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Abstract: Compositionally controlled, light-emitting, group IV semiconductor nanomaterials have
potential to enable on-chip data communications and infrared (IR) imaging devices compatible
with the complementary metal —oxide—semiconductor (CMOS) technology. The recent demonstra-
tion of a direct band gap laser in Ge-Sn alloys opens avenues to the expansion of Si-photonics.
Ge-5n alloys showed improved effective carrier mobility as well as direct band gap behavior at Sn
composition above 6-11%. In this work, Gej_,Sny alloy nanoparticles with varying Sn compositions
from x = 0.124 to 0.178 were prepared via colloidal synthesis using sodium borohydride (NaBHy), a
mild and non-hazardous reducing reagent. Successful removal of the synthesized long-alkyl-chain
ligands present on nanoparticles” surfaces, along with the passivation of the Ge-Sn nanoparticle
surface, was achieved using aqueous (NHjy),S. The highly reactive surface of the nanoparticles prior
to ligand exchange often leads to the formation of germanium oxide (GeO;). This work demonstrates
that the (NHy4),S further acts as an etching reagent to remove the oxide layer from the particles’
surfaces. The compositional control and long-term stability will enable the future use of these easily
prepared Gej_,Sny nanoalloys in optoelectronic devices.
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1. Introduction

Germanium-tin (Ge-Sn) is a complementary metal-oxide—semiconductor (CMOS)
compatible group IV semiconductor material that has attracted great attention over the
past two decades owing to its compatibility with Si and its great potential for use in
optoelectronic integration circuits (OEIC) [1]. When the Sn content exceeds x = 0.06-0.11,
the material becomes a direct bandgap semiconductor, offering a paradigm shift for
Si-photonics toward the monolithic integration of light emitters [2,3]. The favorable optical
properties originate in a modified band structure, changing the bandgap from an indirect
to a direct one. The first demonstration of such a direct band gap laser has recently been
accomplished for Ge-Sn [2]. Ge-Sn has been also reported to have a higher effective hole
mobility than Ge due to the decrease in light hole effective mass of Ge-Sn, with the incor-
poration of Sn in the case of p-channel metal-oxide-semiconductor field effect transistors
(p-MOSEFETs) [4]. The bandgap of Gej_xSny can be tuned from 0.6 to 0 eV by varying
the Sn content, thus making this alloy suitable for use in near-infrared and mid-infrared
detectors [3].

However, the high crystallization temperature of Ge (above 300 °C) and large lattice
mismatch (~14%) with Sn, as well as the low equilibrium solubility (<1%) of Sn in Ge,
make it difficult to synthesize compositionally uniform Ge;_4Sny alloys [5]. Recently,
various Ge-Sn materials, including alloy nanocrystals [6], quantum dots [7], nanowires [8],
and core/shell particles [9] have been reported. Different strategies such as pulsed laser
melting [10], epitaxial growth [11], microwave synthesis [12] and solution-based meth-
ods [13] have been investigated to produce direct gap group IV semiconductors. Of all
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the strategies, colloidal synthesis of high-quality Ge;_,Sny without phase segregation of
Sn is a desirable route that would enable inexpensive fabrication, processing, and device
assembly [14].

In this work, we report the colloidal synthesis, characterization, and physical prop-
erties of a series of Gej_45ny alloy nanoparticles with Sn compositions ranging from
x = 0.124 to 0.178, which resulted from the intended doping concentrations of x = 0.12, 0.15,
0.18. This range of concentrations was selected to obtain the direct band gap semiconductor
behavior for the Ge; _4Sny alloy, provided that the transition from an indirect to direct band
gap occurred when the doping concentration of Sn exceeded x = 0.06-0.11. We were able to
obtain Ge;_4Sny nanoparticles with x = 0.124, 0.151 and 0.178. For doping concentrations
exceeding x = 0.20, we observed the segregation of Sn. The nanoparticles were obtained
by using NaBH4 as a reducing agent, which is mild, safer to use and easier to handle
than stronger, more highly reactive and pyrophoric agents such as n-BuLi and LiAlHj.
Oleylamine surface ligands that remained on the particle’s surface upon synthesis were
exchanged with short sulfide ligands by a solution-phase ligand-exchange approach using
aqueous (NHy),S [15]. It was found that the (NHy),S not only effectively passivated the
surface of Ge-Sn from oxidation but the process also successfully removed the undesired
surface oxides. The synthesis and ligand exchange processes are shown in Scheme 1.
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Scheme 1. An illustration of the synthesis and ligand exchange process of Ge; —xSny alloy nanoparticles.

