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Silicon—germanium (SiGe) alloy nanocrystals (NCs) are promising for advanced optoelectronic appli-
cations due to their highly tunable composition and photophysical behaviors. The homogenous dis-
persion of Si and Ge atoms on the surfaces of SiGe NCs adds a degree of freedom for manipulating the
surface chemistry of this type of alloy material. However, the difference in the reactivity between Si and
Ge atoms brings additional difficulty in selecting appropriate surface ligands to passivate SiGe NCs. Here
we report a mixed-ligand functionalization approach to passivate SiGe NCs effectively. Octadecene and
oleylamine molecules serve as co-ligands to cap the surface Si and Ge atoms, respectively, yielding col-
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loidally stable SiGe NCs with high solution dispersity and stable intrinsic near-infrared emission with a
microsecond-scale lifetime decay. The resulting particles also show improved hole and electron mobili-
ties of up to 1.1 x 107° cm? V"t st and 6.3 x 107% cm? V™ 57, 2.2 and 1.2 times improvement over the
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particles only passivated by octadecene ligands.

Introduction

Among the emerging semiconducting nanomaterials, silicon
nanocrystals (Si NCs) are of great interest due to their size- and
surface-tunable photoluminescence, high biocompatibility,
and high solution processability."™* The incorporation of the
isovalent element germanium in the silicon lattice adds
another degree of freedom in the preparation of silicon-ger-
manium (SiGe) alloy nanostructures with modified band struc-
tures and optoelectronic properties for potential applications
in photodetectors,”® field-effect transistors (FETs)” and
photovoltaics.®

A variety of synthetic approaches have been developed for
preparing SiGe NCs, including physical and chemical vapor
deposition,” molecular beam epitaxy,">'" radio frequency co-
sputtering,'>"* nonthermal plasma pyrolysis,’* and solid-state
thermal disproportionation,’>'® Most of these methods (and
their subsequent processes) allow the formation of well-
defined, homogeneous mixed SiGe alloy particles with highly
reactive surface bonds (such as Si-H, Ge-H, Si-X, Ge-X, X = Cl,
Br).>*>' To avoid undesired oxidation and to enhance the
compatibility with commonly used solvents, it is necessary to
chemically modify these active surface bonds with organic
ligands to form more robust alternative bonds."®"®

Driven by external sources such as heat, light, and radical
initiators, surface modification approaches offer efficient pas-
sivation on Group 14 nanomaterials such as Si and Ge NCs.>"°
Although the similarities between the Si and Ge surfaces are
apparent, challenges still exist in functionalizing SiGe alloy
NCs effectively. This may be due to the significant differences
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in the bond dissociation energy and chemical reactivity when
interacting with specific ligands between Si- and Ge-based
surface bonds.”® On the other hand, the competing reactions,
such as the potential oxidation and spontaneous surface bond
dissociation of the highly reactive linkages on Ge atoms, may
occur and induce poorly functionalized SiGe surfaces. A
general method to effectively functionalize Si and Ge atoms on
SiGe NCs has yet to be demonstrated.

Here, we report a set of wet chemistry approaches to effec-
tively passivate SiGe alloy NCs with hybrid ligands. Two types
of reactions, radical-driven hydrosilylation/hydrogermanation
and the interaction with organic amines, were applied together
to substitute the original Si-H and Ge-H bonds on the SiGe
NC surfaces with more robust chemical linkages such as Si-C,
Si-N, and Ge-N bonds. The functionalized SiGe particles
showed a uniform morphology with a significantly improved
solution dispersity. The functionalized SiGe NCs showed lower
surface oxidation and had intense photoluminescence in the
near-infrared (NIR) region with a microsecond-scaled lifetime
decay. In addition, the mixed-ligand (ML) functionalized par-
ticles show substantially improved hole and electron mobili-
ties compared to the samples capped with conventional alkyl
ligands, indicating the efficient surface passivation of SiGe
NCs via the ML functionalization strategy.

Results and discussion

The synthetic method of SiGe NCs was inspired by a reported
protocol about Ge NC preparation®' and is described in the
ESIt and Fig. 1a. Briefly, the co-hydrolysis of triethoxysilane
(TriEOS) and tetraethoxygermane (TEOG) in a methanol/HNO;
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aqueous solution and the subsequent condensation processes
yielded a homogenous cloudy suspension. After aging, a white
gel-like product was isolated and dried to form an amorphous
siloxane-germoxane copolymer (HSiOj 5),,(GeO,),. The sub-
sequent thermal annealing of the copolymer under a slightly
reducing atmosphere induced the disproportionation of Si**
and the reduction of Ge*, yielding a homogenous dark-grey
powdery composite containing crystalline germanium (c-Ge)
and SiGe NCs embedded in an amorphous germanium silicon
oxide (GSO) matrix (Fig. 1b and c).

