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A silicon-based quantum dot random laser
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Herein, a quantum dot random laser was achieved using a silicon nanowire array. The silicon nanowire array

was grown by a metal-assisted chemical etching method. A colloidal quantum dot solution was spin-coated

on silicon nanowires to form the random laser. The performance of the random laser was controlled by the
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resistivity of silicon wafers and the length of silicon nanowires. A transition from incoherent random lasing to

coherent random lasing was obtained by increasing the resistivity of the silicon wafers. The random lasing
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1. Introduction

Over the past few decades, silicon (Si) has continued to be the
material of choice for robust applications due to its abundance
in nature and the existence of well-developed techniques e.g.
solar cells, computer chips and sensors."> However, since bulk
Si is an indirect semiconductor with a low electron-hole
recombination efficiency and shows very inefficient light
emission, the fabrication of efficient Si-based light-emitting
devices remains a big challenge.®* Nanostructured Si, in partic-
ular, Si nanowires (NWs), has attracted significant attention due
to its unique physical characteristics and diverse range of
applications such as in nanoelectronics, optoelectronics, ther-
moelectrics, photovoltaics, energy storage, and sensors.**®
Recently, the metal-assisted chemical etching (MACE) method
has emerged as a promising and significant tool for the effective
production of large-area, aligned and well-controlled Si NWs.”
The Si NWs fabricated by the MACE method have attracted
broad attention due to their fantastic properties and potential
applications.®*** During the MACE process, the length of the Si
NWs increases with an increase in the etching time. Moreover,
a mesoporous structure is formed on the NW side walls due to
crystal defects and impurities, such as dopants, in the p-type Si.
Hence, Si wafers with lower resistivity can lead to higher mes-
opores.” These high-aspect ratio Si NWs decorated with arbi-
trary shaped mesopores have been applied as a fabrication
platform for different materials such as ZnO nanocrystals, Pd
nanoparticles, Au NWs, and perovskite nanoparticles. The
devices constructed by these compounds can be employed in
different fields such as sensing, photocatalysis, and light
emission.'*"”
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threshold increased with an increase in the length of the silicon nanowires. These results may be useful to
explore high-performance silicon-based random lasers.

Ever since random lasers have been theoretically proposed
by V. S. Letokhov, they have attracted significant attention due
to their appealing physical properties and potential applica-
tions over the past few years."*' Due to the absence of a reso-
nance cavity with reflection mirrors, the major advantage of
random lasers over regular lasers is that their production is
cheap, and the required technology is relatively simple.>
Furthermore, a particular advantage of the random lasers is that
they can be produced with small sizes and achieve low spatial
coherence.”*** Recently, random lasers have been fabricated by
doping various gain media, such as laser dyes, perovskites, and
quantum dots, into arbitrary composited micro/nano-structures
based on multiple scattering that can achieve random laser
output on the fabrication platform for different materials.>**
However, the influence of a Si NW array on the performance of
a random laser has not been explored systematically.

In this study, we investigated a quantum dot random laser
based on the Si NW array grown by the MACE method. The
random laser was fabricated by spin-coating the colloidal
quantum dot solution on the fabrication platforms of the Si NW
arrays with different resistivities. Random lasing was observed
when the device was optically pumped. The characteristic of
random lasing can be modified by changing the parameters of
the Si NWs. Random lasing transformed from incoherent to
coherent when the resistivity of boron-doped p-type Si wafers
was varied from 1-10 Q cm to 0.1-0.01 Q cm. Moreover, as the
length of the Si NWs increased, the threshold of the random
laser became higher.

2. Experimental details

The Si NWs were grown by the MACE process using Si wafers at
room temperature.® The boron-doped p-type Si (100) wafers with
different resistivities (p), i.e. 1-10 Q cm and 0.01-0.1 Q cm, were
used in the experiment. Initially, the Si wafers were obtained by
cleaving the boron-doped p-type Si (100) wafers into 1.5 x 1.5
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cm? pieces. Then, the Si pieces were cleaned using acetone and
ethanol under the ultrasonic condition for 5 min to remove the
organic impurities on the Si surface. The samples were rinsed
with deionized water in each step. Finally, the cleaned wafers
were dried under a N, flow.

After the cleaning process, a two-step MACE process was
used, consisting of the deposition of a Ag catalyst on the Si
surface in a solution to form AgNO,;-HF and etching in the HF-
H,O0, solution, as shown schematically in Fig. 1. The Si wafers
were first immersed in a solution containing 4.8 M HF and
0.004 M AgNO; for 1 min to deposit the Ag nanoparticles (Ag
NPs) on the Si wafers, as shown in Fig. 1(a). Subsequently, the
Ag NP-coated Si samples were etched in a solution containing
4.8 M HF and 0.04 M H,O0, for different time durations to form
the Si NW arrays, as illustrated in Fig. 1(b). Next, a solution of
the colloidal quantum dots (core/shell/shell CdSe/CdS/ZnS) at
the concentration of 0.03 g mL ™' was spin coated onto the Si
NW substrates at the speed of 1000 rpm. The band gap energy of
CdSe is 1.76 eV, which is responsible for lasing.*® The random
laser devices based on the Si NWs were fabricated as illustrated
in Fig. 1(c).

