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Multi-chromatic silicon nanocrystals

Benjamin Bruhn1,*, Benjamin JM Brenny2,*, Sidoeri Dekker1, Ilker Dog ̆an3,4, Peter Schall1
and Katerina Dohnalová1

Silicon nanocrystals (SiNCs) have great potential to become environmental friendly alternatives to heavy-metal containing nano-

crystals for applications including medical imaging, lighting and displays. SiNCs exhibit excellent photostability, non-toxicity and

abundant resources, but their often reported inefficient and spectrally limited light emission seriously impair their applications.

Here we demonstrate a new method that converts SiNCs into an efficient and robust multi-chromatic phosphor. Using ~15 keV

electron-beam irradiation of oxide-capped SiNCs, we introduce several types of color centers into the nanocrystal’s oxide shell

with efficient blue, green and red emission bands, together yielding warm-white photoluminescence, even for a single SiNC.

Introduced centers are not native to the original system and we relate them to known defects in silica. Unlike in the silica host,

however, here the centers are efficiently optically excitable. Provided further optimization and up-scaling of this method, e-beam

irradiated SiNCs can be of great interest as white phosphors for applications such as LEDs.
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INTRODUCTION

In the quest for ever more energy-efficient, cost-effective and color-
enhancing light emitters for display technologies and light-emitting
diodes (LEDs), much research has focused on semiconductor nano-
crystals (NCs). They generally offer bright emission with high
quantum yield that is tunable throughout a wide color range by
simple variation of their size, which sets their energy level structure.
While some materials such as cadmium selenide present a health risk
and are subject to legislative bans for the consumer electronics market
in Europe, nanostructured silicon is seen as a promising alternative
due to its photostability, non-toxicity, biodegradability and abundance
of resources1. Nevertheless, application of silicon NCs (SiNCs) in
commercial technologies is currently hindered by the fact that their
properties vary markedly with surface capping, emission yields are low
and fully balanced emission spectra in the visible are very difficult to
obtain1. Here we focus on possible broadening of the limited spectral
properties.
While hydrogen-capped silicon nanocrystals (H-SiNCs) do

exhibit some spectral tunability of photoluminescence (PL)1–3,
they are prone to oxidation1,4,5. The resulting oxide-capped SiNCs
(O-SiNCs) show size-tunable emission only for larger NCs emitting
in the near-IR range1–5. With decreasing size, their emission
becomes dominated by surface-related species, switching from a
broad red PL band at around 2 eV (620 nm)4–8 to a broad blue
band at around 2.8 eV (450 nm)1,6,9–15, skipping the green spectral
region completely6. A third common type, oxide-free organically

capped SiNCs (C-SiNCs), does show direct band gap-like emission
properties16–18, but is difficult to prepare at larger sizes that would
emit in the green-red spectral ranges1. Hence, there is urgent need
for an alternative method to achieve bright, white-light-emitting
SiNCs for lighting applications.
In bulk and nanostructured silica (SiO2), spectrally rich

absorption and emission can be achieved through defects (color
centers), created under strain, irradiation or at interfaces (for
example, Refs. 19–39). In stoichiometric bulk SiO2, each Si atom
binds covalently to four O atoms and each O atom to two Si
atoms, with flexible angular conformation and high binding
energy (4.5 eV)20. When these binding configurations change,
defects are created that can provide efficient luminescent recom-
bination pathways with characteristic emission spectra. Common
types of defects contribute in the visible spectral range with bright
blue, green and red bands. Several of these are depicted in
Figure 1a (for a more complete overview of silica defects active
as color centers, see Supplementary Information and Refs. 19–39).
Unfortunately, in silica, these color centers can only be efficiently
excited by high-energy photons or an electron beam due to the
large band gap of the silica host, precluding their use in lighting
applications.
Here we show, for the first time, that similar color centers can be

used to broaden the emission spectra of SiNCs with originally
much narrower and quite limited emission spectral range, and this
happens independently of the original SiNCs emission spectral
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shape. The color centers are introduced into the oxide shell of
O-SiNCs by mild (2–30 keV) e-beam irradiation, where they
become optically excitable in blue spectral range, due to the small
band gap of the SiNC core. These color centers lead to new
emission bands that are not naturally occurring in O-SiNCs and are
stable in air. These emission bands, particularly including the
missing green band6, have similar brightness throughout the whole
visible range, turning the treated SiNCs into a well-equilibrated
multi-chromatic emitter that luminesces with a warmly white
color. This is promising for multiple applications, but much larger
quantities of material will be needed for a detailed analysis of
figures of merit of the newly acquired emission properties. Never-
theless, our observations show that this material is of great interest
for the white phosphor LED industry.

