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Abstract A new way to enhance the photoluminescence of
CdSe/ZnS quantum dots embedded in porous silicon (PSi)
is reported, which results in the double enhancement of the
quantum dot (QD) fluorescence due to Au nanoparticle dec-
oration and the porous silicon having a distributed Bragg
reflector (DBR) structure. Through the dropwise addition
of a solution of CdSe/ZnS QDs on Au nanoparticle-deco-
rated porous silicon samples, the QDs successfully infil-
trated the porous silicon substrate. Among the fluorescence
intensities of QDs/single-layer PSi, QDs/multilayer PSi,
QDs/Au/single-layer PSi and QDs/Au/multilayer PSi, we
find that the fluorescence of the QD-infiltrated multilayer
PSi is stronger than that of the single-layer sample, and the
multilayer sample decorated with Au nanoparticles shows
further improvement of the fluorescence intensity through
plasmonic effects. PSi, as a substrate with a spongy struc-
ture, offers favorable conditions for enhancing fluorescence
intensity.

1 Introduction
Quantum dots (QDs) are zero-dimensional materials that

exhibit highly desirable photoluminescence and optoelec-
tronic properties, including high quantum yield, resistance
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to photobleaching, broad excitation spectra, tunability of
nanoscale size and structure, fluorescence that spans the
UV-Vis-NIR spectrum, and bioconjugation capabilities [1].
In recent years, QDs have been applied in the biomedical
field because of their important fluorescence properties and
good biocompatibility. For example, QDs have been used
as fluorescent tags in biomarkers, immunoassays, guided
drug delivery, cellular imaging, and fluorescence resonance
energy transfer (FRET)-based sensors [2—7]. Au nanopar-
ticles (NPs) have been applied in optoelectronic devices
because of their surface plasmon resonance (SPR); moreo-
ver, Au NPs are capable of biological conjunction, and thus
have been widely applied for molecular biological detection
[8—11]. Porous silicon (PSi) is of great interest in biosens-
ing because of its large internal surface area, good biocom-
patibility, and ease of functionalization [12—14]. Moreover,
PSi can be easily made into photonic devices with different
structures. Combining QDs with PSi can lead to the fabri-
cation of biosensors with high sensitivity and excellent per-
formance. Shi et al. enhanced the fluorescence of R6G by
Au NP deposition on PSi Bragg reflectors [15]. Gaur et al.
[16] embedded QDs inside a PSi microcavity and detected
biotin in streptavidin-functionalized PSi biosensors (the bio-
tin detection limit was 0.5 fg/mm?]). Au NPs can enhance
the luminescence of QDs through localized surface plasmon
(LSP) resonance [17, 18]; however, improving the photolu-
minescence properties of QDs by Au NP deposition in PSi
photonic crystals has not been reported.

In this work, we infiltrated QDs into Au NP-decorated
PSi and enhanced the fluorescence of the QDs through LSP
[19] resonance of the Au NPs. In addition, we gained fur-
ther improvement of the fluorescence properties of QDs
using a photonic crystal device with Bragg structures. This
QD/Au/PSi optical device has potential applications in bio-
logical detection.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00340-017-6723-x&domain=pdf

153 Page2of 6

L. Heetal.

2 Materials and methods
2.1 CdSe/ZnS quantum dots

QDs were purchased from Wuhan Jiayuan Quantum Dots
Co. Ltd. (Wuhan, China). As shown in Fig. 1, the sizes
of the graphene oxide QDs range from 7.5 to 8.5 nm, and
the fluorescence peak is located at 620 nm at an excitation
wavelength of 380 nm.

2.2 PSi device fabrication

The PSi substrate was fabricated using p-type Si(100) with a
resistivity of 0.03-0.06 @ cm™! by electrochemical etching
in electrolyte (HF:CH;CH,OH 1:1 in volume). Before elec-
trochemical anodization, all of the pieces were cleaned suc-
cessively with solutions of carbinol, alcohol, and deionized
water. The electrochemical etching parameters were manipu-
lated to obtain samples of periodically changing porosity or
refractive index. The PSi Bragg reflector has a bandgap area
and high reflectivity. PSi Bragg reflectors with different band-
gap centers were prepared by controlling the electrochemical
etching time and electric current density according to Eq. 1:

M/Bragg = 2(nLdL + nudn) (D)

where m is an integer, n; (ny) and d; (dy) are the low (high)
refractive index and thickness of the PSi layers, respectively,
and Ag,,, is the center of the bandgap. The refractive index
was tested using an automatic elliptic polarization apparatus
(SC620); the results indicated that the refractive indices of
multilayer PSi are 1.21 (n;) and 1.78 (ny). A multilayer PSi
device with a bandgap center at 605 nm was produced, as the
bandgaps of the samples red-shift after oxidation, silaniza-
tion, and Au NP infiltration. The bandgap area should over-
lap with the fluorescence emission peak of the QDs after
infiltration.