X-ray diffraction (XRD) characterization was applied to
confirm the crystallinity of the product. A set of diffraction
signals at 28.1°, 46.7°, and 55.4° arise from a diamond-type
crystal with the lattice constant intermediate to bulk silicon
and germanium (Fig. 1c), indicating the formation of SiGe
NCs. An empirically modified version of Vegard’s law (Note S1
in the ESI{) was applied to calculate the alloy composition of
Sip,Geg s obtained from the thermally annealed composite
(Fig. S1 and Table S2t). Another set of diffraction signals at
27.2°, 45.3°, and 53.7° can be assigned to the (111), (220), and
(311) facets of diamond structural germanium. The formation
of the Ge crystal is not unexpected as Ge*" is readily reduced to
Ge’ at high temperatures.>"*>

We therefore developed a two-step etching process to obtain
pure SiGe NCs from the annealed composite. Firstly, H,O,
solution was applied to completely oxidize and dissolve the
crystalline germanium chunks, whereas the components
embedded in the oxide matrix shall not be affected. After H,O,
etching, the color of the composite merely changed. In con-
trast, the Ge diffraction peaks disappeared from the XRD
pattern, indicating the effective removal of c-Ge and the suc-
cessful preservation of SiGe domains (Fig. 1c). In the second
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Fig. 1 Solid-state synthesis and materials characterizations of SiGe NCs. (a) Schematic illustration of the processes in the preparation of SiGe NCs.
(b) Images of the c-Ge/SiGe NC/GSO composite before and after H,O, etching. (c) XRD, (d) FT-IR, and (e) Raman results of the pristine c-Ge/SiGe
NC/GSO sample and the samples after H,O, etching and two-step etching (i.e., H;O, and HF etching) processes. HF treatment cannot remove Ge—
O bonds, so the Ge—O—Ge stretching signal at ~800 cm™ is still noticeable even after the two-step etching.
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etching process, HF/ethanol aqueous solution was used to
remove the amorphous GSO matrix, yielding freestanding SiGe
NCs with surface hydride bonds (ie., Si-H, and Ge-H,,
Fig. 1d) which are available for further surface functionali-
zation. Raman spectra of the composites show intense Ge-Ge,
Si-Ge, and Si-Si optical phonons at 280, 399, and 483 cm™,
respectively (Fig. 1e), qualitatively consistent with the preser-
vation of the SiGe alloy after etching processes and in good
agreement with the XRD results of the etched samples
(Fig. 1c). However, all diffraction signals slightly shifted to a
lower degree following the HF etching, indicating the lattice
expansion of the crystals. The alloy composition was estimated
to be SipsGeos based on Vegard’s law (Table S1}), and the
increase of Ge content is in good agreement with the partial
removal of the surface Si atom during HF etching.**

For the typical functionalization reactions, ~150 mg of the
freshly etched hydride-terminated SiGe NCs were added to the
predesigned solution containing ligands and other precursors
(e.g., radical initiators), and the temperature was set to 65 °C
to initiate the reactions. After the reaction, the solution con-
taining ODE and etched SiGe NCs (ODE-capped SiGe NCs)
changed from cloudy to semi-transparent. In contrast, the
solution became almost transparent after the treatment with
OAm (OAm-capped SiGe NCs). The functionalized SiGe NCs

R=(CHo)1sCH; - R'=(CH),(CH,)1sCH;
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were collected and purified by multiple washing steps (experi-
mental details available in the ESI}).

No observable peak shift or broadening was observed from
the XRD patterns of the ODE- or OAm-capped SiGe NCs, indi-
cating that both functionalization approaches do not affect the
average size of the Si/Ge compositional ratio of the particles
(Fig. 2d and e). Although ODE can successfully passivate Si
and Ge NCs via hydrosilylation and hydrogermanation,>® in
this study, the yield of the ODE-capped SiGe particles was
noticeably low. Our observation suggested that ligands did not
well passivate the SiGe surface through radical-initiated
functionalization (Fig. 2c). This was further confirmed by the
FT-IR results as more significant oxidation signals were found
from the sample after ODE functionalization compared to the
ML-capped SiGe NCs (Fig. 3a).