MATERIALS AND METHODS

To offer comprehensive comparison of various types of SiNCs, four
different materials were studied. Three types of oxide capped SiNCs
(O-SiNCs) were used, differing in size, preparation protocol and
oxide-capping thickness and quality, and as a reference we studied
oxide-free sample of organically capped nanocrystals (C-SiNC). For
sample overview, see Table 1 and sketch in Figure 1b.
First sample, Por-SiNC (Sample 1) consists of small NCs with

diameter of 2–3 nm that are made from mechanically pulverized layers
of oxidized porous silicon that has been additionally post-etched in
hydrogen peroxide solution, leading to increased amounts of –OH
surface moieties (see Dohnalová et al.6 for more information). Second
sample, Plasma-SiNCs (Sample 2), contains larger NCs with core
diameter of around 4 nm, prepared by plasma synthesis from silane
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gas. The NC naturally oxidized by exposure to air, which results in a
thin, non-thermal oxide layer (more information can be found in
Doğan et al.41). Finally, third sample, Litho-SiNCs (Sample 3),
contains larger Si nanostructures, some of them similarly sized as
those of the Plasma-SiNC sample, which we chose for this study. This
sample was prepared by electron-beam lithography followed by
reactive ion-etching and self-limiting oxidation (more details can be
found in Bruhn et al.42). This oxidation technique results in SiNCs
embedded in a thick strained thermal oxide as indicated in the sketch
in Figure 1b. The reference sample C-SiNCs (Sample 4) was prepared
by wet-chemical synthesis and have small core diameter of
(2.2± 0.5) nm and surface passivated by butyl ligands (more details
can be found in Refs. 17,40).
For the microscopic analysis, all colloidal nanocrystals (Por-,

Plasma- and C-SiNC samples) were dispersed and sonicated in UV-
grade ethanol and drop-casted onto a clean pre-patterned silicon
surface. The patterned substrate allowed us to recognize and analyze
the same microscopic sample area in the PL and CL measurements.
Silicon substrates are covered with a naturally grown thin oxide layer
that exhibits negligible PL and CL signals (see Supplementary
Information, Supplementary Figs. S5a and S5b), but is sufficiently
conductive. For better contrast, the weakly emitting Plasma-SiNCs
were deposited onto a glass substrate partially covered by a thin gold
sheet. We confirmed that this change of substrates had no influence
on the emission spectrum. For more detailed information and
analysis of the samples, see Supplementary Fig. S1 and respective
Refs. 6,40–42.
For spectral analysis, we used photoluminescence (PL) and cath-

odoluminescence (CL) micro-spectroscopy setups. Steady-state micro-
PL was measured using an inverted wide-field optical microscope
(Zeiss AxioVert XY, Zeiss, Oberkochen, Germany) with × 100 air
objective (NA 0.7) as shown in Figure 2a. The PL was excited by a
~ 3.1 eV (405 nm) low power (o5 mW) cw laser diode and detected
by a liquid-nitrogen-cooled CCD camera (Pylon 400B, Princeton
Instruments, Acton, MA, USA) coupled to a spectrometer (Acton
SP2300, Princeton Instruments). PL spectra were measured at room
temperature and ambient conditions and corrected for background
and spectral response of the detection system. The CL measurements
were performed in the vacuum chamber of the scanning electron
microscope (SEM; FEI XL-30 SFEG)43,44 as shown in Figure 2b.
Samples were irradiated by a focused e-beam of diameter of ~ 2–
10 nm, electron energies in range of 2–30 keV and beam currents of
0.2–2 nA, to generate color centers and excite the CL emission. In each
step, CL is collected from area of approximately 100–200 nm2 and the
beam scanning mode covered an area of approximately
10 μm×10 μm. This area was large enough to get measurable signal
in the follow-up micro-PL measurements to conclude spectral changes
after the irradiation. The CL signal is collected by a parabolic mirror
and deflected into a liquid-nitrogen-cooled front-illuminated Si CCD
camera (Spec-10 100F, Princeton Instruments), coupled to a

spectrometer (Acton SP2300, Princeton Instruments). CL has been
measured under various exposure times and varying electron energies
at room temperature and has been corrected for the spectral response
of the detection system.

