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Abstract

Micro- and nanoparticles of elemental, crystalline silicon represent an attractive target for a
wide range of applications spanning from quantum computing to contrast agents for
biomedical imaging applications. To overcome the low sensitivity of the 2°Si nuclei in magnetic
resonance, dynamic nuclear polarization (DNP), which exploits the endogenous surface
defects as a source of polarization, can be used to temporarily boost nuclear polarization of
the 2%Si spin bath. In the present work we have assessed a number of commercially available
silicon micro- and nanoparticles concerning properties and characteristics under DNP
conditions. It has been found that optimal physical and chemical conditions, including surface-
defect concentration adjusted to the particle size, are necessary to achieve a high level of

polarization enhancement.



Introduction

Nuclear Magnetic Resonance (NMR) has been used for decades! to study the structure and
dynamics of silicon-based materials. The interest in silicon NMR has recently been renewed
due to possible applications of crystalline silicon in quantum computing, both as a target? or
as a host>™ for other nuclei. Naturally low-abundant 2°Si (natural abundance of 4.7%, spin-
1/2) embedded in a crystalline core of spin-0 particles (silicon-28 and silicon-30) constitutes
a well-defined spin-system, characterized by long spin—lattice relaxation times, which in some
cases can be up to a few hours®’. In addition, the weak nuclear dipole—dipole coupling
between the dilute spins results in exceptionally long decoherence times, up to a few
seconds*®°. Nonetheless, the application of 2°Si NMR to studying silicon-based materials
suffers from its intrisically low detection sensitivity, a common problem for low-gamma
nuclei. Recent advances in NMR hyperpolarization have demonstrated the possibility to
enhance the 2%Si signal by exploiting surface defects for direct dynamic nuclear polarization®
(DNP). Such an approach results in a boost of the available polarization by up to a few orders
of magnitude. The time span during which the enhanced magnetization can be stored is
intrinsically given by the nuclear T1 relaxation time which, in the case of crystalline silicon, can
be up to a few hours. Combining the long nuclear relaxation times of silicon with
hyperpolarization for enhanced polarization and subsequent detection, is an attractive
feature with a potentially wide range of applications. In particular, crystalline silicon in the
form of micro- and nanoparticles can be used as a background-free MRI contrast agent.11™1°
As such, direct MR detection of hyperpolarized micro- and nanoparticles based on crystalline
silicon has shown promising results, with the possibility of signal detection beyond one hour
after administration of the particles, which is much longer than any times reported for other

hyperpolarized biomolecular probes?®.



Nanoscale silicon can be obtained using numerous techniques, including solution synthesis’,
spark discharge!8, laser-stimulated etching!®?°, plasma synthesis?!?2 or ball milling?3. The
application of different production approaches results in different physical and chemical
properties of the final materials?4, in particular, crystallinity, contamination with metal ions,
surface oxidation and particle-size distribution. As such, these properties are likely to affect
the ability of the silicon particles to be dynamically polarized and hence their usability for
NMR/MRI applications.

The aim of the present work was to systematically examine the properties of a range of
commercially available samples of silicon particles with respect to their performance for
direct DNP application and to discuss the possible optimization routes to maximize the
enhancement of 2°Si polarization.

Hyperpolarization of 2°Si nuclei

Hyperpolarization is a general term characterizing several different physical phenomena that
allow a temporal enhancement of nuclear spin order. As a result, the spin polarization of the
nuclear spins is increased beyond its thermal equilibrium value. The absolute enhancement,
defined as the ratio between the enhanced polarization and its value at thermal equilibrium,
varies between a few to a few tens of thousands depending on the particular scheme of
hyperpolarization and on the system used. Several means of hyperpolarization have been
developed?®, which exploit different properties of the spin system (phase of the substrate,
presence of a structural defect or host molecules). Among different means to polarize nuclear
spins, optical pumping, chemical reaction or direct transfer of angular momentum from
electron- to nuclear spins are the most common. The latter benefit from a large difference in
thermal polarization between nuclear spins (typically less than 1% at cryogenic temperatures

and static magnetic fields of around 10 T) and electron spins (typically larger than 90% at