We reason that the significant difference in the effective-
ness of the two general surface functionalization approaches
may originate from the difference in the reaction rate.
Compared to the fast reaction between the organoamine and
the surface hydride,'® radical-initiated hydrosilylation/hydro-
germylation requires at least two rate-determining steps
(RDSs), including the production of radicals from the
decomposition of the initiator and the cleavage of hydride
bonds and thus commonly takes a much longer time to com-
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Fig. 2 Synthesis procedure and materials characterization of the functionalized NCs. (a) Schematic procedure of the two-step functionalization
method of SiGe NCs (AIBN = 2,2'-azobis(2-methylpropionitrile)). (b) TEM and high-resolution TEM images of SiGe NCs after ODE, OAm, and two-
step functionalization. (c) Photographs of the toluene solutions containing SiGe NCs capped by ODE, OAm, and ODE + OAm mixed ligands from left
to right. (d) XRD patterns of SiGe NCs before and after ligand passivation. (e) XRD patterns corresponding to (d) in the range of 26°-30°. Dotted lines
at 27.2° and 28.2° indicate the diffraction signals of the (111) facets of diamond-structured Ge and Si, respectively.
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Fig. 3 Surface chemistry characterization of the functionalized NCs. (a)
FT-IR spectra of the SiGe NCs before and after ligand passivation. (b—d)
High-resolution X-ray photoelectron spectroscopy (XPS) results of ML-
capped SiGe NCs. Silicon 2p3/> and germanium 3dsz;, components are
omitted for clarity.

plete.”> On the other hand, the surface hindrance increases
following the anchoring of long aliphatic ligands and prohibits
an effective interaction between the radical and the surface
hydride—one of the RDSs of radical-initiated hydrosilylation/
hydrogermylation. The unreacted surface hydride bonds Si-H,
and Ge-H, were prone to oxidation when the purification was
carried out in air, in agreement with the substantial Si-O and
Ge-O signals from the ODE-capped sample.

Compared to ODE, OAm offers better surface coverage and
solution dispersity of SiGe NCs as the interaction with orga-
noamine and surface hydride does not require additional cata-
lysts or radical initiators. However, after the OAm functionali-
zation, an intense blue PL at 407 nm emerges from the OAm-
capped sample with an average lifetime of 1.6 ns (Fig. 4b, ¢
and Table S3t). Similar blue emission has also been found
from the Si and Ge NCs after interacting with an amine or
other nitrogen species and can be assigned to surface-species-
induced radiative recombination."®>®

Motivated by the possibility in the mixed ligand passivation
approaches on Si NCs and Ge NCs,””*® we sought to investi-
gate an ML passivation approach to effectively passivate SiGe
NCs by combining the benefits of both functionalization
methods (i.e., hydrosilylation/hydrogermylation and amine
incorporation). We applied a radical imitated reaction with
alkenes (i.e., ODE in this study) for the first step of functionali-
zation because alkyl-passivation does not generate any photo-
active surface trap states on Si or Ge NCs.>**> As for the
second step functionalization, OAm serves as the ligand to
rapidly interact with the residual hydride bonds to further
enhance surface ligand coverage. The concentration of the
SiGe NCs after the ML functionalization approach is drastically

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Photophysical properties of SiGe NCs functionalized using
various ligands. (a) Absorption spectra and (b) PL emission spectra of
SiGe NCs after ODE, OAm, and ML functionalization (excitation wave-
length: 320 nm). (c and d) Time-resolved PL lifetime decays of emission
peaks in the blue region (lem = 407-437 nm, excitation source: 365 nm
pulse laser) and (d) in the NIR region. (lem, = 763-779 nm, excitation
source: 320 nm pulse laser.)

improved, and the surface oxide signal is substantially reduced
in the FT-IR spectrum, suggesting the effective passivation of
both ligands.

