opal PCs own a high
refractive index and exhibit an obvious effect on manipulating
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the light propagation [14-20], which owns a huge potential to
manipulate the PL characteristics of QDs [21-23]. However, the
PC-dependent PL characteristics of QDs still remain limited and
need to be further exploited.

In this work, the CdTe/ZnS QDs have been infiltrated in the 3D
TiO, inverse opal PCs so as to study the PL characteristics of
CdTe/ZnS QDs. The rich spectral data show that the PCs could
improve the PL properties of QDs in many aspects through control-
ling the position of PSB in PCs and changing the environment
temperature, the PL characteristics of QDs could be effectively
manipulated, which is beneficial for individuals to further under-
stand the excited state process of QDs.

2. Experimental
2.1. Material and methods

The concentration of CdTe/ZnS QDs (Janus New-Materials Co.,
Ltd) was 3mgml~! and the size of CdTe/ZnS QDs was ~3 nm.
The CdTe/ZnS QDs solution were infiltrated in TiO, opal inverse
opal photonic crystals, so as to make sure that the optical density
around the QDs has been influenced by TiO, opal inverse opal pho-
tonic crystals. Methyl methacrylate (MMA; Guangfu, Tianjin) were
purified by sodium hydroxide solution before used.

Firstly, we used the vertical self-assembled deposition method
to prepare 3D PMMA opal PCs [13]. After adding 1.5 mL PMMA
latex into a small beaker, which was holding 20 mL deionized
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water, we inserted three pieces of glass slides vertically into the
beaker. Then we put the beaker in an electrothermal
constant-temperature dry box and kept a constant temperature
at 32 °C for about 24 h. After these steps, we could obtain 3D
PMMA opal PCs. Secondly, we prepared the 3D TiO, inverse opal
PCs based on 3D PMMA opal PCs according to reference [24]. We
mixed the dibutyl phthalate and alcohol according to the volume
ratio of 1:1. When stirring the mixture with a magnetic stirrer,
we added a certain amount of concentrated nitric acid, which is
following the step that we stirred the mixture for 2 h. Then we
infiltrated the mixture in PMMA opal PCs. After putting the infil-
trated PMMA opal PCs in Solid Tube Furnace, we calcined it at
500 °C for 3 h, and then we decrease the temperature to room tem-
perature. Finally, we obtain the TiO, inverse opal PCs.

2.2. Measurement

Steady-state transmittance measurements were carried out
using a UV-Vis spectrophotometer (Purkinje, TU-1810PC) at nor-
mal incidence. Photoluminescence (PL) spectra were recorded by
a fiber optic spectrometer (Ocean Optics, USB4000) with a fem-
tosecond laser pulse with excitation wavelength of 400 nm. The
morphology of the samples was measured with a JEOL S-4800 field
emission scanning electron microscope (FE-SEM). XRD measure-
ment was performed by R-AXIS RAPID II (Rigaku). Time-
correlated single-photon counting (TCSPC) measurement was
performed by a fluorescence spectrometer (mini-t, Edinburgh
Photonics) equipped with an EPL405 laser diode.

3. Results and discussion

We prepared TiO, inverse opal PCs with two different PSBs
which were named PC#1 and PC#2, respectively. Fig. 1(a) shows
the SEM image of PC#1 which is presented in the vertical direction.
It is clear that the PC#1 yields a long-range ordered hexagonal
arrangement of inverse opal with the center-to-center distance of

~350 nm between the macro-pores on the plane of PC#1. From
the side-view, the 3D image of PC#1 also exhibits that PC#1 is
well-organized multilayer structure without cracks or defects, as
seen in Fig. 1(b). Therefore, the PL characteristics of CdTe/ZnS
QDs could be manipulated after they are infiltrated in 3D inverse
opal PCs. The X-ray diffraction (XRD) pattern of the PC#1 was
exhibited in Fig. 1(c), showing that it is tetragonal structure.
Fig. 1(d) offers the transmittance spectra of TiO, inverse opal PCs
at normal incidence, showing that PC#1 and PC#2 display obvious
PSB, centering at ~515 and 620 nm, respectively. The PC#1 on the
glass substrate shows green color and its color would become blue
as the direction is changed, indicating that the PSB of PC#1 could
change with the incident angle [6].