The multilayer samples consisted of two parts: a single-
layer section and a distributed Bragg reflector (DBR) mul-
tilayer section. The single-layer PSi was fabricated using a
current density of 105 mA/cm? for 4 s, while the 12 periodic
DBR structures were fabricated using an alternating current
density of I; = 100 mA cm~2 and /; = 20 mA cm 2 The
etching times for each layer were 1.6 and 2.2 s, respec-
tively. For a reasonable comparison, the single-layer sam-
ple was single-layer PSi. The etching conditions of this
sample were identical to those in the first part of the multi-
layer sample. As illustrated in Fig. 2, the average diameter
of the PSi pores is approximately 30 nm, and the diameter
of the Au NPs is approximately 8 nm. A 3:1 ratio of pore
to Au NP size was the minimum required for attachment
of the spherical infiltrated species [20] so that the pore size
permits Au NP infiltration. Figure 3 shows a cross-sectional
SEM image of the PSi Bragg reflector. The dark colored
PSi layers were formed by etching with a current density
of 100 mA cm~2, and the light-colored layers were etched
with a current of 20 mA cm ™2

After being etched, the substrates were cleaned with
deionized water and air dried at room temperature. Then,
all of the samples were oxidized in hydrogen peroxide
(30%) at 80 °C for 3 h. Then, the oxidized PSi samples
were immersed in a 5% solution of APTES in a water/
methanol mixture (v/v, 1:1) for 45 min at room tempera-
ture to successfully attach the QDs and Au NPs to the PSi
wall. After the reaction time was complete, the sample was
washed in toluene to remove any unreacted APTES mol-
ecules. The sample was then baked at 100 °C for 10 min.

2.3 The preparation of Au NPs
We prepared Au NPs following a method reported in the

literature [21, 22]. A total of 2 ml of an aqueous solution of
HAuCl, (0.1 mM) was added to 100 ml of water and heated

Fig.1 a SEM image of the
QDs used in our work. b Pho-
toluminescence spectra of the
QDs at an excitation wavelength
of 380 nm
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Fig. 2 Top-view SEM image of multilayer PSi
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Fig. 3 Cross-sectional SEM image of multilayer PSi

1-3.tif
Print Mag: 27700x @ 51
12:40 11-26-1%

Fig.4 TEM image of the Au NPs

to boiling; then, 4 ml of trisodium citrate (1.1 mM) solu-
tion was quickly added. After 10 min, the solution was left
undisturbed for 1 h at room temperature. The prepared Au
NPs are shown in Fig. 4.

2.4 Gold NPs deposited on PSi

The silanized PSi samples were immersed in the colloidal
Au NP solution for 8 h, and the AuNPs slowly aggregated
onto the PSi [15]. Then, the PSi samples were rinsed with
deionized water and dried in air.

2.5 QDs infiltrated into PSi

A total of 4 pl (0.4 umol/l) of QD solution was allowed
to trickle over the silanized PSi samples for 6 h at room
temperature. The QDs slowly aggregated onto the PSi. The
binding of QDs to the PSi sample surface was achieved
through the nitrogen lone pair of the APTES amine group
[1]. The samples were then washed in deionized water to
remove any redundant QDs on the surface. Finally, the PSi
samples were allowed to air dry.

2.6 Spectral detection of sample

The reflection and photoluminescence were determined
using a spectrophotometer (Hitachi U-4100, Japan) and
fluorescence spectrophotometer (Hitachi F-4600, Japan),
respectively. The excitation wavelength was 500 nm. The
morphology of the PSi Bragg reflectors was detected by
a ZEISS SUPRASS5 VP scanning electronic microscope
(SEM).

3 Results and discussion

The reflectance spectra after each step in the preparation
of the multilayer PSi sample are shown in Fig. 5a—d. Fig-
ure 5a shows the reflectance spectra of pristine PSi and
oxidized PSi. Upon oxidation, the reflectance spectrum
blue-shifted owing to conversion of the high-index (~3.45)
silicon regions into low-index (~1.5) SiO,. Figure 5c pro-
vides proof of the experimental infiltration of Au NPs into
the pores, because Au NPs have inherently negative per-
mittivities, and the reflectance spectra will blue-shift in
the event Au NPs are infiltrated into the pores. As shown
in Fig. 5d, the reflection spectrum of the PSi Bragg reflec-
tor red-shifted after the QDs were deposited, which indi-
cates that while some QDs may be deposited on the surface
of PSi, it is also likely that some QDs infiltrated into the
pores. The noticeable red-shift in the reflectance spectra
following QD deposition is indicative of QD infiltration
and attachment to the PSi pore walls. This behavior results
from the QDs depositing on the surface of PSi and increas-
ing the effective refractive index. As shown in Fig. 6, the
fluorescence intensity changed markedly after CdSe/ZnS
QD infiltration, which further illustrates that QDs success-
fully infiltrated into PSi.
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Fig. 5 Reflectance spectra after each step in the preparation of the
multilayer PSi sample: a pristine PSi (black line) and oxidized PSi
(red line); b oxidized PSi (black line) and silanized PSi (red line); ¢