RESULTS AND DISCUSSION

To investigate the generation of color centers in the oxide shell of the
O-SiNCs, we studied micro-PL and micro-CL emission spectra before,
during and after e-beam irradiation. Three different types of O-SiNCs
were studied (Figure 1b and Table 1), together with the reference
oxide-free C-SiNCs (Supplementary Fig. S4). Samples differ in the NC
core size, surface capping and oxide shell strain, allowing us to
elucidate the origin and robustness of the induced spectral changes.
Essentially, samples 1 and 4 have similar core size, but different
capping (oxide vs. organic). Samples 1 and 2 have oxide capping, but
different size (~2.5 nm vs. ~ 4 nm). Samples 2 and 3 have similar sizes,
but their silica shells differ in thickness, strain and interface quality
(natural thin oxide vs. strained thick thermal oxide). Another
difference concerns the measurements where those on samples 1, 2
and 4 were measured on larger numbers of SiNCs at once (‘ensem-
ble’), those on sample 3 represent single-nanoparticle measurements
due to the extremely low concentration of SiNCs in this sample. These
largely different samples allow us to elucidate the generic effect of
e-beam irradiation on the emission spectra of the SiNCs and their
relation to the oxide shell of O-SiNC.
To study the induced emission changes by the e-beam treatment,

we compare the steady-state micro-PL of the O-SiNCs before and after
the irradiation (Figure 2c and 2d, respectively), measured under
ambient conditions using inverted wide-field optical microscope
coupled to a spectrometer (Figure 2a). To generate color centers,
samples were irradiated with a focused e-beam in a SEM (Figure 2b).
E-beam irradiation also excites the emission in the form of cathodo-
luminescence (CL), which is analyzed in situ by the inte-
grated spectroscopic CL system. To monitor the spectral changes
during the irradiation, we alternated short and long e-beam exposures
(Figure 2e and 2f, respectively): the short (~ few seconds) exposures
leaving emission spectra unchanged, the long ( ~ few minutes)
exposures introduce defects that act as color centers, continuously
changing the emission spectra. After the treatment, samples were
removed from the SEM vacuum chamber, and their micro-PL was
studied again.
The micro-PL spectra before e-beam irradiation are show in

Figure 2c and reveal the expected spectral properties: absence of
green6 (Por-SiNCs) and the complete absence of green–blue emission
(Plasma-SiNCs and Litho-SiNCs). The apparent differences in the
spectra reflect the different core size and surface capping of the SiNCs
associated with their different preparation. Strikingly, after the e-beam
irradiation, very different micro-PL spectra, with much enhanced
green–blue emission, are observed for all O-SiNCs (Figure 2d),
measured from the same areas as before irradiation. Irrespective of

Table 1 Four types of studied SiNCs samples

Sample Name Capping Diameter [Reference] Distribution Preparation [Reference]

1 Por-SiNCs Naturally grown thin silica oxide 2–3 nm6 Ensemble Electrochemical etching6

2 Plasma-SiNCs Naturally grown thin silica oxide ~4 nm41 Ensemble Plasma synthesis41

3 Litho-SiNCs Strained thick silica oxide ~4 nm42 Single NC Electron beam lithography42

4 C-SiNCs Organic (alkyl) ~2.2±0.5 nm17,40 Ensemble Wet-chemical synthesis17,40

Additional material and spectroscopic properties of these samples have been extensively studied and reported elsewhere. More details are given in the Experimental section, Supplementary
Information (Supplementary Fig. S1) and respective Refs 6,17,40–42.
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their different initial spectra, all samples feature, in addition to their
original PL bands, a new broad PL band that can be fitted with several
new emission bands: a bright blue band at around 2.5 eV; a bright
green band around 2.2 eV; and a narrow red band at 1.9 eV,
broadening the spectrum towards the visible. The choice of the fitting
parameters will be explained later.