The morphology of the functionalized SiGe NCs is further
revealed by transmission electron microscopy (TEM). Bright-
field images confirm that all NCs passivated by various ligands
are composed of highly crystalline cores with different shapes
with average sizes over 10 nm (Fig. 2b and S2t). The elemental
chemical environments were further investigated using high-
resolution X-ray photoelectron spectroscopy (XPS) of ML-
capped SiGe NCs. The characteristic signals centered at 98.9
eV of Si 2p and 29.0 eV of Ge 3d spectra can be assigned to the
Si(0) and Ge(0) signals, indicating that the elemental alloy
crystalline core of SiGe NCs is not affected by ML
passivation.>*?® The characteristic signals at 399.8 eV, 402.0 eV
and 404.8 eV (Fig. 3b-d) are consistent with the anchored
amine ligands and other germanium oxynitride species.***°

To deepen the understanding of the potential influences of
ligand passivation on the photophysical properties of SiGe
NCs, we performed the absorption and photoluminescence
(PL) measurements on the ODE-capped, the OAm-capped, and
the ML-capped samples. All three samples show similar
absorption features, which can be attributed to the SiGe crys-
talline core absorption (Fig. 4a). Prior to the ligand passiva-
tion, no PL was observed from H-SiGe NCs, possibly due to the
abundant surface traps or potential particle passivation that
quenches the PL, which was also found on Si and Ge NC
systems.'®***' When SiGe NCs are passivated by ODE, two
new PL signals at 437 nm and 779 nm emerge with FWHM

Nanoscale, 2024, 16, 6516-6521 | 6519
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Fig. 5 Device architecture and SCLC results. Current—voltage curves
for (a) hole-only and (b) electron-only devices under dark conditions.
Inset figures show the device architecture for both types of devices. The
fabrication details are available in the Experimental section in the ESI.}
SCLC fitted results (solid lines) reveal the improved hole mobility and the
trap-filling limit voltage (V+f), showing reduced trap densities of ML-
capped SiGe NCs. Detailed numbers are available in Table S5.1

values of 73 nm and 236 nm, respectively (Fig. 4b). The blue-
emitting and NIR PLs with average lifetimes of 1.92 ns and
59 ps can be contributed by the radiative recombination chan-
nels given by the surface Ge-O type defect states and the
intrinsic ~ bandgap, respectively (Fig. 4c, d and
Table $47)."**** The intense NIR emission of the SiGe NCs
suggests that the ODE and OAm combination can effectively
passivate the alloy surface without creating a substantial
amount of nitrogen-based trap states.

To investigate the impact of the ML passivation on the elec-
trical properties of SiGe NCs, we fabricated electron- and hole-
only devices via solution-based processes (Fig. 5, see
Experimental section in the ESIT for more details). The space-
charge-limited current (SCLC) method was applied to estimate
the carrier mobilities and trap densities of SiGe NCs (Fig. 5,
calculation details available in the ESI{). The ML-capped SiGe
NCs show 1.3 V and 1.1 V of trap-filled limit voltage (Vrg1) in
hole-only and electron-only devices, substantially lower than
the values of the ODE-capped SiGe samples (5.4 V and 1.6 V,
respectively). The trap densities of ML-capped SiGe NCs were
therefore calculated to be 5.2 x 10'® em™ (1) and 6.2 x 10'°
em ™ (ng,) through calculation (Table S57), 1.3 and 3.7 times
lower than in ODE-capped SiGe NCs (Fig. 5c). We also calcu-
lated the carrier mobilities based on the analyses of the
current density-voltage (/-V) results using the Mott-Gurney
equation (eqn (1) in the ESIt). According to the J-V curves, we
obtained electron (u.) and hole (u;,) mobilities of up to 6.3 x
107 em® V7' 57" and 1.1 x 107® em® V' 577, respectively,
which are 1.2 and 2.2 times higher than the ODE-capped par-
ticles (Table S51). We conclude that the ML passivation sub-
stantially reduces the surface trap states, yielding an improved
charge carrier mobility performance in the SiGe NC thin films.

Conclusions

We report a mixed-ligand passivation approach that enables
improved surface functionalization on SiGe alloy NCs.
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Compared to conventional surface functionalization methods,
this new approach allows alkene and amine ligands to interact
effectively with surface Si-H and Ge-H bonds, yielding SiGe
alloy particles with more dense surface ligand passivation and
better solution stability. The efficient surface passivation on
the alloy particle surfaces can further be evidenced by the
enhanced intrinsic NIR emission, improved charge carrier
mobilities, and reduced trap densities. This work demon-
strated that the conventional surface functionalization
approaches could be extended to passivated complicated alloy
surfaces and provides an approach that can be used to prepare
stable and concentrated “inks” for solution-processable SiGe-
alloy-based optoelectronics.
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