cryogenic temperatures) which is referred to as DNP2?%. The transfer of the angular
momentum is facilitated by continuous irradiation of the electron-spin system with a
microwave frequency close to its Larmor frequency, resulting in partial saturation of the
electron-spin bath. The transitory non-Boltzmann distribution of the electron-spin system is
then partially transferred to the nuclear-spin system through the hyperfine interaction
(magnetic interaction between an electron and a nuclear spins)?’. In most cases, the source
of the unpaired electron comes from doping the sample with exogenous radicals. This means
that the sample to be polarized has to be mixed with a glassing agent that carries the
dispersed radical. Crystalline silicon offers a possibility to exploit the endogenous lattice
defects for DNP, thus alleviating the need to dope the sample with additional radicals and/or
glassing agents. The paramagnetic centres in crystalline silicon can be created in several
ways?®2% including surface oxidation, applying mechanical stress, electrical discharge,
exposure to ionizing radiation or doping with metal ions. In particular, the surface defects®°,
which arises due to crystalline lattice mismatch between the elemental silicon core and its
oxidized (SiO) top layer have been used for DNP since the first reports of hyperpolarization
of silicon!. Surface paramagnetic centres can be used to polarize nuclei located at the
surface3? or within the dispersing solvent3334, The surface defects are enclosed at some depth
below the material’s surface, hence being protected from the external environment3>3¢, As
such, the surface defects are exceptionally stable over a long period of time, resulting in a
sample that can be repolarized many times without any changes in its properties. However,
as the oxidation of the surface is difficult to control, doping of the silicon with phosphorus
offers an alternative route for direct DNP378, In such a case, photoexcitation of electrons to
the conduction band by band-gap laser illumination can be used to modulate electronic T1

relaxation and hence affect the efficiency of the polarization transfer394°, Lastly, by dispersing



the sample in a glassing agent, the fast polarization of matrix protons can be used to polarize
25Si nuclei indirectly through so-called cross polarization®!. Such an approach is particularly
attractive to study surface phenomena, but fails to provide significant enhancement for bulk
25Si nuclei due to weak dipole—dipole *H-%°Si coupling with the surface protons. Similarly,
doping the sample with an exogenous radical was used to directly enhance the 2°Si
polarization in a suspension of small, nanometre-size silicon particles, which exhibited an
insufficient endogenous surface defect concentration®?43,

Experimental section

Materials

In total, seven samples of silicon powder were included in this study (Table 1). All samples
were obtained commercially with some processing being done in house. Samples AA 1-20, AA
1-5, AA 100 and AA 50 were purchased from Alfa Aesar (Karlsruhe, Germany), samples US 1-
3 and US 20-30 were purchased from US Nano Research (Houston, TX, USA) and sample SiP
was obtained from Sigma-Aldrich (product no 647799, Buchs, Switzerland). Sample SiP was
obtained in the form of a wafer and subsequently milled into a powder. The whole wafer was
first crushed in a mortar and further milled in an ethanol solution for 4 h using a planetary
ball mill. A successive X-ray fluorescence measurement confirmed the absence of
contamination from the zirconia balls. For all other samples, the silicon powder was used as
obtained from the manufacturer and stored in an air-tight container. No special precautions
were taken to prevent air exposure. At the same time, no degradation or change in any of the
material properties was observed over a period of 10 months. The production scheme (Table
1) for each sample is described based on the information provided by the manufacturer.
Size separation of sample AA 1-20 was obtained by repeated centrifugation and redispersion**

in ethanol. The size distribution was confirmed with dynamic light scattering (Zetasizer Nano



Z, Malvern), resulting in samples with the following size distributions: 10+ 1,1.5+ 0.4, 1.1 +
0.3,0.71£0.21,0.53+£0.19, 0.41 £ 0.13 all in um. For comparison between different samples,
the sample AA 1-20 without size separation was used.

Hyperpolarization

A home-built polarizer operating at Bo = 3.4 T and at temperature of about 3.5 K was used®.
Depending on the size of the particles, between 60 and 100 mg of sample powder was tightly
packed and enclosed in a polytetrafluoroethylene (PTFE) cup. A home-built probe with a
solenoid coil wound around the sample cup was used. The microwave field (ELVA-1 VCOM-
10/94/200-DD, max power 200 mW) was delivered by direct irradiation from the waveguide
elbow®. The sample was inserted into a warm cryostat and cooled gradually over ca. 45 min.
During the irradiation period, the samples were continuously immersed in liquid helium to
avoid spurious effects of the temperature fluctuation. Microwave irradiation for polarization
build up was started earliest 30 min after cryostat cooling to allow for temperature
stabilization. The absolute value of polarization in the solid state was obtained by comparing
the integrated signal intensity of the hyperpolarized sample with the thermal-equilibrium
signal of 100 mg fully 2°Si labeled silicon at T = 295 K (99% of 2°Si, Isofelx, Moscow, Russia).
Thermal polarization was measured using the same set-up as for DNP experiments. In the
latter case, because of the long relaxation time at low temperature, the thermal reference
signal was acquired at room temperature. The correction for the change in signal intensity
due to the temperature difference (Boltzmann distribution) and the isotope composition
were accounted for. Nonetheless, a relative error of approximately 30% is expected in the
absolute polarization calculation, due to the uncertainty in the excitation pulse flip angle at

3.4 Kand room temperature. For experiments with microwave field modulation, a symmetric



ramp function with a modulation frequency up to 10 kHz and a modulation depth up to
300 MHz was used.

