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Abstract

Mn doped Si nanoparticles have been synthesized via a low temperature solution route and
characterize by X-ray powder diffraction, TEM, optical and emission spectroscopy and by EPR. The
particle diameter was 4 nm and the surface was capped by octyl groups. 5% Mn doping resulted in
a green emission with slightly lower quantum yield than undoped Si nanoparticles prepared by the
same method. Mn2+ doped into the nanoparticle is confirmed by epr hyperfine and the charge carrier
dynamics were probed by ultrafast transient absorption spectroscopy. Both techniques are consistent
with Mn2+ on or close to the surface of the nanoparticle.

Multifunctional nanomaterials are multi-phase nanostructures with combined functionality
such as detection by multiple imaging modalities, or detection and therapy. These
nanomaterials possess combinations of properties that do not exist in single-phase materials.
Nanoparticles, in particular, have potential for multimodal biological applications by the
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addition of functionality to augment their luminescence.1-3 Nanoparticles have intense visible
luminescence because of quantum confinement and the color can be tuned throughout the
visible spectrum by changing the particle size.4,5 Due to their biocompatibility, high
photoluminescence quantum efficiency, and stability against photobleaching, silicon
nanoparticles are expected to be an ideal candidate in many biological assays and fluorescence
imaging techniques.6-8 The addition of paramagnetism to silicon nanoparticles would allow
combination of optical detection with magnetic resonance imaging detection or magnetic
separation.

An effective method for manipulating the physical properties of semiconductors involves
impurity doping.9 II-VI semiconductor quantum dots can be doped with metal ions that have
energy states within the bandgap. As a result, light emission from these introduced trap states
can be observed.10 The advantage of this approach is that color can be controlled by the nature
of the dopant, which allows for similar sized quantum dots with a full spectrum of colors.
Doped nanomaterials provide the possibility for enhanced, multimodal functionality in contrast
to their single-component counterparts.11 Recently, Mn doped group IV semiconductors have
attracted much attention both in experiment and theory.12-14

In this communication, we describe our syntheses of Mn doped Si nanoparticles and
characterize the optical and magnetic properties of the system. Recently, a solution route has
been used to produce macroscopic amounts of either amorphous or crystalline hydrogen
terminated Si nanoparticles in our laboratory.15,16 Herein, Mn doped Zintl salts
(NaSi1-xMnx, x = 0.05, 0.1, 0.15) were prepared as precursors, followed by the reaction with
ammonium bromide to make hydrogen capped nanocomposites.

(1)

The hydride-capped Mn doped silicon nanoparticles can be modified further via a
hydrosilylation process to form chemically robust Si-C bonds on the surface and to protect the
silicon particles from oxidation.17,18 The nanoparticles described herein were capped with
octyne to form organic soluble nanoparticles.

Figure 1A shows representative TEM image of 5% Mn doped Si nanoparticles collected on a
carbon TEM grid. The percentage of Mn in the Si nanoparticle sample was confirmed by
elemental analysis with a molar ratio of Si:Mn of 18.2:1, consistent with 5% Mn doped Si
nanoparticles and all the characterization described herein are on samples with nominally 5%
Mn doping. The average diameter of Si nanoparticles is 4.2 ± 0.9 nm based on a survey of 530
particles from different regions of the grid. This result is similar to that for undoped Si
nanoparticles prepared by this same method.15

The inset of Figure 1A shows the X-ray powder diffraction pattern of the obtained Mn doped
Si nanoparticles. The diffraction pattern shows two broad diffraction peaks at approximately
33° and 60°, consistent with observations for amorphous silicon.16,19 The narrow peaks at
32° and 56° could correspond to the (111) and (220) reflections of crystalline silicon. The
diffraction pattern can be interpreted as due to mainly amorphous Si.16 No diffraction due to
Mn and MnOx phases are observed, suggesting that Mn is incorporated into the Si
nanoparticles.

