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Abstract: In this work, the luminescent emission control from porous silicon (PS) decorated with
graphene oxide quantum dots (GOQDs) was analyzed. The samples obtained showed a 95 nm range
of variation in which the luminescent emission can be controlled. Based on the results obtained from
the PS samples decorated with GOQDs, the emission can be selected in a range from blue to red.
Fourier transform infrared (FTIR) spectroscopy showed evidence of bond formation between PS and
GOQDs. These changes can be related to the changes in luminescent emission. Photoluminescence
analysis showed that the main PS emission can be selected in a 90 nm range with the introduction of
GOQDs. Scanning electron microscopy (SEM) images and energy dispersive spectroscopy (EDS)
spectra demonstrated the introduction of GOQDs in the PS. X-ray diffraction patterns also confirmed
the presence of GOQDs on the surface of PS. In this study, different methodologies to control the
luminescent emission were applied, and the results show that PS samples decorated with GOQDs
showing blue, orange, and red luminescence can be obtained. The samples obtained can be applied to
the development of electroluminescence devices, photodetectors, and biosensors.
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1. Introduction

Porous silicon (PS) is a material with a huge range of applications due to its physicochemical
properties, which can assist in the development of devices like sensors [1], combustible cells [2], and
light sources [3], among others. Among its primary properties are an efficient photoluminescence at
room temperature [4] and its high surface reactivity due to its great effective area [5]. These properties
can be controlled by the pore size and the porous layer thickness. Techniques such as electrochemical
etching (one of the main techniques to obtain PS) can easily control these parameters by changing the
etching time, the electrolyte, and the type of silicon wafer used. As such, PS samples can be used with
the characteristics needed to develop biosensors or electroluminescence devices. However, to develop
some devices, the inherent properties of PS layers can be a problem. For example, the quenching of
the luminescent emission (due to oxidation) for its high reactivity, as well as the increase of resistivity
of the porous layer, can make it challenging to develop electroluminescent devices. Because of this, it
is necessary to search for solutions that allow the implementation of PS samples in the generation of
new technologies. A possible solution is the addition of materials in the porous structure, which must
improve PS properties. For example, to build biosensors, a functionalization process is applied to
prepare the porous layer for the introduction of biological materials. Another example is the
introduction of a material with luminescent emission in the PS structure to help with the construction
of a luminescent device.

Graphene oxide quantum dots (GOQDs) are serious competitors to semiconductor-based
quantum dots (QDs), due to their similar physical properties but superior chemical properties, namely
high biocompatibility, low toxicity, and easy manufacturing and functionalization. In recent years,
QDs have played a fundamental role in biotechnological development, with more effective properties
due to their high porosity, lighter weight with high performance, being composed of many © bonds
and oxygen groups [6], functional groups C—O, C=0, COOH, as well as sp* and sp> hybridizations [7].
Such properties have been of great interest in research topics such as optoelectronics, sensing, or
bioimaging diagnostics [8]. Currently, the use of carbon nanoparticles is centered on the development
of simple, efficient, and economical production technologies. Different synthesis methods have been
implemented, such as laser ablation or cathodic arc discharge; these processes require high energy
consumption and high cost [9]. Within these synthesis methods, exfoliation, a carbon-based
nanostructure synthesis technique that is cheap and easy to implement, was found to aid in the
development of friendly materials, while protecting the environment and population health. This
concern has directed the search for other alternatives for the manufacture of biofunctional
nanostructures, avoiding harmful reagents or chemical processes potentially dangerous for the
environment. Zero-dimensional carbon-based nanomaterials such as GOQDs present a fascinating
quasispherical morphology with less than 10 nm diameters, with a wide variety of interesting
bioapplications such as photoluminescence [10]. Due to its quantum confinement and edge effects,
which can be explained by electron-hole recombination occurring after the excitation of electrons by
an external energy source, this photoluminescence is of great interest [11,12].