Room-temperature nuclear relaxation of silicon

Due to proximity of the MR imaging system to the polarizing set-up, room-temperature 2°Si
nuclear relaxation has been recorded at 9.4T. The relaxation times at room temperature were
measured using an upgraded version of the polarizer with a probe with a custom-design,
quasi-cavity structure®. After 24 h of continuous polarization at a temperature of T = 3.4 K,
the samples were taken out of the polarizer and immediately transferred to the front of a
horizontal 9.4 T imaging system (Bruker BioSpin, Ettlingen, Germany). The relaxation data
were recorded with a home-built transmit-receive, 3-loop solenoid coil (10 mm diameter).
Electron paramagnetic resonance (EPR) spectroscopy

All experiments were recorded using a home-built Q-band spectrometer capable of operating
at frequencies between 35 and 36 GHz with up to 150 W microwave power. The temperature
was controlled by an Oxford Instruments (Abingdon, UK) cryostat by applying a constant flow
of helium gas. Each sample was composed of around 10 mg of the powder placed inside a
standard 3 mm EPR tube. No degassing was performed. The g-tensors were calculated with
respect to the phosphorus defect resonance at 10 K. The T; relaxation time was measured
using an inversion recovery sequence, with a 24 ns inversion m pulse. The T, relaxation time
was measured using a primary echo decay, with 1/2-t- 1t pulse sequence, with pulses duration
of 12 ns and 24 ns, respectively. In each case, the minimum dead-time of the spectrometer
was 688 ns. Both measurements were done at the field corresponding to the centre of the
echo-detected EPR spectrum. Phenomenological models with two recovering exponents (71
relaxation) or a stretch exponent (T, relaxation) were used for data analysis. Such models

were chosen based on their simplicity and the ability to reproduce the experimental data. For



T1 relaxation estimation, the two time constants extracted from a biexponential fit to an
inversion recovery data are given as Trst and Tsow While Afast, Asow are the corresponding
contributions of each of the time constants. For interpretation of transverse relaxation data,
a stretch-exponent model was fitted with a time constant tn and stretching factor 8.
Magic-angle spinning NMR

Magic-angle spinning (MAS) NMR spectra were recorded using a Bruker 600 MHz wide-bore
magnet, operating at 119 MHz (2°Si Larmor frequency). A 3.2 mm zirconia rotor with a Teflon
cap was used. The sample was spun at 10 kHz at room temperature. Each spectrum was
acquired as the average of 256 scans with 700 s repetition time (total acquisition time: 2 d
1 h). The nutation frequency of the excitation pulse (2.5 us) corresponded to 100 kHz and
32’768 complex points were acquired.

Transmission electron microscopy (TEM)

For the TEM investigation, the material was dispersed in ethanol and a few drops of the
suspension were deposited onto a perforated carbon foil supported on a copper grid. After
evaporation of the ethanol, the grid was mounted on the single tilt holder of the microscope.
The imaging was performed using a Tecnai F30 (ThermoFisher) microscope, operated at an
acceleration potential Uacc = 300 kV (field emission gun, FEG). The particles’ size distribution
was analysed using ImageJ software 1.46r (NIH, Bethesda, Maryland USA).

X-ray diffraction

X-ray diffraction (XRD) spectra were acquired using a Bruker AXS D8 Advance X-ray powder
diffractometer using Cu Ka radiation. The X-ray source was operated at 40 kV voltage and
30 mA current. Each point in the spectrum was acquired for 1 s. Crystal sizes were determined
by fitting the main diffraction peak (~28°) with the Topas 4 (Bruker) software and using the

Scherrer equation.



SQUID magnetometry

The magnetic susceptibility as a function of temperature y(T) was measured in the 2.5-300 K
range at a constant magnetic field (Bo = 1 T) by means of a commercial 7-T MPMS XL SQUID
magnetometer (Quantum Design, San Diego, USA). In selected cases, also the field dependent
magnetization inthe 0-7 T range was measured at 2 and 5 K. Between 20 and 60 mg of sample
were placed in a 1cm long gelatine capsule and compressed with a cotton ball. The
magnetization data were processed using an in-house developed MATLAB script. A spurious
contribution from molecular oxygen was subtracted and the data below 40 K were inverted
to obtain the linear slope for a magnetization calculation. Further details about

magnetometry measurements are given in the supplementary information (see Fig. S1).
Results

The collective information about the physical properties of each silicon sample is shown in
Table 1. The primary particle size distribution in each sample was confirmed by transmission
electron microscopy (TEM) imaging as shown in Fig. 1. According to the information provided
by the manufacturer, sample US 20-30 should have a primary particle size distribution
between 20 and 30 nm, however, in the particular batch that was received the size was found
to be 55+12 nm (expressed as mean diameter * standard deviation). All samples exhibited a
narrow size distribution except for sample AA 1-20, where the primary particle size varied
between 100 nm and 25 um.

