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Study of photoluminescence characteristics of
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ABSTRACT: The photoluminescence (PL) characteristics of semiconductor CdSe quantum dots (QDs) aggregated on Cu nanowires
(NWs) were studied in detail. The PL relaxation dynamic data show that Cu NWs improve the PL intensity of CdSe QDs by accel-
erating the emission relaxation rate. The temperature-dependent PL data and excitation intensity-dependent PL data suggest
that the activation energy of CdSe QDs might decrease due to the excellent heat transfer properties and the plasmon effect of

Cu NWs. Copyright © 2016 John Wiley & Sons, Ltd.
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Introduction

Heavy metal materials with a nanostructure show a localized surface
plasmon resonance (LSPR) effect that reflects the collective oscilla-
tion behavior of electrons on the surface of the metal (1,2). The LSPR
spectral property is dependent on the size and shape of the metal
nanostructure, the dielectric constant, the sounding environment
and the size distribution (3,4). Cu nanowires (Cu NWs) are a complex
type of novel heavy metal nano-material (5) and have huge poten-
tial in the fields of photonics and biosensing due to their interesting
physical properties (6,7). According to previous reports (8,9), the
photoluminescence (PL) characteristics of light-emitting materials
hybridized with a metal nanostructure are improved through
coherent coupling, showing that the photophysical features of
light-emitting materials could be manipulated by the electric field
originating from the LSPR. This implies that Cu NWs may have the
potential to improve the PL of light-emitting materials, which could
then be applied in optoelectronic research. Semiconductor quan-
tum dots (QDs) have many excellent properties (10) and can be used
in optoelectronic devices (11), biomedical imaging (12), etc. CdSe
QDs are traditional semiconductor QDs (13,14) that can be used as
a model to clarify the PL characteristics manipulated by Cu NWs.

In this study, CdSe QDs were attached to the surface of a
network based on Cu NWs (CdSe QDs/Cu NWs). Because of the
contribution from Cu NWs, the PL intensity of CdSe QDs/Cu NWs
enhanced mechanism. In order to clarify the mechanism behind
the improvement, the PL characteristics of CdSe QDs/Cu NWs were
investigated in detail.

Experimental

CdSe QDs and the Cu NWs were purchased from Nanjing XFNANO
Materials Tech Co., Ltd. (Nanjing, China) Sixty microliters of Cu NW
solution was spun coated onto a glass plate using a spin coater
(KW-4A) to form a homogeneous Cu NW network after the ethanol

solvent had been volatilized. Then, 40 pL of CdSe QDs solution was
impregnated into the Cu NW network and a normal quartz plate,
respectively. In particular, poly(vinyl alcohol) solution was spun
coated onto the Cu NW network, to avoid oxidation of the
Cu NWs. In this way, hybrid CdSe QDs/Cu NWs (#1) and pure CdSe
QD:s (#2) were prepared.

Steady-state absorption measurements were carried out using a
UV-Vis spectrophotometer (TU-1810PC, Purkinje, Beijing, China).
The PL spectra were recorded using a fiber optic spectrometer
(Ocean Optics, USB4000, Beijing, China) at an excitation of 400 nm.
Time-correlated single photon counting was performed using a
fluorescence spectrometer (mini-t, Edinburgh Photonics, Beijing,
China) (15). The surface morphology of the Cu NWs and hybrid
CdSe QDs/Cu NWs was investigated using a field emission trans-
mission electron microscope (JEOL JEM-2100F, Beijing, China).

Results and discussion

Figure 1(A) and (B) are TEM image of Cu NWs and hybrid CdSe
QDs/Cu NWs, respectively. The size of the CdSe QDs was ~ 3 nm.
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The length of the Cu NWs was ~ 5 um (not shown) and the diam-
eter was ~ 50 nm, as seen in Fig. 1(A). Cu NWs have a large surface
area that could effectively absorb a large number of CdSe QDs. As
seen in Fig. 1(B), many CdSe QDs aggregated on the surface of the
Cu NWs and the thickness of the CdSe QDs on Cu NWs is ~ 10 nm.
Cu NWs and CdSe QDs have different refractive indexes, and a LPRS
effect occurred in the hybrid system when it was excited by light.
Figure 1(C) shows the UV-Vis absorption and PL spectra of the CdSe
QDs in solution. The absorption maximum of the CdSe QDs is lo-
cated at ~ 518 nm and the corresponding PL peak is at ~ 545 nm.
Figure 2(A) gives the PL spectra of #1 and #2, which show that
the intensity of the former is about twice that of the latter. Mean-
while, the PL peak of #1 is almost the same as that of #2. The en-
hancement of the PL intensity could be attributed to the LPRS
effect (16) and light scattering originating from Cu NWs. The PL
peak of CdSe QDs does not vary because CdSe QDs aggregated
both inside and outside the Cu NWs. Because the PL spectrum of
#1 is similar to that of #2, it was not possible to determine whether
the PL characteristics of QDs are coupled with plasmon originating
from Cu NWs. The time-dependent PL decay curves of #1 and #2 are
presented in Fig. 2(B), to determine the role of the LPRS effect on
the PL characteristics of CdSe QDs. It is apparent that both #1 and
#2 show non-exponential relaxation behavior following photoexci-
tation. The relaxation rate for #1 is faster than that for #2 because of
the energy transfer effect on LSPR coupling between the Cu NWs
and QDs (17). Therefore, an increase in the radiative relaxation rate
may be responsible for enhancement of the PL in CdSe QDs. To fur-
ther clarify the role of LPRS in the PL dynamics, PL decay traces are
fitted with a continuous distribution function of decay rates (18):