The absorption and fluorescence spectra of CdTe/ZnS QDs per-
formed in aqueous solution in Fig. 2(a) manifests that the first
absorption peak and the fluorescence maximum are located at
~480 and 520 nm, respectively. The emission peak of QDs
(520 nm) is closed to the PSB of PC#1 (515 nm) and far away from
that of PC#2 (620 nm), as shown in Figs. 1(b) and 2(a). This indicates
that the PC#1 could influence the PL decay rate of QDs, but PC#2
could not. Actually, the PL decay rate of QDs is really accelerated
by the PC#1 [24], as seen in Fig. 2(b). The decay process of
CdTe/ZnS QDs shows an exponential relaxation behavior.
Considering the location difference of CdTe/ZnS QDs in PCs, their cor-
responding PL decay traces influenced by PCs become very compli-
cated. Therefore the total PL curves presented in Fig. 2(b) are fitted
with a continuous distribution function of decay rates [25]:

I(t) = 1(0) /: @(y) exp(=yt)dy (1)

where ¢(y) is a distribution of decay rates with dimension of time;
I(t) is the fluorescence intensity; ¢(y) describes a distribution of the
emitters’ concentration with a certain y, weighted by the corre-
sponding yraq [26]. ¢(y) is the long-normal distribution function
as described below:
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Fig. 1. SEM image of surface (a) and section (b) of TiO, inverse opal PCs; (c) the XRD patterns of TiO, inverse opal PCs; (d) transmittance spectra of TiO, inverse opal PCs.
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Fig. 2. (a) Normalized absorption and PL spectra of CdTe/ZnS QDs; (b) PL traces of
CdTe/ZnS QDs in TiO, inverse opal PC#1, PC#2 and out of PCs. Inset: the
corresponding decay-rate distributions for CdTe/ZnS QDs with different PSBs. Ay
is 0.347 (out of PCs), 0.842 (in PC#1) and 0.379 (in PC#2) ns~', respectively.

where yyvr is the most-frequency decay rate corresponding to the
maximum of ¢(t); wis a dimensionless width parameter that deter-
mines the distribution width (Ay) at 1/e; A is the normalization con-
stant, so that [¢(y)dy = 1. The corresponding ymr of QDs in PC#2
(0.063 ns~!) is similar to that out of PCs (0.059 ns~!), which are
both lower than that of QDs in PC#1 (0.088 ns™!). Apparently, the
manipulation of yyr is related to the position of PSB in PCs and
the PL peak of luminescence species. Meanwhile, the distribution
width could be calculated as described below:

Ay =2y Sinhw (3)

The inset of Fig. 2(b) results show that the rate distribution
width is 0.347 ns~! (out of PCs), 0.842 (in PC#1) and 0.379 ns~!
(in PC#2), respectively, which becomes complex under the manip-
ulation of PC#1. Herein, the difference between relaxation behav-
iors of CdTe/ZnS QDs in and out of PC#1 could be attributed to
the variance of optical density round the luminescent species [24].

Fig. 3(a) exhibits the temperature-dependent PL spectra of
CdTe/ZnS QDs out of PCs. The pure CdTe/ZnS QDs are excited by
the femtosecond laser pulse with wavelength of 400 nm and the
size of focused beam is 3 mm. As shown in Fig. 2(a), the Stokes shift
of CdTe/ZnS QDs is small. When the QDs are excited by laser pulse
with wavelength of 400 nm, the PL of QDs could not be influenced
by the excitation pulse. The spectral data exhibits that the PL inten-
sity gradually decreases with the temperature rising (as seen in
Fig. 3(b)), which is assigned to the enhancement of nonradiative
relaxation path [27]. The corresponding data are modeled by using
the equation expressed as:

I(t) = I [] + Cexp (— k%T)} B (4)

where I is initial integrated PL intensity (IPLI); E, is the activation
energy; C is constant; kg is Boltzmann constant. The fitted results
are shown as the solid lines, exhibiting that the activation energy
E,is 310 and 324 meV for CdTe/ZnS QDs in and out of PC#1, respec-
tively. This indicates that the PC#1 with special porous structure
effectively facilitates CdTe/ZnS QDs touching with the round
environment and leads to the decrease of activation energy of
QDs, since the touching area between CdTe/ZnS QDs (out of PCs)
and the environment is limited and is smaller than that in PC#1.
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Fig. 3. (a) Temperature dependent of fluorescence spectra of CdTe/ZnS QDs in
aggregation state (out of PCs); (b) temperature-dependent of integrated PL intensity
(IPLI); (c) PL peak (PLP) of CdTe/ZnS QDs in and out of TiO, inverse opal PC#1; (d)
excitation intensity-dependent integrated fluorescence intensity of CdTe/ZnS in and
out of TiO, inverse opal PC#1. In Fig. 3. D, (O), (O), (X) and (®) reflect the
excitation-dependent IPLI of CdTe/ZnS QDs in and out of TiO, inverse opal PC#1 at
room temperature (293 K) and high temperature (373 K), respectively.

Therefore, the porous structure of PCs is mainly responsible for
the variance of temperature-dependent IPLI (as shown in
Fig. 3(b)). The IPLIs of QDs in PC#1 decreases faster than that of
QDs out of PC, when temperature increases.