During the experiment, the top-view and cross-sectional view
of the etched Si NWs substrates were characterized by scanning
electron microscopy (SEM, Hitachi S-4800). A non-polarized
white light from a tungsten halogen lamp (HL-2000) was
employed to characterize the PL spectra. The laser devices were
optically pumped by a femtosecond laser. The laser emission
was collected by an optical fiber coupled to a spectrometer
(Maya 2000 Pro, Ocean Optics).

3. Results and discussion
3.1 Mechanism of action and morphology of the Si NW array

During the etching process, the equation of the chemical reac-
tion was as follows:

Si+4Ag" + 6F~ — 4Ag + SiFs~ (1)

Agh+e — Ag (2)

2Ag + H,0, + 2H" — 2Ag" + 2H,0 3)

Si + H,O, + 6F~ + 4H" — SiFs®~ + 4H,0 (4)
@ AgNPs (b)

AgNOs3/HF/H20
ThcheaE
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At first, there was an oxidation-reduction reaction between
silicon and silver ions in the mixture of AgNO; and HF. Si was
oxidized, and Ag NPs were formed on the surface of the Si
wafers. The formed silicon oxide was dissolved in the HF solu-
tion, as shown in eqn (1) and (2). Then, the samples covered
with the Ag NPs were immersed in a solution of HF and H,O,.
Due to the strong oxidizing property of the H,0, solution, the
Ag NPs were oxidized immediately and dissolved in the solu-
tion. As the Ag NPs worked as a catalyst in the reaction, H,O,
preferably formed H,O near the surface of the Ag NPs, as shown
in eqn (3). After this, the Ag" ion produced by H,0, diffused into
the interface between silicon and Ag nanoparticles. Then,
silicon was oxidized into silicon oxide, and silicon oxide was
removed by HF again, as illustrated in eqn (4). Finally, with the
progress of the reaction, the Ag NPs gradually etched down, and
the Si NWs arrays were formed.

Boron-doped p-type Si (100) wafers with the different resis-
tivities (p) of 1-10 Q cm (sample A) and 0.01-0.1 Q cm (sample
B) were used in the experiment. However, the etching rate of the
sample B was lower than that of the sample A because the
impurities in wafer did not participate in the etching reaction.**
To fabricate the Si NW arrays of same length, the concentration
of the etching solution was kept constant, whereas the etching
times of the Si wafer with high resistivity and the Si wafer with
low resistivity were different. A list of the key parameters and
lengths of the resulting nanowires is summarized in Table 1.

Fig. 2 shows the top-view SEM and the cross-sectional view
SEM images of the Si NWs acquired from the sample A and
sample B with the etching time of 7 min. In Fig. 2(a) and (b), the
top-view SEM images of the Si NW array revealed that the
resistivity affected the surface morphology of the Si NW array.
The diameter of the pores decreased, and the density of the Si
NW array increased with the increasing resistivity of the starting
Si wafer in the etchant. This can be attributed to the doping
density of the Si wafer. The cross-sectional SEM images
demonstrated the vertically aligned Si NW arrays with the
lengths of 1000 nm and 600 nm, as shown in Fig. 2(c) and (d),
respectively.

The etching rate of the sample B was lower than that of the
sample A, due to which the impurity in the wafer did not
participate in the etching reaction. There remained Ag NPs at
the roots of the nanowires. Note that arbitrary shaped meso-
pores were decorated on the Si NWs with low resistivity; on the

()
H202/HF/H20 T Spin coating

Fig.1 Fabrication procedure of the Si-based quantum dot random laser device. (a) Ag NPs are deposited on the Si surface in an agueous solution
containing AgQNO3 and HF. (b) Ag NPs catalyze the etching of the Si substrate in a solution composed of HF, H,O,, and H,O. (c) Colloidal quantum

dots are spin-coated onto the Si NW substrates.
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Table 1 Effects of the resistivity of the starting wafer and reaction
duration on the length of the NWs*

Length of nanowires

Resistivity 300 nm 400 nm 600 nm 800 nm 1000 nm
(p) 1-10 Q@ cm 3 min 4 min 5 min 6 min 7 min
(p) 0.01-0.1 Qcm 4 min 5.5min 7 min 8.5 min 10 min

“ The concentrations of H,0, and HF were kept at 0.4 M and 4.8 M,
respectively.

other hand, the Si NWs with high resistivity were nonporous
with smooth surfaces, as shown in the insets of Fig. 2(c) and (d).
The mesoporous structure may enhance the scattering effect.