To investigate the spectral changes in more detail, we look at
the development of the CL spectra during the e-beam irradiation.
The short exposures were short enough not to generate new defects
and only probe the emission spectra of the samples under the higher
energy excitation (15 keV), as shown in Figure 2e. Red/NIR emission
bands remained unchanged, and only the blue band in Por-SiNCs is
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blue shifted, with respect to original PL. To emphasize that, we added
extra blue band at 2.76 eV. In contrast, the long exposures lead to
appearance of new emission bands, eventually resulting in very
different spectral characteristics, as shown in Figure 2f. Already
after a few minutes of e-beam exposure, the CL spectra show new
emission bands—a narrow red band appears at around 1.9 eV, a green
emission band at around 2.2 eV, and a blue band appears at around
2.7–2.8 eV nm (except for the Plasma-SiNCs). The gradual rise of the
new bands upon the irradiation is clearly seen in the time evolution of
the CL intensity in Supplementary Information, Supplementary Figs.
S5 and S6. Where Por-SiNC and Plasma-SiNCs have only very thin
silica shells, Litho-SiNC has very thick silica shell and hence spatially
resolved CL study was possible, shown in Figure 3. This sample
consists of thermally oxidized Si nanowalls (Figure 3a–3d) until the
point when the utmost top part of the Si nanowall separates and forms
nanocrystal. Near-infrared PL emission around 1.7 eV (Figure 1c)
occurs from places in the nanowall where the nanocrystal is formed.
Under e-beam irradiation, we found that CL from the sides of the
nanowall (Figure 3e, spot 1 and 2) differs from the CL from the center
of the nanowall (Figure 3e, spot 3 and 4), i.e. just above the SiNC. In
stark contrast to the all O-SiNCs, the reference oxide-free C-SiNCs
sample does not show any change upon irradiation, as can be seen in
Supplementary Figs. S4a and S4c. Furthermore, signal contribution
from the reference silicon substrate with a native silica layer is
negligible (Supplementary Fig. S5b). Hence, we conclude that the
new spectral features are related to the presence of the silica oxide shell
on the O-SiNCs.

To follow the spectral evolution of the emission bands quantita-
tively, we fit all the PL and CL spectra shown here with a fixed set of
peaks with fixed full-width of half maximum and fixed peak position,
adjusting only their relative amplitudes between various samples and
experimental stages. The peak parameters are retrieved from the best
available measurements: for the blue, green and red bands (light blue,
green and red lines) we used the time-scans and spatially resolved
measurements in the Supplementary Figs. S5 and S6 and Figure 3e,
and for the original PL bands (dark blue and violet lines) we used the
data of Figure 2c. As shown in Figure 2c–2f, we can describe all the
observed PL and CL spectra of any of the three O-SiNCs samples from
the superposition of just five major spectral contributions.
The robustness of these spectral features indicates constant under-

lying mechanisms. In fact, a close look at the characteristic spectral
profile shows that we can relate all the emerging spectral features
to well-known color centers in bulk and nanostructured silica19–39:
The very bright narrow red ~1.9 eV band that contributes significantly
in all samples is likely related to the silica NBOHC surface variant
color center (Figure 1a), as is evident from its characteristic double-
peak feature30,31. In the final PL spectra, this band is less intense,
which is expected due to its reduced excitation cross-section at 3 eV45.
The green CL band around 2.2 eV is the most interesting as to the best
of our knowledge it does not occur in the native form of the oxide
shell of O-SiNCs1. From our observation in Figure 3e, we conclude
that an Si-rich environment is essential, as well as the presence of
strain38, as the green band consistently shows up only at the Si-rich
center of the Si nanowall, but not at all at the silica-rich sides of the
wall. Also, it is the brightest in the litho-SiNCs that exhibit the thickest
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and the most strained silica shell of all the studied samples. It might be
possible that green color centers like dioxasilyrane = Si(O2)

23 or ≡Si–
H27 and = Si=O4 (the latter two reported unstable on the surface of
the nanostructured silica19), are stabilized here within the oxide shell
of the SiNCs. Finally, the blue emission band showing in CL at 2.7–
2.8 eV and in PL at 2.5 eV is possibly of the same origin and might
originate from the oxygen-deficiency centers (silylene in Figure 1a)20,35

and/or the defect pair consisting of a dioxasilyrane, = Si(O2), and a
silylene = Si••37. To be able to distinguish between the two, more
detailed time-resolved PL and CL analysis is needed. Nevertheless,
from our spectral analysis it appears likely that both blue bands
observed are of the same origin and occur from oxide centers already
existing before irradiation, as it appears to be already present in one of
the as-grown samples (por-SiNCs). This is supported by the fact that
oxygen-deficiency centers can appear as a result of reactions between
neighboring silanol ≡Si–OH groups following the reaction scheme
[≡Si–O–H+H–O–Si≡↔ODC+H2] and Si–O–H groups are abundant
on the surface of our Por-SiNC sample due to a specific post-etch
procedure in hydrogen peroxide6. By comparing the original PL with
the short-exposure CL spectra (por-SiNC in Figure 2e and 2f), we
conclude that no new blue-emitting centers are formed. The slight

blue-shift of the blue band in the CL compared to the PL can be
caused by the different excitation energies, as the blue PL band has
been reported to shift under different optical excitation energies13.
Interpretation of the blue bands as native to O-SiNC shell is consistent
with measurements of Plasma-SiNC PL shown in Supplementary
Fig. S8, where strong blue PL band develops purely by long term (~1
year) exposure to air.
Considering spectral similarities, time-scans and spatial-analysis of