In this work, the luminescent emission of PS when GOQDs were introduced in its porous structure,
after being obtained via green synthesis, was analyzed. The photoluminescent characterization shows
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that the luminescent emission can be altered by the introduction of the GOQDs in the PS structure;
additionally, the importance of the heat treatment in this change was demonstrated. The
photoluminescence can be controlled in a 95 nm range. The morphological characterization was
obtained by scanning electron microscopy (SEM). The morphologic analysis shows the formation of
a layer of GOQDs over the PS surface. Energy-dispersive X-ray spectroscopy (EDS) microanalysis
confirms the introduction of GOQDs in the PS structure. The Fourier transform infrared
spectroscopy (FTIR) characterization demonstrated that the oxidation and inclusion of GOQDs modify
the chemical properties of the PS. Finally, X-ray diffraction (XRD) patterns also confirm the
introduction of carbon in the surface of PS.

2. Materials and methods
2.1. Obtaining PS

To obtain the PS samples, P-type boron doped crystalline silicon (c-Si) with direction (100),
230-250 pm thickness, and 8—12 Qcm resistivity was used. Samples were obtained by electrochemical
etching in a Teflon cell. A tungsten cathode was used, and the c-Si worked as the anode. The electrolyte
used was a mixture of hydrofluoric acid (HF) and ethanol (C2H¢O) in a proportion of 1:2. The current
used was 1 mA and the etching time was 30 min.

2.2. Green-synthesized GOQDs from orange peel

The orange peel was washed with deionized water and then dehydrated. A furnace Barnstead
Thermolyne 1000 was used with a heating ramp of 5 °C/min until reaching 1100 °C; a cylindrical
stainless steel 316 reactor with a 5 mL/min flow of nitrogen was used for the carbonization of the
orange peel. The carbon was placed in isopropyl alcohol (Sigma-Aldrich) and then in an ultrasonic
bath (Branson 3800) for 90 min for the exfoliation process. Afterward, the solution was centrifuged
at 15,000 rpm (Science MED Finland Technology D2012) for 5 min to obtain GOQDs. GOQDs were
prepared at a ratio of 2.3 ug of GOQDs per 1 mL of isopropyl alcohol, in a total 100 uL solution. For
each process, deposition was at a rate of 5 uL every 2 min. The ultrasonic bath and spin coating process
was repeated 20 times.

2.3. Experimental process

Figure 1 shows the process by which PS samples were decorated with 100 uL of GOQDs. Each
sample had two characterization processes, as indicated in the labels. Samples (a) and (c) were
subjected to two heat treatment (Ht) processes. Ht was performed at 180 °C for 12 h. In the case of the
ultrasonic treatment (Ut), 100 pL. was introduced with the help of a micropipette in 20 steps of 5 uLL
each. After each 5 uL step, the sample was introduced in the ultrasonic machine for 1 min. When spin
coating was used, 100 uL of GOQDs was added to the samples in 20 steps of 5 uL. After each 5 puLL
step, a spin process (Sp) at 3000 rpm for 1 min was applied to the sample.
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Figure 1. Methodology of the different PS samples decorated with GOQDs. (a) and (b)
ultrasonic treatment. (¢) and (d) spin coating.

2.4. Characterization

Optical absorption spectra of GOQD colloid dispersions were recorded using a UV-Vis-NIR
scanning spectrophotometer (Thermo Scientific, Evolution 600 model). The structural characterization
of GOQDs was made by transmission electron microscopy (TEM) in a Tecnai G2 T20 TEM operating
at 300 kV. The morphologic characterization was performed using an electronic microscope Tescan
Vega TS 5136SB with a resolution of 3 nm; secondary and backscattered electrons detectors were used.
Chemical composition was analyzed by EDS, performed on a Jeol JSM-IT300 electron microscope. A
Rigaku Ultima IV diffractometer with a Cu-Ka (1.54 A) radiation source was used for the morphologic
characterization. A Vertex 70 Bruker spectrometer was used to obtain the FTIR spectrum in attenuated
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total reflection (ATR) mode with a range of 4000-400 cm™!. Changes in the luminescent emission
were analyzed with a spectrometer (Ocean Optics, USB4000 model). To obtain photoluminescent
spectra, samples were excited with a 405 nm LED source (Ocean Insight, model L405A).