The quantification of the mean crystallite size was obtained by XRD. An overview of the XRD
spectra is shown in Fig. 2 and the zoomed-in spectra of each peak have been included in the
supplementary information (Fig. S10). The crystallite sizes calculated from the patterns are

summarized in Table 1.
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To obtain the microwave frequency corresponding to the maximum polarization transfer, the
sweep spectra (also called DNP profiles, i.e., the dependence of the signal enhancement on
the microwave frequency) were recorded. Prior to irradiation at each microwave frequency,
the magnetization was saturated with a train of 32 radio-frequency pulses. Each point in the
profile was recorded after 30 min of microwave irradiation. The polarization was measured
with a set of four pulses with CYCLOPS phase cycling and a flip angle of about 3°. The DNP
profiles for all samples are shown in Fig. 3. Each data set was normalized to the maximum
absolute intensity and plotted over the same frequency range.

The DNP build-up time was recorded by continuous microwave irradiation (200 mW output
power) for up to 24 h at a temperature of T=3.5 K. For samples AA 1-20, AA 50, US 20-30 and
SiP, the signal intensity over time was recorded by applying a small tip-angle excitation and
collecting the free induction decay (FID) signal every 20 min, overall resulting in more than 60
data points per build-up curve. Due to the low polarization enhancement, this was not
possible for samples AA 1-5, AA 100 and US 1-3, for which each point in the build-up curve
was measured with a hard /2 pulse and the sample was continuously repolarized (see Fig.
4). Consequently, the number of points in the build-up curve for these samples (AA 1-5, AA
100 and US 1-3) was restricted to less than ten. The characteristic time constants of the build-
up were extracted with a mono- or biexponential fit to the experimental data (Table 1),
depending on the number of points acquired.

The relaxation time has been assessed based on the magnetization decay after transfer of the
silicon samples to the detection magnet (see Table 1). Because of the low enhancement, the
room-temperature relaxation could not be recorded for samples AA 1-5, AA 100 and US 1-3.
The electron relaxation was recorded at Q-band (1.3 T, 35 GHz microwave frequency, the

corresponding echo-detected EPR spectra are given in the supplementary information, Fig.
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S2). The extracted relaxation-time constants are summarized in Table 2. The full data sets
including fits are provided in Fig. S4 and S5. The effect of temperature (10 K and 100 K) on T;
and of the excitation bandwidth (length of excitation pulse recorded at T=100 K) on T has
been included in the supplementary information (Figures S6 and S7).

The absolute concentration of defects in the samples was determined using a SQUID
magnetometer. Although the SQUID measurements cannot differentiate between different
paramagnetic species in the sample (e.g. surface defect and contamination from
paramagnetic impurities like iron or copper), it provides a reliable estimate of the absolute
concentration of paramagnetic defects. Such quantification is not easily achievable using EPR
spectroscopy as surface Pb defects have an average g-tensor value (g = 2.0059) very close to
organic radicals (g = 2.0025 — 2.0097), and hence doping the sample with a known amount of
exogenous radicals for calibration purpose would result in overlapping resonances from the
two paramagnetic species (i.e. Pb defect and exogenous probe). The results of the estimation
of the concentration of paramagnetic defects are summarized in Table 3. Values are given
with respect to sample size (defects/g), particle surface area (defects/cm2), number of
defects per particle (defects/particle) and defects per surface silicon atom (defects/surface
atom).

The presence of other paramagnetic impurities in the sample (besides surface defects) can be
indirectly assessed through the measurement of nuclear relaxation, which is influenced by
paramagnetic relaxation enhancement (PRE) through nearby paramagnetic centres. In
particular, T,* relaxation is a sensitive measure of the presence of paramagnetic impurities.
For this purpose, linewidths of the 2°Si NMR resonance at room temperature were compared.
The measurements were made in the solid state with the sample rotating at the magic angle

to remove contribution from the anisotropic interactions (chemical shift, magnetic
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susceptibility). The spectrum of each sample exhibited only a single peak corresponding to
elemental crystalline silicon, except for sample AA 100, where also a resonance from an
amorphous phase was observed. The spectra are plotted in Fig. 5. Further analysis of the NMR
line shape for data recorded with a DNP polarizer (Bo = 3.4 T) has been included in the
supplementary information (Fig. S9).

The time dependence of the NMR line during microwave irradiation was analyzed for samples
AA 1-20 and US 20-30 as they exhibited the largest %°Si signal enhancement. The linewidth
was determined by a fit with a single Lorentzian curve. An example of changes in the linewidth
during microwave irradiation together with a plot of the line width as a function of the
polarization build-up time are shown in Fig. 6.

The effect of microwave frequency modulation on the maximum 2°Si signal enhancement was
studied by progressively changing the frequency or bandwidth of the modulation function
(chain-saw) using an AA 1-20 sample. The change in the DNP profile and in the build-up curves
of the nuclear polarization are presented in Fig. 7. In addition, the dependence of the
enhancement factor on the modulation frequency and the bandwidth of the modulation are
characterized.