2. Materials and Methods
2.1. Materials

Tin dichloride (98%) was purchased from Sigma Aldrich (Saint Louis, MO, USA)
and germanium diiodide was purchased from Gelest Inc. (Morrisville, PA, USA) and
stored under argon. Oleylamine (70%) and sodium borohydride (NaBHj,) solution (2.0 M
in triethyleneglycol dimethyl ether) were purchased from Sigma Aldrich (Saint Louis,
MO, USA). ACS-grade solvents, methanol, chloroform, and toluene, were purchased from
Fisher Scientific (Waltham, MA, USA) and used without further purification. (NH4),S
(20% solution in water diluted to 10% before use) was purchased from Fisher Scientific
(Waltham, MA, USA). OLA was dried by heating at 120 °C under vacuum for 1 h prior to
storage under argon.

2.2. Characterization

The crystal structure and purity of the prepared alloy nanoparticles were determined
by X-ray powder diffraction (XRD) using a Rigaku Miniflex 600 X-Ray diffractometer
(Tokio, Japan) (Cu Ka radiation, A = 1.5405 A). Crystallite sizes were estimated by ap-
plying the Scherrer formula to the (111), (220), and (311) reflections of cubic Ge. To
confirm product purity by Raman spectroscopy, Raman spectra were obtained with a
WITec Alpha 300 Raman microscope (Ulm, (Bavaria), Germany) equipped with a 532 nm
laser. The morphology and size of the synthesized alloy nanoparticles were determined
by transmission electron microscopy (TEM) imaging, using a Talos F200X (FEI, Hillsboro,
OR, USA), and scanning electron microscopy (SEM) imaging, with a JEOL 6330F (Peabody;,
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MA, USA). Elemental distribution of the alloy nanoparticles was determined with the
energy dispersive spectroscopy (EDS) feature of the JEOL 6330F SEM and Talos F200X
TEM. The nanoparticles absorption spectra were collected using a Shimadzu UV-3600 Plus
Ultraviolet-Visible-Near-InfraRed (UV-Vis-NIR) spectrophotometer (Shimadzu, Kyoto, Japan).

2.3. Preparation of Ge-Sn Nanoparticles

An amount of 10 mL of oleylamine was added to a 100 mL two-necked round-
bottomed flask and degassed at 120 °C for at least 1 hour. After cooling to room temperature,
it was flushed with argon and the flask was transferred to the glovebox. Predetermined
amounts of Gel, and SnCl, for each experimental setting (Table 1) were added to the flask
and the entire setup was sealed and carefully transferred to the Schlenk line.

The reaction mixture was further degassed at 120 °C and flushed with argon. The
process was repeated three times. The temperature was raised to 220 °C and 0.5 mL of
NaBH, (2.0 M in triethyleneglycol dimethylether) was added. The color of the reaction
mixture immediately turned brown upon NaBHy addition. The reaction temperature was
further raised to 300 °C and kept at this temperature for 60 min followed by cooling of the
reaction mixture with compressed air.

Table 1. Amounts of Gel, and SnCl, for the synthesis of Ge;_4Sny nanoparticles.

Gel, Amount SnCl, Amount
Targeted Composition
mg mmol mg mmol
Geo_ggsn().lz 172.3 0.528 13.6 0.072
Geg.85Sn0_15 166.5 0.510 17.1 0.090
GeO.gzsl’lO'lg 160.6 0.492 20.5 0.108

After cooling to room temperature, 10 mL of toluene and 70 mL of methanol were
added to the flask to precipitate the nanoparticles. The mixture was transferred to a
50 mL centrifuge tube and centrifuged at 8000 rpm for 10 min to obtain the Ge-Sn alloy
nanoparticles. The supernatant was discarded and the solid product—a black color pellet—
was further dispersed in 10 mL toluene and reprecipitated by adding 30 mL methanol. This
process was repeated twice. The final product was collected by centrifugation and dried in
a vacuum oven.

2.4. Ligand Exchange and Surface Oxide Removal

A suspension (5 mL) of Ge-Sn nanoparticles in chloroform (5 mg/mL) was mixed
with 5 mL of aqueous (NHy),S solution (10%) in a vial. The mixture was shaken vigor-
ously for 2 min and allowed to settle until the chloroform and aqueous (NHy4),S were
phase-separated. The Ge-Sn nanoparticles completely transferred from the chloroform
phase to the aqueous (NH4),S phase. An amount of 10 mL ethanol was added to the
vial, and the mixture was transferred to a centrifuge tube and centrifuged for 4 min at
6000 RPM. The supernatant was discarded, and the precipitate was washed with a mixture
of ethanol: chloroform (1:1, 20 mL) twice. The product collected after centrifugation was
dried overnight in vacuum oven for further use.