Photoluminescence (PL) spectra (excitation and emission) were used to investigate the optical
properties of the Mn doped silicon nanoparticles in chloroform (Figure 1B). The excitation
spectrum (black curve) shows that monitored at excitation wavelength 510 nm, the Mn doped
Si nanoparticle sample gave the strongest peak when excited at 420 nm. The emission spectra
show a relatively narrow region of intense luminescence with maximum intensity from 490 to
520 nm, with excitation from 380 to 440 nm. The maximum intensity emission spectrum is
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centered at 510 nm with an excitation wavelength of 420 nm. Compared to the undoped Si
nanoparticles,15 there is an obvious red shift from 430 nm to 520 nm. Changes in the excitation
wavelength excited different size populations of nanoparticles, resulting in the varying
emission wavelengths observed. Quantum yields of up to 16% in chloroform were obtained
relative to the standard fluorescein solution20 for the Mn doped Si sample, lower than that
reported for undoped Si prepared in the same manner (18%).15 With larger amounts of Mn,
the quantum yield decreased significantly.

Electron Paramagnetic Resonance (EPR) measurements (Figure 2) were used to confirm the
presence of Mn2+ in the Si nanoparticles. The EPR spectrum of the undoped samples (insert
in Fig. 2) shows a sharp signal at g = 2.0, attributed to dangling bonds in the Si nanoparticles.
21 In addition to the g = 2.0 signal, the Mn doped sample exhibits a six-line spectrum, arising
from the hyperfine interaction with the 55Mn nuclear spin (I = 5/2).22 The observed hyperfine
splitting is 96 G, and is similar to the hyperfine splitting observed for Mn2+ ions isolated on
the surface of Si rather than in the interior.23 To rule out possible presence of the Mn2+ ions
simply physisorbed on the Si surface, an additional set of samples were prepared by successive
purification (washed four times with a chloroform/methanol mixture) followed by ligand
exchange with pyridine in order to remove Mn2+ from the surface of the particles.11 The
corresponding EPR spectra are almost identical to the one obtained with the nonwashed
samples and the Mn hyperfine splitting value remains the same, suggesting that Mn2+ is
covalently bound to the surface or near the surface of the nanoparticle (supporting information).
The presence of Mn2+ near or at the surface would be optimal for MRI applications.

Additional evidence for Mn doped into the nanoparticles can be provided by transient
absorption (TA) spectroscopy. TA data show that the excited state dynamics of the 5% Mn
doped Si nanoparticles differs distinctly from undoped Si nanoparticles (Figure 3). At least
two trapped electronic populations can be distinguished spectroscopically in the undoped Si
nanoparticles (Inset, Figure 3). The population associated with higher energy electron trap
states decays ∼20% more quickly in the Mn doped Si nanoparticles, suggesting that
photogenerated excitons have additional relaxation paths. Similarly faster trapped electron
relaxation has been observed in Er3+ doped Si nanocrystals.24 A ns plateau in absorption also
indicates a longer lived charge separation in the Mn doped Si nanoparticles. One explanation
for the differences in dynamics is a terminal migration of charge carriers from Si traps to Mn
states. The red-shifted emission spectrum of Mn doped Si indicates recombination from trap
states that are on average > 0.1 eV lower in energy than trap states in undoped Si. These states
are likely associated with Mn2+, from which radiative recombination is inhibited both by a
highly localized electron and because the d-d transition is not spin allowed.25 Because radiative
trap sites in Si nanoparticles are attributed to non-quantized surface states26 electron transfer
from deep Si traps suggests that Mn2+ is coupled to the Si surface.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) TEM image of 5% Mn doped Si nanoparticles. Inset is XRD pattern of Mn doped silicon
nanoparticles. The lines indicate the X-ray diffraction peak position for diamond structure
silicon. (B) Excitation spectra (black) and Room temperature PL spectra of Si nanoparticles in
chloroform at different excitation wavelengths: 400 nm (red); 420 nm (blue), and 440 nm
(green). Inset: fluorescence from a cuvette of Mn doped Si nanoparticles when excited with a
handheld UV lamp.
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Figure 2.
EPR spectrum of the Mn2+ doped Si nanoparticles. Inset: EPR spectra of the undoped Si
nanoparticles.
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Figure 3.
Transient absorption spectroscopy probed at 525 nm in Mn doped Si and undoped Si
nanoparticles. Inset: Global analysis was used to determine species associated spectra for three
electron populations in shallow traps (ST), deep traps (DT1 and DT2).
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