3. Results and discussion
3.1. UV-Vis spectroscopy and fluorescence of GOQDs

UV-Vis spectroscopy of GOQDs shows characteristic C—C bonds (n—n*) at 220 nm, C=C
bonds (n—n*) at 270 nm, and C=0 bonds (n—r) at 330 nm. In Figure 2a, the size of the GOQDs obtained
by TEM microscopy is presented with sizes of 3 nm [13,14]. In Figure 2b, the fluorescence emission
of the GOQDs excited at 350 nm is shown, with an emission energy of 2.8 eV associated with the
characteristic blue emission of the GOQDs [13,14].
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Figure 2. GOQDs spectra. (a) UV-Vis and TEM; (b) fluorescence and blue emission
characteristic of the GOQDs excited with a 350 nm lamp.

3.2. Photographs of the luminescent emission

Figure 3 shows the photographs taken from the PS samples decorated with GOQDs, in which the
photoluminescence in each characterization can be appreciated. The samples with Ht previous to the
first characterization show poor luminescence (Figure 3a,c) and a major contribution of the
GOQDs (blue tone). This supports the idea that GOQDs have a screening effect over the luminescent
PS. Besides, the Ht reduces the contribution from GOQDs.

Luminescent intensities show a relationship with the photoluminescence spectra. Samples
without Ht (Figure 3b,d) show a major contribution of the PS in the total luminescence. This can be
due to the lack of Ht. Also, the contribution of the GOQDs as blue stains can be appreciated. These
samples show a relationship between the luminescent intensity and the spectra. Finally, after all the
different processes, samples show a homogenous orange luminescence. This can be due to the change
in the emission of the GOQDs, which change to longer wavelengths after Ht [14]. The contribution of both
emissions (PS and GOQDs) can be observed in the increment of the intensity in the photoluminescence.

AIMS Materials Science Volume 12, Issue 1, 55-67.



60

7 (a)Ht+GOQDs+Ut

Ht
-

180°C x 12 h

Normalized 3

Ultrasonic
process

(b)GOQDs+Ut

Ht
e

180°C x 12 h

Normalized 5

N

7 |(c)Ht+GOQDs+Sp

Ht
g

180°C x 12 h

Normalized 5

Spin
process

(d)GOQDs+Sp

Ht
===

180°C x 12 h

Normalized

Figure 3. Photographs and photoluminescence spectra of PS samples during the different
processes, showing the changes in the luminescent emission with the introduction of
GOQDs in the PS with two decoration processes. Process 1: ultrasonic treatment. (a) Ht +
GOQDs + Ut with Ht. Photoluminescence spectra from the samples of PS, Ht + GOQDs
+ Ht. (b) GOQDs + Ut with Ht. Photoluminescence spectra from the samples of PS,
Ht + GOQDs + Ht. Process 2: spin coating. (c) Ht + GOQDs + Sp with Ht.
Photoluminescence spectra from the samples of PS, Ht + GOQDs + Ht. (d) GOQDs + Sp
with Ht. Photoluminescence spectra from the samples of PS, Ht+ GOQDs+Ht. All spectra
were normalized.

Photoluminescence spectra are also shown in Figure 3, after the image of luminescence emission
from PS and the PS/GOQDs. Samples with Ht previous to the first characterization show an important
reduction of the luminescence intensity and a light shift to short wavelengths (Figure 3a,c). The
reduction in intensity is mainly due to the Ht, as it is well-known that this effect is generated by the
oxidation in the silicon nanocrystals in which the luminescent emission takes place [15]. Oxidation
introduces non-recombinative centers that generate luminescence quenching; this also generates a size
reduction of the silicon nanocrystals, changing their emission wavelength, which explains the observed
shift to short wavelengths [16]. The reduction in intensity can also be due to a screening effect from
the GOQDs. Another explanation for the shift to short wavelengths can be attributed to the
luminescence of the GOQDs since this is their region of emission [17]. This analysis can also be
applied to the samples obtained with spin and ultrasonic processes. For the samples without Ht, in their
first characterization, a reduction in luminescence intensity is also observable, besides an important
shift to short wavelengths, as can be seen in Figure 3b,d. In these samples, the loss of intensity of the
luminescence can be attributed to the screening effect. Since these samples do not have Ht, and the
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reduction effect is observed, the shift to short wavelengths can be mainly due to the GOQDs since they
cover the PS surface and their emission predominates.

