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Silicon nanocrystals with excellent red luminescence prop-
erties are prepared by applying controlled chemical etching,
which is promising as a high-volume manufacturing technique
in the future.

Semiconductor nanoparticles including silicon nanocrystals
(Si-nc’s) are currently the focus of intense research since they
are composed of a harmless element and continuously emit red
to blue light as particle size reduces from 3.5 to 1.9 nm at room
temperature.'~> This material can be utilized for a broad range
of industry and biomedical technology applications involving
Si-based emitters,* electroluminescent displays,5 and cancer cell
monitoring devices with in vivo visualization function.® In the
past decade, a variety of preparation techniques consisting of
bottom-up methods including chemical vapor deposition,’ ion-
implantation,® and sputtering’ have been developed for the
Si-nc’s with a visible luminescent function. However, yields of
visible luminescent Si-nc’s made by a variety of these tech-
niques are not high, making them difficult to supply to applica-
tion fields such as the industry and biomedical technology.
Therefore, it is necessary to develop the new techniques for re-
alization of mass-production of Si-nc’s with good luminescence
properties. Recently, several chemical routes including reverse
micelle methods have been reported for preparation of visible
luminescent Si-nc’s.!®!! Such chemistry routes have good pro-
ductivity. Furthermore, both particle size and surface character-
istics can be simultaneously controlled. In almost all cases, how-
ever, the visible luminescents show only blue, because particle
sizes have been limited to smaller than 2 nm. Therefore, further
exploration of new chemical routes is still a challenging issue
toward versatile control of visible luminescent Si-nc’s.

In this letter, we propose a preparation process using chemi-
cal etching which shows promise as a new high-volume manu-
facturing technique. The biggest advantage of this method is that
the luminescence color dependent on particle size can be simply
controlled by varying the etching conditions (e.g., etching solu-
tions, etching times).'? In this experimental, commercially avail-
able pure Si powders (average diameter of 2um) were used
as starting materials. The original micrometer-sized Si powders
were reduced to nanometer-sized particles in the etching solu-
tions prepared by mixing hydrofluoric acid (HF), acetic acid
(CH3COOH), and nitric acid (HNOj3) solutions (Figure 1a).
The added amount of HF solutions was constant, while the vol-

ume ratios of CH;COOH and HNOj solutions were varied. The
experimental details are described in the Electronic Supporting
Information (Table S1).'3

In the present chemical etching process, two main reaction
steps are carried out. The first step is the surface oxidation of
the Si powders. The Si surface is oxidized by HNO; (3Si +
4HNO;3; — 3Si0; 4+ 4NO + 2H,0); that is, the Si atoms ex-
posed on the surface of the Si powders are substituted with oxy-
gen atoms.'*!> The second step is dissolution of the oxidized re-
gion by HF (Si0, 4+ 6HF — H,SiFg + 2H,0). The SiO, region
is completely removed, and Si atoms reappear on the etched sur-
face. The overall reaction is written as follows: 3Si + 4HNO; +
18HF — 3H,SiFs 4+ 4NO + 8H,O0. In addition, CH; COOH was
used for dilution of the mixture.

Oxidation and dissolution reactions were continuously re-
peated for 1h, and thereby the sizes of the original pure Si pow-
ders were dramatically reduced from 2um to 3.0nm or less.
Figures 1 and S1'* show high-resolution TEM images of Si-nc’s
prepared in various etching solutions. In each sample, the exis-
tence of Si-nc’s with spherical shape was confirmed by the pres-
ence of lattice fringes of Si. For Sample A, the average diameter
was 3.0 nm (Figure S1).'3 The particle-size distribution was very
narrow. The lattice fringes were nicely matched to a (111) plane
of cubic Si (diamond structure) with a proper atomic spacing of
0.314 nm.

The obtained sizes of the Si-nc’s were strongly dependent on
the etching rate in the etching solutions (Figure 1a). When the
etching solutions with highly concentrated HNOj are used, oxi-
dation of the Si surface should be accelerated. In such cases, the
etching rate is higher and the particle sizes are smaller. Actually,
when the amount of added HNOj; was increased (Samples B and
(), the average diameter was reduced to 2.5nm. On the other
hand, dilution by CH3COOH prevents rapid etching (i.e., the
etching rate slows.). When more CH;COOH was added to the
etching solutions (Samples D-F), the average particle sizes in-
creased. Most Si-nc’s were beyond the diameter of 5.0 nm.

The total weights of the obtained samples also were varied
(Figure S2)."3 In the case of Sample A, the yield was about
4%. The weights proportionally decreased with increase of
HNOj; concentration in the etching solutions (Samples A—C), be-
cause of the reduction of average diameter from 3.0 to 2.5 nm by
rapid etching rate. On the other hand, the dilution by CH;COOH
solution brought about the slower etching rates (Samples D-F),
resulting in the increase of the total weights.
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Figure 1. (a) HRTEM images of different Si-nc’s (Samples A—F) with various etching solutions. The volume ratio of HF was fixed at 1 and six
different etching solutions were prepared. Inset values are the volume ratios of the etching solutions. The blue and red numbers show the vol-
ume ratios of HNO3; and CH3COOH solutions, respectively. The particle-size distributions and the corresponding PL peak positions also are
noted in the upper side of each TEM images. (b) PL spectrum of Sample A. The inset photograph shows the red luminescence from the Si-nc’s.

The photoluminescence (PL) spectrum was detected by us-
ing a phonic multichannel analyzer at room temperature in air
(Figure 1b). A xenon (Xe) lamp was used as the excitation
source with an optical band-pass filter of 313 nm. Sample A with
3.0nm Si-nc’s showed stable red luminescence with a peak at
725nm and a full width at half maximum height (FWHM) of
60 nm. The inset image shows the bright red luminescence from
the Si-nc’s, when irradiated with the Xe lamp.

The brightness of red luminescence was sensitive to the par-
ticle size and the total weights of the obtained Si-nc’s. The PL
for each sample showed different intensities (Figure S3).'> The
PL intensity of Samples B and C was about 0.9 and 0.7 times that
of Sample A, respectively, because of decrease of the total
weights of the obtained Si-nc’s. On the other hand, for the other
samples (Samples D-F), obvious red luminescence cannot be de-
tected. It is known that the visible luminescence from the Si-nc’s
arises from radiative recombination of electron—hole pairs via
surface trap state (localized state) transitions in the band gap
by decrease of particle size.'®'® This phenomenon occurs only
when the particle size is smaller than the excitonic Bohr radius
of Si (4.0nm).!%!® Therefore, no red luminescence was ob-
served from the Si-nc’s (Samples D and E) larger than 4 nm.
From these PL results, strong red luminescence (Sample A)
can be achieved under the proper etching conditions. Also, the
PL intensities can be simply controlled by tuning the composi-
tions of the etching solutions used (Samples B and C). Further
optimization of the etching solutions will lead to great enhance-
ment of photoluminescence.

To conclude, we developed a facile preparation approach for
red luminescent Si-nc’s via chemical etching. This process could
allow the mass production of Si-nc’s less than 3.0 nm, leading to
stable and dazzling red luminescence with a peak at 725 nm at
room temperature in air. We strongly believe that such a mass-
production system of size-controlled Si-nc’s could be important
as a convenient, effective and inexpensive technique in the
future.
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