Moreover, size dependent spin dynamics was also studied in the AA 1-20 sample which was
subject to particle size separation. The dependence of the polarization build-up, maximum
enhancement and NMR linewidth on the particle size were evaluated and the results are

shown in Fig. 8.
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Discussion

EPR spectra of all examined samples show a single resonance arising from the Pb defects near
the surface corresponding to an averaged g-factor of g = 2.0059. No signs of other
paramagnetic defects or contributions from metal ions (apart from SiP, where a resonance
from phosphorus defects are expected) could be identified in the EPR spectra. The EPR
resonance in all samples showed a weak asymmetry, which can be attributed to residual
heterogeneity of the interaction tensors. However, the EPR measurement was performed at
a relatively low frequency (35 GHz) which imposes a limitation on the detection of several
paramagnetic spin species. The paramagnetic defects in silicon are characterized by similar g-
tensor values3%3® and hence are difficult to disentangle at Q-band frequencies. Possible
enhancement in a spectral resolution could be obtained by taking the measurement at higher
field/frequency. Comparison between the EPR spectra recorded at 10 K and 100 K did not
show any significant difference (see Fig S2, supplementary information), implying that the
linewidths of the spectra are determined by the dispersion of g- and hyperfine tensors rather
than the transverse relaxation. The latter would be an indicator of the presence of
paramagnetic forms of metal ions, characterized by much broader EPR lines. Moreover, the
Raman spectra (supplementary information, Fig. S11) also did not show signs of contributions
from other forms of siliconized material (e.g. silicon carbide) overall suggesting the high purity
of the silicon particles. Some pronounced asymmetry in the EPR resonance in AA 100 samples
has been observed, which can be attributed to the presence of the amorphous phase*® as
seen in XRD and MAS NMR data (Figs. 2 and 5). This asymmetry in the EPR line translates into
an asymmetry in the DNP profile (Fig. 3), which for sample AA 100, leads to significantly larger
absolute enhancement recorded at the negative DNP peak. However, due to the overall low

polarization enhancement of this sample, it is difficult to pinpoint the exact nature of this
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observation. Further work is needed to elucidate the exact DNP mechanisms (solid effect,
cross effect, thermal mixture) leading to the observed polarization enhancement. Currently,
an analysis of the sweep spectrum shape at different temperatures is used to distinguish
between solid effect/cross effect DNP contributions. However, considering the length of the
observed build-up times, such an experiment would be difficult to foreseen using current
instrumentation due to limited time (=24 h) of which the polarizing system can be run at low
temperature.

The efficiency of polarization enhancement is given by the interplay of coherent (i.e.
microwave irradiation) and incoherent (relaxation) spin dynamics, which in turn are affected
by the properties of the examined material. In particular, the relaxation properties (both
electronic and nuclear) of the silicon material seem to be the most significant factors affecting
the polarizability of the particles. Out of the seven examined samples, only four showed
significant polarization enhancement (samples AA 1-20, AA 50, US 20-30 and SiP). These
samples were characterized by longer electronic 71 and T, relaxation time than samples that
did not show significant DNP enhancement (samples AA 1-5, AA 100, US 1-3). Importantly,
these differences in relaxation time are more pronounced at low temperature (10K
compared to 100 K - supplementary information, Fig. S6) indicating that the relaxation
analysis should be done at a temperature close to the DNP polarization temperature.
Unfortunately, performing relaxation measurements at the exact polarization temperature
was not possible due to technical limitations of the EPR instruments used. Moreover,
influence of spectral and spin diffusion on the recorded relaxation rates could be observed by
varying excitation bandwidth (by changing the duration of the microwave pulses used) and
thus covering different ‘portions’ of the EPR spectrum, (supplementary information, Fig. S7).

In particular, samples AA 1-20 and US 20-30 (both characterized with large maximum signal
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enhancement) showed a large difference in the echo-decay time constants under excitation
with a small and large frequency bandwidth, indicating the potentially important role of
spectral spin diffusion on the electron spin bath dynamics. Recent theoretical and
experimental results*”#® pointed out that the electron spin bath depolarization during
microwave irradiation might be an important parameter affecting spin dynamics during DNP.
However, due to hardware limitations, such a detailed analysis was not possible for the
investigated samples.

The relaxation rate of a paramagnetic centre is closely linked to its structural environment. In
a diluted lattice of spin-0 nuclei (both 28Si and 39Si are spin-0 while 2°Si contributes to 4.7% of
the isotopic abundance), the average hyperfine interaction with the neighboring nuclear spins
is likely to be of a similar magnitude to the electron—electron dipolar coupling between two
adjacent surface defects*. As such, the geometry of the surface defects is an important factor
determining their relaxation properties. However, the recorded EPR spectra could not provide
the necessary information as the samples have been measured as powders, hence the
recorded spectra reflect an average over all the possible defect orientations. Consequently,
the measured EPR spectra are relatively featureless and could not be used for fitting to obtain
the distribution of hyperfine/g-tensors.