Previous to the second characterization, an Ht was performed for all samples. An increment in
the luminescent intensity is seen in Figure 3a—c but not in sample (d), which shows a minimum
reduction; also, all samples show a shift to long wavelengths. The increment of the luminescent
emission is due to the change of the maximum of the GOQDs, which change after a Ht to longer
wavelengths [7,18,19]. They also show the spectra of luminescence with a normalization process to
better observe the changes to the samples during the experiments. In Figure 3, it can be observed that
the samples with one Ht show a range of about 90 nm in which the luminescent emission can be
controlled. The emission of samples with two heat treatments shows a range of 40 nm in which
emission can be controlled. The spectra of all samples show a shift to short wavelengths in the first
part of the study (samples with Ht before the first characterization). It is very likely that the emission
of the GOQDs is the most predominant since they are over the PS surface. For the second part of the
study (Ht before the second characterization), a shift to long wavelengths can be clearly observed,
likely due to the combination of the photoluminescence of PS and GOQDs, since after a Ht, GOQDs
show a shift to long wavelengths. It is seen that the Ht in the PS and GOQDs modifies their principal
emissions; then, it is possible to control the wavelength of emission of PS with the introduction of
GOQDs in their structure and the use of heat treatments. To control emission, GOQDs could be
introduced in the PS surface, and the desired wavelength can be obtained by applying Ht to select the
principal emission. We normalized the photoluminescence of PS samples decorated with GOQDs to
better observe such shifts in photoluminescence (last graphs of Figure 3).

3.3. PS/ GOQDs SEM and EDS analysis

Figure 4 shows the morphological characterization obtained by SEM. In this image, the surfaces
of PS and PS/GOQDs are shown. The sample label “control” shows PS without GOQDs in its structure,
in which the size of the pore is around 0.693 +0.021 um. Figure 4 shows the surfaces of the PS/GOQDs
samples after the final step. There is a visible formation of a GOQD film over the surface of the PS.
Also, cluster formation can be observed. This demonstrates that the screening effect described before
is possible. The insets show zones of the samples in which the GOQD film is broken and the surface
of the PS can be observed.

In Table 1, the pore size of the PS samples is summarized. The sizes of the pores are
characteristics of these kinds of samples.

Table 1. Pore size of the PS used to introduce GOQDs in their structure.

Sample Control A B C D
Pore size mean (um)  0.693 + 0.021 0.711+0.023 0.741 £ 0.28 0.544+0.017 0.785+0.026

Table 2 shows the values obtained by EDS analysis. This characterization confirms the presence
of GOQDs on the PS surface. The samples obtained with Ut show a major concentration of GOQDs.
This can be related to photoluminescence intensity since these samples show minor emission when
compared with the samples obtained with Sp. However, samples obtained with Sp show similar shifts
in the maximum of the luminescent emission.

AIMS Materials Science Volume 12, Issue 1, 55-67.



62

control

Figure 4. SEM micrographs of (control) PS without GOQDS, (a) PS with heat treatment
and GOQDs deposited via ultrasonic bath, (b) PS without heat treatment with GOQDs
deposited via ultrasonic bath, (c) PS with heat treatment and GOQDs deposited via spin
coating, and (d) PS without heat treatment and GOQDs deposited via spin coating. All
samples were heat-treated once GOQDs were deposited.

Table 2. EDS analysis of the PS/GOQDs samples, in which the quantity of carbon on the
surface can be observed.