The PL peaks (PLP) of CdTe/ZnS QDs in and out of PC#1 as a
function of temperature are also plotted in Fig. 3(c), which are con-
sistent with the previous report [28]. They both red shift with tem-
perature rising and exhibit different evolution processes. This
phenomenon should be caused by a change in the relative position
of the conduction and valence bands. The change could result from
the dilatation of the lattice and the interaction of electrons with
the lattice [29]. The corresponding data in Fig. 3(c) could be mod-
eled by the Varshni relation [27]:

Epip(T) = Eppp(0) — aT*(T + p) ! (5)

where Ep p(T) is the PLP value as the function of absolute tempera-
ture T, Ep;p(0) is the PLP value at 0 K, o is a temperature coefficient,
and f is approximately the Debye temperature of the semiconduc-
tor. Eq. (5) is based on the temperature-dependent dilatation of lat-
tice and the interaction between lattice phonon and exciton [30].
Finally, it is found that the Ep;p(0) is 2.68 and 2.79 eV (in and out
of PC#1); o is 2.6 x 1073 and 2.5 x 102 eVK™! (in and out of
PC#1), and B is 402 and 222 K (in and out of PC#1). Herein, the dif-
ference of Ep p(0) should be attributed to two reasons. The first one
is the porous structure of PC#1, which is able to break the aggrega-
tion among CdTe/ZnS QDs and suppresses the self-absorption and
energy transfer among QDs; the second one is the PSB of PC#1
which could influence the PL spectra through changing the optical
density round the CdTe/ZnS QDs. Meanwhile, the porous structure
of PC#1 could influence the variance of o and f as the temperature
rising, since the thermal exchange process between CdTe/ZnS QDs
and the environment could be much effectively in PC#1.
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The pulse excitation intensity-dependent IPLIs of CdTe/ZnS QDs
in and out of PC#1 at room temperature (293 K) and high temper-
ature (373 K) are compared in Fig. 3(d). In logarithmic coordinates,
their IPLIs approximately linearly enhance with the laser intensity
increasing, no matter the QDs are at room temperature or high
temperature. However, the corresponding slopes are sensitive to
the PCs and the temperature. In order to clarify the role of PC#1
and the temperature on the IPLI enhancement process, the PL data
in Fig. 3(d) are fitted by using function of Iip;; o< (Ig;)%, Iipy and Ig; are
the IPLI and the excitation intensity, respectively. Finally, it is
found that « is 0.96 (in PC#1) and 0.89 (out of PC#1) at 292 K,
and 0.92 (in PC#1) and 0.82 (out of PC#1) at 373 K. Since the band-
width of laser pulse is ~200 fs, which is too short to generate the
thermal accumulation effect. Since the thermal accumulation
effect is eliminated, the exciton annihilation (Auger recombination
[31,32]) originated from the high excitation intensity could be
responsible for the PL enhancement nonlinearity of CdTe/ZnS QDs.

As the CdTe/ZnS QDs are infiltrated in TiO, inverse opal PCs, the
scattering effect of PCs could make many more CdTe/ZnS QDs
around the excitation regime absorb photons and decrease the
photon density on each CdTe/ZnS QDs, which decrease the proba-
bility of exciton annihilation occurring in CdTe/ZnS QDs in TiO,
inverse opal PCs at high excitation intensity. When the CdTe/ZnS
QDs aggregate together, the exciton annihilation could easily hap-
pen after the QDs are excited by femtosecond laser. Therefore, o in
PC#1 (0.96) is closed to 1 in comparison with that out of PC#1
(0.89). When the temperature rises, the activity of excitons in
QDs increases, which accelerates the collision annihilation process
of excitons in QDs. Accordingly, the value of o could decrease at
high temperature (373 K), no matter the CdTe/ZnS QDs are in or
out of PC#1. The light scattering of inverse opal PCs is still effective
at high temperature, therefore o of CdTe/ZnS QDs in PC#1 (0.92) is
still larger than that out of PC#1 (0.82) at 373 K.

4. Conclusions

The PL characteristics of CdTe/ZnS QDs infiltrated in TiO,
inverse opal photonic crystals (PCs) are systemically studied. The
PL relaxation rate of CdTe/ZnS QDs could be accelerated if its PL
peak is overlapped with the PSB of PCs. Meanwhile, it was found
that the porous structure of TiO, inverse opal PCs decrease the acti-
vation energy of CdTe/ZnS and facilitate the thermal exchange pro-
cess, which could enhance the PL loss of CdTe/ZnS QDs at high
temperature. When the intensity of femtosecond laser pulse
increases, it is found that the light scattering effect originated from
the inverse opal PCs suppress the PL enhancement nonlinearity of
CdTe/ZnS QDs through decreasing the exciton annihilation process
occurring in CdTe/ZnS QDs. The final results are beneficial for peo-
ple to further understand the role of inverse opal PCs on the PL
characteristics of QDs. In the future, the PCs could be applied in
the optoelectronic fields, such as light-emitted diode, dye sensi-
tized solar cells and optical sensor devices duo to its excellent opti-
cal properties. This could further facilitate the development of
optoelectronic devices and accelerate their industrialization.
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