In order to gain more insight into the potential distribution of paramagnetic centres within
the particles, the number of defects obtained from SQUID magnetometry was used to
compute the ratio of the number of defects to total number of silicon atoms on the surface.
Assuming an idealistic case of defects being only distributed on the surface of a particle, the
ratio of defects per silicon atom at the surface should be less than 1. As this ratio is greater
than 1 (Table 3), it becomes clear that the surface defects cannot be assumed to create a

monolayer on the particle surface but are rather dispersed in a multilayer geometry. This
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effect might be further exaggerated if there is some degree of surface porosity that enhances
the effective surface area. Furthermore, for more in-depth analysis, the results of the ratio of
defects/surface atom should be combined with the results of electronic T» relaxation. The
dephasing of transverse relaxation (given by T relaxation time) is enhanced by strong dipolar
coupling with neighboring electron spins. As such, if the defects are located only at the
surface, it is likely that transverse relaxation is faster, resulting in a shorter T, relaxation time
constant. Correspondingly, if the defects are dispersed up to some depth below the Si/SiO;
interface, the T, relaxation is not enhanced despite the large ratio of defects/surface. Bearing
this in mind, samples AA 1-5 and US 1-3, which showed weak 2°Si signal enhancement, are
characterized with a large ratio of defects per surface atom (3.2 and 1.95, respectively) and
showed the fastest electronic T, relaxations. At the same time, sample AA 1-20, which also
has a comparably large ratio of defects/surface atom (2.8) showed a large signal
enhancement and long electronic T, relaxation. This might indicate that in the case of the AA
1-20 sample, the defects are potentially ‘dispersed’ throughout some depth below the surface
of the particles, while for samples AA 1-5 and US 1-3 the defects are only spread close to the
surface. Foremost, this analysis shows the importance of defect distribution and geometry
and that the absolute defect density is not a representative measure of silicon particle
polarizability. Interestingly, a large polarization enhancement was observed for samples
covering a broad range of sizes, from 50 nm (AA 50, US 20-30) to 10 um (AA 1-20). In
particular, sample US 20-30 presented almost the same polarization value and room-
temperature nuclear T: relaxation despite the difference in radius by a factor of =20. These
results can also be explained by analyzing the defects-to-surface atom ratio. While for large,
micrometer-size particles, the ratio can be large without compromising nuclear relaxation, it

should be minimized for small, nanometre-size particles to prevent leakage of polarization
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due to rapid 2°Si nuclear relaxation by coupling to nearby surface defects. Samples AA 50 and
US 20-30 (both 50 nm diameter) have the defects-to-surface atom ratio of 0.027 and 0.013
and both samples showed significant DNP enhancement. At the same time, sample AA 100
(100 nm diameter) was characterized by a defects-to-surface atom ratio of 0.14, a factor of =
10 larger than other nanometre-size particles and showed almost no 2°Si signal enhancement.
Similar observations have been reported for hyperpolarization of micro- and nanodiamonds,
which exhibit a similar morphology of surface defects®®>3, The results of an analysis of the
effect of defects concentration on the overall polarization dynamics are in line with results
obtained with samples of organic solvent doped with the exogenous radicals®>’. Similarly to
those reports, the results presented here showed a non-linear dependence of maximum
achievable 2°Si nuclear polarization on paramagnetic centres’ concentration. In particular, the
optimal conditions for maximum signal enhancement are given by the superposition of radical
concentration, isotopic ratio of the nuclear spin bath and the external magnetic field strength.
The majority of these parameters are not easily adjustable in case of crystalline silicon
particles as they are largly affected by the manufacturing approach.

The mean crystallite size did not show a clear correlation with the maximum achievable
polarization nor with nuclear T: relaxation. The value of the mean crystallite size reported
here for the AA 1-20 sample is an order of magnitude smaller than in previous reports for the
same sample!?. Most likely this is to be attributed to the production differences.

The time dependence of the NMR linewidth during the microwave irradiation is indicative of
polarization transfer from the surface into the core of the particle. As the nuclei located
closest to the surface defects are polarized first, they also are characterized by the largest
coupling to the paramagnetic defects. This leads to large T>* relaxation enhancement, which

results in broadening of the NMR line. As the nuclear polarization is transferred into the core
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of a particle (through 2°Si nuclear spin diffusion), the bulk nuclei that are further away from
the surface and hence do not experience such strong coupling to the surface defects are
contributing to the narrow NMR line (Fig. 6). Examples of NMR lines for different samples and
irradiation times, including the corresponding fits are given in Fig. S13, supplementary
information. The most pronounced change in the NMR linewidth was observed for sample AA
1-20, which also had the largest number of defects per particle of all examined samples. The
change in the NMR linewidth is almost not present for sample US 20-30, which has
significantly fewer surface defects compared to sample AA 1-20. This makes it likely that the
line broadening arises from the coupling to the surface defects. Interestingly, the line-
broadening effect is less pronounced for sample AA 1-20, which has been size-separated and
limited to average particle size (APS) = 400 nm. In this case, the NMR line shape is still
relatively broad at the end of the irradiation period (=2.5 kHz versus =1 kHz for AA 1-20 with
unrestricted APS), which may be attributed to the large mechanical stress and resulting poor
crystallinity during the milling process. This statement is further supported by the MAS NMR
data recorded for the size-separated AA 1-20 sample (supplementary information, Fig. S12),
where progressive line broadening is observed with decreasing APS.