3.2 Spectral characteristics of the random laser

The random laser device was fabricated by coating the prepared
quantum dot solutions as efficient gain materials on the fabri-
cation platforms of the sample A and sample B. The lengths of
both the sample A and the sample B were 300 nm. The disor-
dered Si NWs were generally beneficial for the random laser
system. They increased the scattering of photons generated in
the gain materials as well as the dwell time or path length.
Random lasing occurred when the device was pumped optically
due to the enhancement of the Si NW array. A femtosecond laser
beam (200 fs) with the wavelength of 400 nm and the repetition
frequency of 1 kHz was employed as the pump source. The
diameter of the laser spot was about 3 mm. The pump beam
impinged on the random laser with an incident angle (~30
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Paper

degree) to simplify the actual test. The intensity of the laser
beam could be tuned continuously using a variable optical
attenuator. The laser emission was collected by a fiber lens onto
an optical fiber that was coupled to a spectrometer.

Fig. 3(a) and (c) show the output intensity of the quantum
dot random laser based on the sample A and the sample B with
different pulse pumping energies, respectively. At low pumping
energy, the emission spectrum was broad. The broad emission
spectrum began to narrow down when the pumping energy
exceeded the laser threshold. For the sample A, an emission
peak can be observed at ~640 nm, and the full width at half
maximum (FWHM) of the emission peak is about 8 nm; on the
other hand, the emission peak of the sample B appears at
~640 nm, and the FWHM is about 10 nm. The inset shows the
enlarged view of the emission peak. The blue curve indicates the
PL spectra of the quantum dots coated on the bulk Si. The
FWHM of the PL emission peaks is about 30 nm.

Fig. 3(b) and (d) present the plots of emission intensity and
FWHM as a function of pumping energy for the sample A and
the sample B, respectively. It can be clearly observed that there
is a non-linear variation between the intensity FWHM and
pumping energy. The threshold for the sample A and the
sample B is around 423 uJ em > and 325 pJ cm™ 2, respectively.
Moreover, the FWHM for the sample A (the sample B) rapidly
narrowed down to 8 nm (10 nm) from 30 nm over the threshold,
which was a signature for the occurrence of random lasing.

Different spectral characteristics can be observed between
the sample A and the sample B. In the case of the sample B,
there are lasing spikes above the main peak, whereas there is
one lasing peak in the case of the sample A. On the other hand,

Fig. 2

(a) and (b) SEM images of the top view of the sample A and sample B, respectively. The etching time is 7 min. (c) and (d) Cross-sectional

view of the sample A and sample B, respectively. The Ag NPs are indicated by arrows. The insets show the magnified view of the Si NW array. The

scale bar in the inset is 100 nm.
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(a) Measured spectra of random lasing on the sample A. (b) Output intensity and linewidth of the laser as a function of the pumping energy.

(c) Measured spectra of random lasing on the sample B. (d) Output intensity and linewidth of the laser as a function of the pumping energy. The
insets show the enlarged view of the emission peak indicated by the black circle. The black arrows indicate the laser threshold.

the threshold of the sample B is lower than that of the sample A.
This can be attributed to the surface morphology of the Si NW
array. In the high-resistivity sample A, the Si NW array density is
small, and the pore diameters are large. The scattering effect is
very weak such that the conditions forming Anderson localiza-
tion cannot be satisfied to obtain a coherent random laser.
However, the low-resistivity sample B with a strong scattering
effect showed better performance than the high-resistivity
sample A due to its low threshold and more lasing modes.

To investigate the influence of the Si NW length on the random
laser performance, a control experiment was performed. In the
experiment, the sample B was used due to its better performance.
The sample B was etched for different time durations with
a constant concentration of the etching solution and then coated
with the colloidal quantum dots to form a laser device.

Fig. 4
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Fig. 4(a)-(d) show the cross-sectional SEM images of the
nanowires with the lengths of 300 nm, 400 nm, 600 nm and
800 nm, which were fabricated by etching the sample B for 4,
5.5, 7, and 8.5 min, respectively. The growth rate of the Si NWs
was ~130 nm min . The Si NW length increased linearly with
the etching time duration. Fig. 4(e) presents the threshold of
the output laser as a function of the length of the Si NWs on
the random laser device. It can be observed that the laser
threshold increases from 325 uJ cm ™2 to 1150 puJ cm ™2 with an
increase in the Si NW length; this can be attributed to the
additional loss caused by the longer Si NWs. Some radiation of
the quantum dots leaked into the Si NW array and was trapped
by the layer of the Si NW arrays, forming a scattering loss
channel.

-
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(a), (b), (c) and (d) SEM images of the cross-sectional view for the sample B with the lengths of 300 nm, 400 nm, 600 nm and 800 nm,

respectively. (e) The threshold of the random laser as a function of the length of Si NWs.
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4. Conclusions

In conclusion, we demonstrated a Si-based random laser device,
which was fabricated by the compound structure of the MACE
method-grown Si NWs and colloidal quantum dots. The char-
acteristic of random lasing could be controlled by controlling
the surface morphology of the Si NW arrays and the length of
the Si NWs. Random lasing transition transformed from inco-
herent to coherent by changing the resistivity of the boron-
doped p-type Si wafers. The threshold of the random lasing
increased with an increase in the length of the Si NWs due to the
introduction of the additional loss channel. These results can
be utilized in the future applications of Si-based random lasers.
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