3. Results and Discussion
3.1. Synthesis

Phase-pure Ge;_,Sny nanoparticles with compositions in the range of x = 0.124—0.178
were successfully produced by the co-reduction of Gel, and SnCl,. The synthesized
nanoparticles were found to be very stable even for months after synthesis. No sign of
degradation or surface oxidation was observed even three months after the synthesis while
stored under ambient conditions (Figure S1, Supplementary Materials). Reactions with
higher Sn/Ge ratios produced the alloy nanoparticles with a lower percentage of Sn incor-
poration along with the formation of 5-Sn impurities (Figure 52, Supplementary Materials).
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All of these reactions were very sensitive and a rigorous approach is required to exclude
even traces of moisture and air from the system. Even after taking caution, minor peaks of
GeO, were observed due to exposure to air during workup under ambient conditions.

3.2. XRD and Raman Analysis

With an increasing Sn concentration, the powder X-ray diffraction (XRD) patterns shift
to lower 20 angles owing to the expansion of the cubic Ge structure by «-5n, suggesting
the incorporation of Sn into Ge (Vegard’s Law) [16]. The major diffraction peaks were
indexed to the (111), (220), and (311) planes of diamond-cubic Ge with F3dm space group
(ICDD: 01-080-6669). No diffraction peaks corresponding to a-Sn, or B-Sn (tetragonal Sn)
impurity phases were detected. The peak observed near 26° 26, attributable to GeO,
(Figure 1a) could be ascribed to ambient isolation and purification of nanoparticles, as
weakly bound surfactant ligands can be lost via excessive washing and centrifugation, thus
exposing the nanoparticles surface [17]. The lattice constants for cubic Ge and a-Sn are 5.66
and 6.49 A, respectively. In contrast, the lattice constant values in Ge;_4Sny nanoparticles
vary from 5.76 A for x = 0.124 to 5.794 A for x = 0.178 (Table S1, Supplementary Materials).
The values of lattice constants indicate a near linear expansion of the cubic Ge structure
with increasing Sn. This experimentally observed trend of increasing lattice constant
values was found to be in agreement with Vegard’s rule (Figure 1b) [16], which states that
the lattice parameter of the alloys varies linearly with the change in the concentration of
the components.
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Figure 1. (a) Powder XRD patterns of Ge;_,Sny nanoparticles. (b) A plot illustrating the lattice
parameters based on XRD patterns (Black) and projection of theoretical lattice parameters calculated
using Vegard’s law (Red). * GeO, impurity peak. (c) Raman spectra of the Ge;_,Sny nanoparticles.
(d) A plot illustrating the systematic red-shifting of the Ge-Ge optical phonon mode with increasing
Sn composition.

Bulk Ge exhibits a Raman peak at 300 cm ™! that corresponds to the longitudinal
optical (LO) phonon mode of Ge-Ge bonds [18]. As heavier Sn atoms are incorporated
into the Ge crystal, a systematic red shift of the Ge-Ge phonon mode (288—282 cm !
for x = 0.124—0.178) was observed as a result of the longer Ge-Sn bonds and the heavier
Sn atoms [19]. The observed red shift with increasing Sn content is consistent with the
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weakening (or lengthening) of the Ge-Ge bond and lattice constants computed from
Vegard’s law (Figure 1c).

3.3. SEM and TEM

In conjunction with the XRD and Raman analysis, SEM and TEM have been used to
confirm the formation, compositional uniformity, and homogeneity of Ge-Sn nanoparti-
cles. The TEM image shows that the as-synthesized nanoparticles are irregular in shape
and polydisperse (Figure 2a). The high-resolution TEM image (HRTEM) indicates the
lattice spacing of 3.3 A, which corresponds to the expanded (111) plane of diamond cubic
Ge;_,Sny and is slightly larger than that of pure Ge (3.26 A) [20], further confirming the
expansion of cubic Ge lattice (Figure 2b). The TEM-EDS and SEM-EDS elemental mapping
profile shows that the Sn and Ge are uniformly distributed over the entire nanoparticle,
confirming it as a homogeneous, solid solution and free of segregated Sn species. EDX data
of Gej_4Sny nanocrystals show good agreement with the elemental composition calculated
by Vegard’s law.

