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The fluorescence of graphene oxide quantum dots (GOQDs) that are infiltrated into porous silicon (PSi) is
investigated. By dropping activated GOQDs solution onto silanized PSi samples, GOQDs are successfully in-
filtrated into a PSi device. The results indicate that the intensity of the fluorescence of the GOQD-infiltrated
multilayer with a high reflection band located at its fluorescence spectra scope is approximately double that of
the single layer sample. This indicates that the multilayer GOQD-infiltrated PSi substrate is a suitable material
for the preparation of sensitive photoluminescence biosensors.

OCIS codes: 050.5298, 120.5700, 130.3990, 160.2540, 160.4760.

doi: 10.3788/COL201614.041601.

Nanometer-sized graphene oxide particles, known as
graphene oxide quantum dots (GOQDs), exhibit promis-
ing photoluminescence and optoelectronic properties?2Y
because of their strong quantum confinement and edge
effects’e 2, This makes them an exciting new type of fluo-
rescent material with a graphene structure. GOQDs
have many outstanding properties, including chemical
inertness, excellent biocompatibility, resistance to photo
bleaching, and ease of production, among othersZ2l. In
the biomedical field, GOQDs have been used as fluores-
cent tags in biomarkers and fluorescent probes in biomol-
ecule detection?. Porous silicon (PSi) is a material with a
large internal surface area, good biocompatibility, ease of
functionalization, size-selective filtering capabilities, and
the capacity to fabricate various types of photonic devices
with different structures®2). Because of these qualities,
PSi has attracted great interest in the field of biosens-
ing® 2 The luminescence properties of PSi devices can
be improved by embedding quantum dots (QDs) into
PSi with photonic crystal structures®22. Liu et al. em-
bedded CdSe QDs into PSi Bragg and microcavities,
which successfully enhanced the fluorescence intensity
of CdSe QDsk224. Though some researchers have investi-
gated the process of embedding graphene oxide fragments
into PSi in order to produce a fluorescent signal, there
has not yet been research about improving the photolumi-
nescence properties of GOQDs by adding them to PSi
structures.

In this work, the enhancement of GOQDs’ photolumi-
nescence by PSi photonic crystal structures is reported.
GOQDs were successfully infiltrated into a PSi device.
Additionally, an appropriate multilayer PSi device was
fabricated, and its high reflection band covered the
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fluorescence spectra of GOQDs. Then, any changes in
the photoluminescence intensity were observed.

The GOQDs was purchased from Nanjing XFNANO
Materials Technology. The size distribution of the
GOQDs is presented in Fig. 1(a), and their photolumines-
cence spectra are shown in Fig. 1(b).

The PSi substrate was fabricated using a p-type Si
(resistivity 0.03-0.06 Qcm, (100) orientation). Before
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Fig. 1. (a) SEM image of QDs used in the research. (b) Photo-
luminescence spectra of QDs (0.5 mg/mL) and original PSi
sample at an excitation wavelength of 370 nm.
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electrochemical anodization, all of the pieces were cleaned
with solutions of carbinol, alcohol, and deionized water in
succession. PSisubstrates were fabricated by electrochemi-
cal etching in an electrolyte (HF:CH;CH,OH, 1:1 in
volume). The electrochemical etching parameters were ma-
nipulated in order to obtain samples of periodically chang-
ing porosity or refractive index. The PSi Bragg reflector is a
bandgap area with high reflectivity. PSi Bragg reflectors
with different bandgap locations were prepared by control-
ling the electrochemical etching time and electric current
density parameters according to

m/lbragg = 2(nLdL + anH)a (1)

where m is an integer, n; (ny) and d; (dy) are the low
(high) refractive index and thickness of the PSi layers, re-
spectively, and Ap,,,, is the center of the bandgap. A mu-
tilayer PSi device with a bandgap center at 450 nm was
produced because this high reflection band coincided with
the QDs’ fluorescence emission spectra, resulting in the en-
hancement of the sample’s fluorescence. For comparison,
another PSi Bragg reflector was produced with a high re-
flection that was far beyond the fluorescence emission of
the GOQDs.

Three samples were used for the experiments. The first
sample’s bandgap center was at 450 nm after it was infil-
trated with GOQDs. This bandgap area almost covered the
GOQDs’ fluorescence emission spectra. The sample con-
sisted of two parts: a single layer section, and a distributed
Bragg reflection (DBR) multilayer section. The single-
layer PSi was fabricated with a current density of
105 mA /em? for 4 s, while the 12 periodic DBR structures
were fabricated via an alternating current density of I z=
100mAcm—2 and I; =20mAcm—2. The etching time of each
layer was 1 and 1.5 s.

The second sample’s bandgap center was at 530 nm
after it was infiltrated with GOQDs, which is out of the
QDs’ fluorescence emission spectra. Otherwise, the struc-
ture is identical to the first sample, with the exception of
the electrochemical etching parameters of the Bragg re-
flector, which were as follows: Iy = 100 mA cm ™2 and
I; =20 mAcm 2. The etching time of each layer was
1.2 and 1.8 s.

For a reasonable comparison, the third sample was a
single-layer PSi. The etching conditions of this sample
were identical to the single layer of the first sample.

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 (3-aminopropyl) triethoxy-
silane (APTES) in water/methanolmixture (v/v.1:1) for
1 h at room temperature in order to successfully attach the
GOQDs to the PSi wall. After the reaction time was com-
plete, the sample was washed in toluene in order to remove
any redundant APTES. The sample was then baked at
100°C for 10 min.