I(t) = 100);Zo0(y) exp(—yt)dy (1)

where ¢(y) is a distribution of decay rates with the dimension of
time; [(t) is the fluorescence intensity; ¢(y) describes a distribution
of the concentration of emitters with a certain y, weighted by the
corresponding y,aq (19). ¢(y) is the log-normal distribution function,
as described below:

o(y) =Aexp
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Figure 1. TEM image of (A) CuNWs, and (B) hybrid CdSe QDs/Cu NW; (C) absorption
and PL spectra of CdSe QDs in solution.
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Figure 2. (A) PL spectra of #1 and #2; (B) corresponding time-resolved PL decay
curves detected at 550 nm. (Inset) Their corresponding decay-rate distributions ¢(y).
yMF of #1 and #2 are 0.101 and 0.087 nsq, respectively, and the widths (Ay) of their
distribution function are 0.439 and 0.288 ns ", respectively.

where yyr is the most-frequency decay rate corresponding to
the maximum of ¢(t); w is a dimensionless width parameter that
determines the distribution width (Ay) at 1/e; A is the normalization
constant, so that [o(y)dy = 1. The fitted lines are shown in Fig. 2(B)
with solid lines, and the corresponding rate distribution functions
are summarized in the inset to Fig. 2(B). The fitted results show that
ymre is 0.101 and 0.087 ns™' for #1 and #2, respectively. The distribu-
tion width could be calculated as:

Ay = 2y sinhw 3)

As seen in the inset to Fig. 2(B), 4y is 0.439 and 0.288 ns™' for #1
and #2, respectively, and the rate distribution width becomes
broader under the manipulation of plasmon resonance effect. This
indicates that the relaxation behavior of #1 is complex in compar-
ison with that of #2. The relaxation rate for #1 is faster than that for
#2, which explains the enhancement in the PL intensity. Moreover,
the variance in the relaxation rate might be attributed to manipu-
lation of the LSPR effect originating from Cu NWs.

The temperature-dependent PL intensities of #1 and #2 excited
using a continuum laser with a wavelength of 400 nm are presented
in Fig. 3(A), which shows that the PL intensity gradually decreases
with increasing temperature. According to a previous report (20),
this non-radiative relaxation indicates a thermal escape from the
QDs, assisted by photon-electron coupling with the scattering of
longitudinalo optical (LO) phonons. The data in Fig. 3(A) are
modeled using the equation:

-1
I(T) = 1o [1 + Cexp<f kEfaT)} (4)
B

and the results are shown as solid lines. The activation energy,
E, is 177 and 210 meV for #1 and #2, respectively. This indicates
that Cu NWs could decrease the activation energy of CdSe QDs
and facilitate thermal exchange between the CdSe QDs and the
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Figure 3. PL spectra of #1 and #2; (B) excitation intensity-dependent integrated PL
intensity of #1 and #2.

surrounding environment. Apparently, the LSPR might play an
important role in changing the activation energy of QDs, which
is consistent with a previous report (21).

In order to further investigate the role of LSPR originating from
Cu NWs on the PL characteristics of CdSe QDs, the excitation
intensity-dependent integrated photoluminescence intensities
(IPLI) of #1 and #2 at room temperature were compared (Fig. 3B),
and all the PL spectra of CdSe QDs were excited using a contin-
uum laser with wavelength of 400 nm. When the excitation inten-
sity is lower than ~ 20 mJ/cm?, the IPLI values of both #1 and #2
are linearly enhanced with the excitation intensity. The ratio of
the slope between #1 and #2 is ~ 2.3, which is similar to the
results shown in Fig. 2(A). In this situation, the thermal accumula-
tion effect on the interacting samples originating from the
continuum laser could be ignored. After this, a turning point
appears in the enhancement of PL intensity, as the excitation in-
tensity increase to 50 mJ/cm? for #1 and 21 mJ/cm? for #2. This
indicates that the thermal accumulation effect cannot be ignored
at high excitation intensities. The threshold for #1 is higher than
that for #2, which could be assigned to the excellent heat transfer
characteristics of Cu NWs. In addition, it is interesting that the
ratio of slope between #1 and #2 is ~ 3.5 when the excitation
intensity increases towards the excitation intensity threshold,
suggesting that the IPLI of #1 is approximately three times
higher than that of #2, when the thermal accumulation effect
affects the PL characteristics of CdSe QDs. This situation might
also be attributed to the contribution made by of the excellent
heat transfer characteristics and the LPRS effect of Cu NWs,
which effectively transfer heat from CdSe QDs to the environ-
ment, under the interaction of the continuous laser. It is reason-
able to consider that the heat transfer properties of Cu NWs
might also influence the change in the activation energy of QDs,
because it is helpful for heat to transfer from the environment
of QDs. Therefore, it is reasonable to expect that the LSPR effect
and the heat transfer property of Cu NWs might be responsible
for the improvement in the PL characteristics of CdSe QDs.

Conclusions

The PL characteristics of CdSe QDs inside and outside a Cu NWs
network are compared in detail. The PL data show that Cu NWs
improve the PL intensity of CdSe QDs by increasing the emission
relaxation rate, which is attributed to the LPRS effect. Meanwhile,

Cu NWs facilitate the exchange of heat between CdSe QDs and
the environment, decreasing the activation energy due to their
rapid heat transferring ability and the plasmon effect, which
might be useful in the application of CdSe QDs at high
temperatures.
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