Figure 2. (a) HRTEM images of Ge;_4Sny nanoparticles (x = 0.151). (b) HRTEM image of Ge;_Sny nanoparticles (x = 0.151),
showing lattice fringes that correspond to the (111) plane of cubic Ge. (c) and (d) TEM/EDS elemental maps of Ge and

Sn, respectively.

3.4. Optical Properties and Ligand Exchange

The solution-based UV-Vis-NIR spectra of the samples dispersed in chloroform
was featureless across the whole range of wavelengths (Figure 3a). The incorporation
of Sn significantly red-shifts the absorption onsets into the near-IR (NIR) region, further
expanding its optical window for application in NIR optoelectronic devices.

The as-synthesized nanoparticles carry surface ligands originated from the synthesis.
Various methods for replacing the long-alkyl-chain solvent/stabilizer used in synthesis
have been reported [15,21-24]. Such methods include the replacement of oleylamine with
much shorter atomic S>~ ligands by a solution-phase ligand-exchange process, accom-
plished by vigorously shaking a mixture of nanoparticles suspended in an adequate solvent
(chloroform used herein) and aqueous (NHy);S. The removal of the surface ligands was
qualitatively validated by the loss of nanoparticle dispersibility in chloroform and further
confirmed by FT-IR analysis, which shows the disappearance of bands centered around
2800-3000 cm ™! ascribed to C-H stretching vibrations of oleylamine (Figure 3b). The XRD
pattern of the sample in Figure 3c confirms the phase purity of Ge;_4Sny nanoparticles after
the ligand exchange. According to the literature, (NH4),S treatment creates a Gej_4Sny—S
monolayer passivating the dangling surface bonds of both Ge and Sn, and thus protects
Ge1_xSny surfaces from oxidation [25].
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Figure 3. (a) UV-Vis spectrum of the prepared Gej_,Sny nanoparticles. (b) FT-IR spectra of Gej_Sny
nanoparticles sample before and after ligand exchange. (c) and (d) Powder XRD patterns of Gej_,Sny
nanoparticles sample before and after ligand exchange.

The treatment with aqueous (NHy4),S not only successfully exchanged the surface lig-
ands but also removed the native surface oxide, which could cause poor chemical stability,
high surface trap state density, and unfavorable electrical properties. The powder XRD
analysis of Gej_4Sny samples containing the GeO, impurity shows the complete elimina-
tion of the corresponding oxide peaks after treatment with aqueous (NH4),S (Figure 3d).
It is anticipated that the removal of oxide impurities from the surface of Ge;_4Sny al-
loy nanoparticles will further improve their charge, career mobility and performance in
electronic devices.

4. Conclusions

The successful synthesis of uniform Ge;_,Sny alloy nanoparticles with Sn concentra-
tions varying from x = 0.124 to 0.178 using the mild reducing reagent NaBH4 has been
achieved, proving to be a facile, ecofriendly, and economically viable route for producing
Ge-5n nanoparticles. Using a solution-phase ligand-exchange approach, the long-chain
oleylamine ligands were replaced by short inorganic sulfide-capping groups using aqueous
(NHy),S. The surface-passivating effect of (NH4),S suppresses the formation of germanium
oxide while preventing any segregation of Sn atoms, as showed by the long-term stability
of the nanomaterial. (NHy4),S not only successfully removes the organic ligands but also
etches any undesired surface oxide that occasionally forms during synthesis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst11101216/s1, Table S1: Crystallite size and lattice parameter of Gej_,Sny alloy nanopar-
ticles, Figure S1: Powder XRD patterns of Ge;_,Sny nanoparticles after months of storage under
ambient conditions, Figure S2: Powder XRD patterns of Gej_,Sny nanoparticles with higher com-
position of Sn (20-30%) showing peaks of segregated Sn impurities, Figure S3: (a—c) SEM images
of Gej_xSny nanoparticles (x = 0.15). (d,e) Ge and Sn SEM—EDX element mapping from the image
¢, showing that Ge and Sn are homogeneously dispersed through the alloy nanoparticles, Figure
S4: (a—c) SEM images of Gej_,Sny nanoparticles (x = 0.178). (d,e) Ge and Sn SEM—EDX element
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mapping from the image c, showing that Ge and Sn are homogeneously dispersed through the alloy
nanoparticles, Figure S5: Representative SEM-EDS spectrum of Geg g5Sng 15 nanoparticles.
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