the newly formed emission bands, we suggest that color centers similar
to those in silica materials are formed here in the silica-oxide shell of
the O-SiNCs. However, unlike in silica, their PL emission can be
efficiently excited optically at ~ 3.1 eV (405 nm) using low power
(o5 mW) laser diode, due to the comparably much narrower band
gap of our nanocrystals (~1.7–1.8 eV). Besides inherent non-toxicity
and abundancy of silicon resources, this is yet another major
advantage these materials, opening possibility of optically pumped
white phosphors for LEDs.
Spectral changes introduced by the e-beam treatment can be

summarized in the color gamut chart in Figure 4a. As a result of
the irradiation, all O-SiNCs change their spectral coordinates to very
similar end-chromatic coordinates associated with the introduced red,
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green and blue color centers. The resulting PL emission of all
irradiated samples appears warmly white to the eye, with the warmest
white obtained for the originally near-infrared emitting Plasma-SiNC.
This is different from the reference oxide-free C-SiNC, whose
chromatic coordinates do not change by the irradiation, remaining
cold blue–white (Figure 4a, red dot and photo in inset Figure 4c). The
Por-SiNC sample, as discussed before, shows whitish PL already in its
native state (Figure 4a, green dot and inset Figure 4b), but also here
the introduction of the missing green emission band results in a better
defined white color. The most interesting and pronounced spectral
changes from far-red to white color, however, occur for the Plasma-
and Litho-SiNC samples. For the latter, the single-nanocrystal
measurements indicate that the broad emission spectrum is indeed a
single-nanocrystal property, and not an ensemble effect. Importantly,
this identifies even a single nanocrystal as a multi-chromatic lumines-
cent emitter with white spectral profile.
Intensity of the induced color center’s PL appears to be stable in air

for all the samples for several days, which was the typical delay
between CL irradiation and subsequent micro-PL measurements.
While the spectral shape of emission always changes drastically during
e-beam irradiation, the overall integral CL intensity seems to be either
stable (Plasma-SiNCs, see Supplementary Figs. S5c and S5d) or slightly
enhanced by a factor 2–3 (Por-SiNCs, Supplementary Fig. S6). High
resolution of the CL micro-spectroscopy, however, makes is hard to
give a definite enhancement factor, due to inhomogeneity of the drop-
casted materials in nano- and micro-scales (at every point, signal is
collected by focused e-beam of 2–10 nm diameter, from diffraction
limited area of 100–200 nm2). For micro-PL, we found that similar
behavior occurs—PL intensity appears to be either similar (Plasma-
SiNC) or slightly enhanced by factor ~ 2 (Supplementary Figs. S7a
and S7b). Again, high spatial resolution and nano-/micro-scale
inhomogeneity of the drop-casted SiNC samples makes it difficult to
give final enhancement factor. Importantly, we have to keep in mind
in such evaluations that excitation cross-section for each color center
and SiNC core are very different.

CONCLUSIONS

Environmental friendly SiNCs with a spectrally limited emission
profile can be turned into a phosphor with a well-balanced visible
white emission spectrum upon e-beam irradiation. The spectral
changes induced by the e-beam irradiation consist of a considerable
spectral shift as well as broadening, irrespective of the initial sample
characteristics. We conclude that the irradiation creates new color
centers in the oxide shell of the O-SiNC, since the oxide-free
organically capped C-SiNCs do not show any change in their emission
spectrum upon irradiation and emission from defect centers generated
in the native oxide thin film on the Si substrate is negligible. These
defects can be related to well-known color centers in bulk and
nanostructured silica. Unlike in silica, however, these color sites can be
efficiently optically excited in the SiNC systems at 405 nm by a low
power laser diode, due to the narrower band gap of the host. From the
comparison of the three very different O-SiNC samples, we found this
effect to be independent of the preparation protocol and properties of
each particular type of O-SiNC, with small variations: whereas the
green band emission benefited from thicker and possibly more
strained silica shells, red and blue bands appeared in all samples, with
the blue band being exceptionally well-developed and stable in air. We
thus believe that any oxide-capped SiNC, treated by an e-beam with
an energy of around 15 keV for a few minutes can be converted into a
brightly warm-white light-emitting material, especially provided a
thicker silica shell. This constitutes a novel, robust, and reliable

method to convert any environmental friendly and abundant (oxide-
capped) SiNCs into a white color phosphor. Further optimization of
the material and emission yields is necessary, however, the current
study shows that this effect offers many properties sought by white-
light applications.
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