Comparing the fluorescence spectrum of multilayer
PSi with that of the single-layer sample (Fig. 7), an obvi-
ous enhancement in the fluorescence intensity of the mul-
tilayer sample can be seen. The excitation wavelength
(500 nm) is located outside of the bandgap of multilayer
PSi, causing the reflectivity coefficient to be lower, while
the transmission coefficient of the excitation light inside
the multilayer PSi was higher. Meanwhile, fluorescence
in the QD emission spectrum was located at 625 nm,
which is in the bandgap of multilayer PSi. Therefore, the
structures prevented the upward and downward fluores-
cence from transmitting inside the PSi and reflected the
light to the surface of the PSi, such that the fluorescence
of the sample was enhanced.
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The final reflectance spectra for the devices with and
without Au NPs in the pores are provided in Fig. 8, and
the two devices demonstrated similar reflectivities at
QD emission wavelengths. Through comparison of the
fluorescence intensity of the deposited PSi samples with
or without Au NP decoration (as shown in Fig. 10), we
can obtain clear evidence of the LSP-enhanced QD flu-
orescence intensity. We can conclude that Au NPs can
effectively enhance the fluorescence intensity of CdSe/
ZnS QDs infiltrated in PSi, which may be caused by
the LSP resonance of the Au NPs. The LSP effect can
be produced on nanostructured metals when incident
light excites the sample. This excitation greatly intensi-
fies the local electric field around the Au NPs, and the
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without QD coupling
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Fig. 7 Fluorescence emission spectra of the undeposited and depos-
ited PSi samples: fluorescence of the single-layer sample (black line);
fluorescence of the multilayer Bragg sample (red line); fluorescence
of the deposited single-layer sample (blue line); fluorescence of the
deposited Bragg sample, whose high reflectance band is located in
the fluorescence region (green line)

excitation rate of the luminescent molecules is increased
by the enhanced local electric field, enhancing the fluo-
rescence signal. Certainly, the effect on the fluorescence
is related to the distance between the metal NPs and
the fluorescent material. Photoluminescence quench-
ing occurs when metal nanostructures, such as Au NPs,
are positioned within 2 nm of light-emitting materials.
However, when the distance between the two nanosys-
tems is in the range of 5-20 nm, the photoluminescence
can be enhanced by SP coupling [17]. In our device, the
distance between most of the Au NPs and QDs meets
the requirement for fluorescence enhancement because
of the porous structure of PSi. Moreover, the emission
wavelength of CdSe/ZnS QDs is located at 620 nm,
which is far from the absorption wavelength (520 nm) of
Au NPs, and thus fluorescence quenching resulting from
resonance energy transfer is not a dominant factor. In
Fig. 9, we provide the absorption spectra of Au NPs and
QDs.

4 Conclusion

We prepared one-dimensional PSi photonic crystals with
a bandgap that covered the fluorescent emission peak of
CdSe/ZnS QDs and decorated the PSi substrate with Au
NPs. We then infiltrated CdSe/ZnS QDs into the PSi, which
had a Bragg structure. The effect of the Au/multilayer PSi
substrate on the QD fluorescence was studied. Comparing
the fluorescence intensity of QDs/single-layer PSi, QDs/
multilayer PSi, and QDs/Au/multilayer PSi, we conclude
that the Au/multilayer PSi substrate effectively enhances
the fluorescence intensity of the CdSe/ZnS QDs. Thus,
double fluorescence enhancement can be realized by Au
NP decoration of PSi with a DBR structure. This unique
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Fig. 9 Absorption spectra of .
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Fig. 10 Fluorescence spectrum of each sample: QD fluorescence on
the single-layer PSi film (black line); QD fluorescence on the mul-
tilayer PSi film (red line); QD fluorescence in the Au NP-decorated
single-layer PSi film (blue line); and QD fluorescence in the Au NP-
decorated multilayer PSi film (green line)

substrate is expected to have potential applications as a new
fluorescence biosensor with good biological compatibility
and high sensitivity.
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