The modulation of the microwave field has been shown to enhance significantly the maximum
achievable polarization®®. If the modulation is performed with a frequency higher than the
electronic spin—lattice relaxation rate R1 = 1/T1, the excitation bandwidth of the microwave
field can be efficiently enlarged. Overall, a maximum polarization gain of about two was
achieved compared with irradiation at a fixed frequency (Fig. 7). No difference in the build-
up time was found between the two irradiation schemes, probably due to the dominating

effect of the nuclear spin diffusion in the transfer of the polarization from the surface to the
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core of the particle. These results are in line with the previously published data?? recorded at
Bo=29 Tand T=3.5K.

In order to obtain more insight into size-dependent spin dynamics in silicon particles, the
sample AA 1-20 was size separated into six batches, with APS ranging from 10 um to 400 nm
(see Fig. 8). As the particles have been prepared identically (ball milling of a silicon ingot), this
approach facilitates reliable comparison of the effect of particles’ size on the observed 2°Si
signal enhancement. Prior to recording the data for particles with different APS, a DNP profile
(sweep spectrum) was recorded for a batch with APS = 0.5 um (see Fig S8, supplementary
information). No change in the microwave frequency corresponding to the maximum
polarization transfer was observed for particles with APS = 0.5 um as compared to AA 1-20
sample. The recorded build-up curves showed a distinctive change in the polarization build-
up dynamics for particles with APS below 1.5 um with significantly reduced build-up time. The
analysis with a biexponential fit to the build-up curves showed a change in the contributions
of the two time constants (referred to as “fast” and “slow” time constant, respectively). For
particles with APS = 1.1 um and larger, the build-up dynamic is dominated by a slow time
constant which represents the transfer of the 2°Si polarization due to nuclear spin diffusion,
while for particles with APS = 0.7 um and smaller, the polarization build-up is given by a fast
time constant. This indicates that the small particles are polarized mostly by the direct
coupling with the surface defects. In line with the data of the build-up dynamics for particles
with a decreasing size, a similar observation was made for the maximum achievable
polarization enhancement. Overall, a decrease in the 2°Si signal enhancement by a factor of
three was observed when reducing the APS from 10 um to 400 nm. Moreover, a pronounced
difference in 2°Si NMR line shape was observed, with increased linewidth for decreasing APS.

Such a behaviour can be attributed to the increasing concentration of surface defects in
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respect to the particles’ size resulting in enhanced T*; relaxation. This observation was further
confirmed with MAS NMR 2°Si spectra recorded for a batch with APS = 0.4 um, which also
showed a marked increase in the linewidth compared to spectrum recorded for particles with
APS = 1.1 um (see Fig. S12, supplementary information). The size-dependent analysis of the
DNP efficiency showed, in line with the data presented previously for particles obtained from
other sources, that the concentration of surface defects has to be tuned with respect to the
particles’ size. The large concentration of defects measured in sample AA 1-20 (see Table 3)
was compensated by its large APS. However, as the APS was reduced, the efficiency of the
polarization transfer from the surface defects to the 2°Si nuclei was diminished due to the

increased nuclear T; relaxation.
Conclusion

We have demonstrated that endogenous surface defects in commercially available silicon
micro- and nanoparticles can be used for 2°Si nuclear polarization enhancement by using
direct 2°Si DNP. The electronic and nuclear relaxation properties and the surface-defect
density correlates positively with the maximum achievable 2°Si nuclear polarization.
Foremost, optimal physical and chemical conditions, including surface-defect concentration
adjusted to the particle size, are necessary to achieve a high level of polarization
enhancement. Among the examined samples, simple mechanical milling of the samples was
sufficient to provide large, micrometre-size particles with the desired properties, while the
application of the same method to produce small nanometre-size particles resulted in
increased defect concentration and hence low polarization enhancement. Laser-assisted
etching was found to be the most suitable production method to obtain nanometre-size

silicon particles, which exhibit large maximum achievable 2°Si nuclear polarization and long
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room-temperature nuclear relaxation Ty time. Further studies should focus on incorporating

these finding into the production process to obtain particles with enhanced DNP properties.
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Figure 1. A series of representative TEM pictures illustrating the morphology of each of the

examined samples (see Table 1). The scale has been adjusted according to the material size.
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Figure 2. X-ray diffraction patterns of all examined samples.
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Figure 3. The sweep spectra (DNP profiles) of all examined samples, recorded at 7= 3.5 K. Each