Sample Carbon (%) Oxygen (%) Silicon (%)
1 (a) 25.23 39.82 34.95
2 (b) 50.55 26.33 23.11
3(c) 28.36 38.15 33.49
4 (d) 3.48 51.40 45.12

3.4. XRD analysis

Figure 5A shows the XRD spectrum of the graphite obtained from orange peel. In this spectrum,
peaks 24 and 44° are observed to be related to the graphite (JCPDS Card Files, No. 41-1487). This
sample was characterized in powder form, so the peaks observed between 30 and 40° correspond to
the sample holder and are not observed in the PS/GOQDs samples [20]. Figure 5B shows the XRD
spectrum of the PS/GOQDs sample. The results show peaks associated with GOQDs at 24 and 44°,
which correspond to GOQDs. This analysis confirms the introduction of GOQDs into porous
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silicon [21]. Peaks associated with the PS are not observed; this can be due to the formation of the
GOQDs film that covers the surface of the PS.
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Figure 5. (A) Diffractogram of graphite oxide obtained from orange peel, (B) where the
sample (a) corresponds to PS with heat treatment and GOQDs deposited via an ultrasonic
bath, (b) corresponds to PS without heat treatment with GOQDs deposited via an ultrasonic
bath, (c) PS with heat treatment and GOQDs deposited via spin coating, and (d) PS without
heat treatment and GOQDs deposited via spin coating. All samples were heat treated once
the GOQDs were deposited.

3.5. FTIR analysis

Figure 6 shows the IR spectra obtained from PS and PS/GOQDs. Four regions of interest show
vibrational changes. The band related to Si—Si and Si—H was found between 545 and 690 cm™! [22]; it
is important to note that this band reduces its intensity due to the formation of Si—C bonds formed
during the Ht process. This result is supported by the band related to the formation of Si—C bonds. The
band at 690-819 cm™! [23] is related to the absorption of Si—C bonds; this is not present in the spectrum
related to the PS, as it is due to the inclusion of the GOQDs. The band between 854 and 894 cm™' is
due to the O,SiHx deformation in the PS surface [24]; this band shows an increment in intensity when
the Ht is applied to the PS samples decorated with GOQDs. The final region of interest is
around 2057-2387 cm™!, related to the Si—H absorption bands [25]; this band shows a reduction in
intensity when the Ht is performed. This suggests that during this process, bonds between PS and
GOQDs occur. The IR characterization demonstrated that the oxidation and the inclusion of GOQDs
modify the chemical properties of the PS. These changes in the samples modify the luminescent
characteristics. The changes in the emission of PS are generated by changes in the lattice in the PS
network once GOQDs and oxide layers are introduced in their structure.

The ultrasonic treatment showed better results as samples presented signals from 594 to 689 nm,
with a shift of 95 nm; on the other hand, the PS samples with spin coating treatment showed a variation
from 621 to 687 nm, with a variation of 66 nm. As supported by these results, the ultrasonic process
is the method that allows a wider range.
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Figure 6. FTIR spectra of PS, according to the process with and without heat treatment
after decoration with GOQDs. (a) and (b) PS with and without heat treatment with GOQDs
deposited via ultrasonic bath; (c) and (d) PS with and without heat treatment with GOQDs
deposited via spin coating.

4. Conclusions

This work shows that the luminescent emission of PS can be modified with the introduction of
GOQDs in the porous structure. Photoluminescence results showed that the main emission of PS can
be selected in a range between 594 and 689 nm with the introduction of GOQDs. SEM images
demonstrated that the GOQDs form a film over the PS. EDS spectra and XRD patterns confirm the
presence of GOQDs in the PS. FTIR spectroscopy shows evidence of the formation of bonds between
silicon and GOQDs. In this study, two methods to control luminescent emission were analyzed; results
demonstrated that blue, orange, and red luminescent emission can be obtained. Samples obtained can
be applied to the development of electroluminescence devices, photodetectors, and biosensors.
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