The surface of graphene oxide has many oxygen-
containing groups, such as carboxyl and epoxy groups.
This carboxyl can be reacted with NHy,—SiO, on the PS
surface, allowing the GOQDs to successfully attach to the
PSi surface. Therefore, 0.002 g N-(3-Dimethylamino-
propyl)-N’-ethylcarbodiimide hydrochloride (EDC) was
added to a 10 mL graphene oxide (1 mgmL~!) solution.
The resulting product was then mixed for 30 min with
magnetic stirring at room temperature to activate the car-
boxyl. Subsequently, the equal activated GOQD solution
was allowed to trickle over the silanized PSi samples for
6 h at room temperature. The GOQDs aggregated slowly
onto it. The sample was then washed in methyl alcohol in
order to remove any redundant QDs on the surface.
Finally, the PSi samples were allowed to air dry.

The spectrum of reflection and photoluminescence was
detected by a spectrophotometer (Hitachi U-4100, Japan)
and a fluorescence spectrophotometer (Hitachi F-4600,
Japan), respectively. The excitation wavelength was
370 nm. The morphology of the PSi Bragg reflectors
was detected by a ZEISS SUPRAS55 VP scanning elec-
tronic microscope (SEM).

Figure 2 shows a top-view and cross-sectional view SEM
image of the PSi Bragg reflector (sample 1). 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 by a current of 20 mA cm™2.

The fact that the GOQDs infiltrated into the PSi was
evidenced by the reflectance spectrum (Fig. 3) and the
fluorescence spectrum (Fig. 4). In addition, an energy-
dispersive spectrometer was used to measure the carbon
content in the PSi sample, and the results of that analysis
are shown in Table 1. This figure shows that the
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Fig. 2. Top-view and cross-sectional view SEM images of PSi
sample.
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Table 1. Element Content Table of the Doped PSi Sample by Energy-Dispersive Spectrometer

Spectrogram State C O Si Total

1 on 17.04 24.76 58.20 100.00 (According to the weight percentage)
2 on 15.21 22.99 61.80 100.00

Average 16.12 23.88 60.00 100.00

Standard deviation 1.29 1.25 2.54

Maximum 17.04 24.76 61.80

15.21 22.99 58.20

percentage of carbon was about 16.12%. These figures
prove that the GOQDs successfully coupled to the PSi sur-
face. As shown in Fig. 3, the reflection spectrum of the PSi
Bragg reflector red-shifted about 20 nm after the GOQDs
were doped. This is because the GOQDs were deposited on
the pore wall of PSi and increased the effective refrac-
tive index.

In order to investigate the influence of Bragg mirrors
with different reflection bands on the fluorescence inten-
sity, two different types of mutilayer PSi devices were pre-
pared in this work. As shown in Fig. 5, their bandgaps are
different. The location of one type (sample 1) coincided
with the fluorescence emission peek, while the other (sam-
ple 2) was far beyond this peak. By comparing their
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Fig. 3. Red shift of multilayer PSi sample after the infiltration of
QDs.
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Fig. 4. Fluorescence intensity of the above PSi sample with or
without QDs coupled.

fluorescence spectra with the single-layer sample (Fig. 6),
an obvious enhancement in the fluorescence intensity of
sample 1 was detected. However, sample 2 showed no en-
hancement in fluorescence, and, in fact, its fluorescence
intensity was not as good as the single-layer sample.
The excitation wavelength that was used was 370 nm,
which is located outside the bandgap of the multilayer
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Fig. 5. Reflectance spectra of two types of PSi devices after cou-
pling with GOQDs’ (sample 1) high reflection band coinciding
with the fluorescence emission spectra. In sample 2, the high
reflection band was far beyond the fluorescence emission spectra
of the GOQDs.
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Fig. 6. Fluorescence emission spectrum of the infiltrated PSi
sample: fluorescence of the mutilayer sample (1), whose high re-
flectance band is located at fluorescence (black line), fluorescence
of mutilayer sample (2), whose high reflectance was beyond the
fluorescence emission spectra (red line), and the fluorescence of
the single-layer sample (blue line).
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PSi, causing the reflectivity coefficient to be lower, while
the transmission coefficient of the excitation light inside
the multilayer PSi was higher. Meanwhile, the fluores-
cence of the GOQDs emission spectrum was located at
440 nm, which is in the bandgap of the multilayer PSi
(sample 1). Therefore, the structures prevented the up-
ward and downward fluorescence from transmitting inside
the PSi and reflected the light to the surface of the PSi
so that the fluorescence of the sample was enhanced.
In addition, it was found that the GOQDs’ fluorescence
emission spectra blue-shifted after the infiltration. We
think the reason is that QDs’ energy levels interacts with
the PSi surface state levels so that a series of new energy
levels are formed after infiltration.

A special mutilayer PSi device is fabricated as an effi-
cient fluorescence enhancement substrate with potential
applications in the biomedical field. GOQDs are success-
fully infiltrated into PSi. A comparison of the fluorescence
intensities of the GOQDs that are infiltrated into single-
layer and multilayer PSis reveals that the location of the
high reflection band of PSi has a significant effect on the
enhancement of the fluorescence in the resulting samples.
Only the multilayer PSi sample with a high reflection
band that falls into the fluorescence peak scope is found
to have a fluorescent strengthening effect. This strength
is significant in promoting the use of fluorescent
biosensors.

This work was supported by the National Natural
Science Foundation of China (Nos. 61575168 and
61265009) and the Xinjiang Science and Technology
Project (No. 201412112).
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