spectrum was normalized to its maximum signal intensity and plotted over the same range of

microwave frequencies.
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Figure 4. The build-up curves of 2°Si nuclear polarization build-up during continuous
microwave irradiation recorded at T = 3.5 K. Each sample was irradiated at the microwave
frequency corresponding to the maximum positive 2°Si nuclear polarization enhancement,
according to data presented in Fig. 3. The black squares represent the experimental data

points while blue curves are the mono/biexponential fit to the data.
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Figure 5. A) The MAS NMR spectra recorded at Bo = 14 T (w/2m(?°Si) = 119 MHz) and room
temperature. B). The zoom-in of the spectrum for sample AA 100 shows a resonance from an
amorphous silicon phase (indicated by an asterisk). Each spectrum was normalized before

plotting and shifted in vertical direction for enhanced visualization.

32



35
B
) 3.0
25
~
T
= 20
< —O—AA1-20
2 15 ——AA 1-20 (0.4 pm)
2 —{— US 20-30
3 10
= —n
05| Bm—xp e
-3 -2 -1 0 1 2 3 4 5
oo [kHz] 0 100 200 300 400 500

Irradiation time [min]
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given time point. The sample was repolarized for each spectrum. Each spectrum was
normalized to unity before plotting. B) The time dependence of the full width at half-height
during microwave irradiation calculated for samples AA 1-20 (black), size-separated AA 1-20

with APS = 0.4 um (red) and US 20-30 (blue).
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Tables

. Mean
Acronym Method APS .Bulld-u.p Enhancement g value T aF RT crystalline
time [min] [min] .
size [nm]
ball milled 1- 24 2.0059
- + + +
AA1-20 crystallineingot 20um 7 392£49 298 0.00007 45.5£3.2 20.7
metal basis, jet 2.0059 +
- - + +
AA 1-5 milled 1-5um 133+ 14 1.0+£0.3 0.00007 / 130
2.0059
plasma N N 0.00007
AA 100 synthesized 100nm 108 + 12 1.0+£0.3 5 0022 4 / 27.9
0.00007
laser synthesized
46 2.0059
+ + +
AA 50 from vapor 50nm +9 7721150 16.2t4.6 0.00007 56.7t4.3 41.9
phase
plasma
enhanced 2.0059
- - + +
Us1-3 chemical vapor 1-3um 92+10 1.0+£0.3 0.00007 / 115
depsition
laser gas phase 2.0059 +
- + + +
US 20-30 synthesis 50nm 229+5 27.4+8.1 0.00007 42.8+3.4 42.7
ball milled slicon 8 2.0059 £
SiP wafer 2-6um = |[375+18 8.1+24 0.00007 130+ 11 146.1
12 1.995+0.00007

Table 1. Collective data on physicochemical properties of the examined silicon powders
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T1 relaxation

T> relaxation

Material
Afast Trast [MS] Asiow Tslow [MS] tm [HS] 6
0.5654 + 1411+ 0.4346 + 61.32+ 1.631+
- +
AA1-20 0.0027 0.041 0.0025 0.56 0.013 0.637+0.023
AA 1-5 0.7382 0.193 0.2618 + 7.12+¢ 0.187 0.3762
0.0033 0.0046 0.0030 0.13 0.004 0.0023
0.7720 1.233 + 0.2280 + 25.54
- + +
AA-50 0.0033 0023 0.0065 0.49 1.63+0.01 0.664 + 0.002
0.7709 0.2291 + 1.133 + 0.6532 +
- + +
AA-100 0.0068 1.37£0.03 0.0065 27.3£0.5 0.029 0.0073
0.7764 0.631 0.2236 12.37 0.275 %
- +
Us13 0.0038 0.012 0.0036 0.18 0.003 0.429 +0.001
US 20-30 0.5898 + 3.382+ 0.4107 74.62 2.962 0.6269 +
0.0034 0.073 0.0030 0.85 0.023 0.0025
. 0.6565 + 0.336 % 0.3435+ 0.5093 +
+ +
SiP 0.0040 0.023 0.0038 184+08 087+0.01 0.0018

Table 2. EPR relaxation measurements of longitudinal (71) and transverse (T2) relaxation.
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Material [defects/g] [defects/cm?] [defects/particle] [defects/surf. atom]
AA 1-20 4.89-10% 1.90-10%° 4.77-10% 2.80
AA 1-5 1.12-10%° 1.09-10%° 1.36-10%° 3.20
AA 50 4.55-10% 8.83-10"2 5.55-103 0.013
AA 100 2.45-10%° 9.51-10%3 2.39-10° 0.14
uUsS 20-30 9.60-10'8 1.86-10%3 1.17-10% 0.027
us1-3 1.14-10%° 6.64-10'4 3.00-10° 1.957
SiP 5.05-10%8 7.84-10%* 3.16-10° 1.57

Table 3. Defect concentrations determined with SQUID magnetometry.
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