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ABSTRACT: Group IV alloy nanocrystals (NCs) are a class of direct energy gap
semiconductors that show high elemental abundance, low to nontoxicity, and
composition-tunable absorption and emission properties. These properties have
distinguished Ge,_,Sn, NCs as intriguing materials for near-infrared (IR) optical
studies. Achieving a material with efficient visible emission requires a modified
class of group IV alloys, and the computational studies suggest that this can be
achieved with Ge,_,_,Si,Sn, NCs. Herein, we report a colloidal strategy for the
synthesis of bulk-like (10.3 + 2.5—25.5 + 5.3 nm) and quantum-confined (3.2 +
0.6—4.2 + 1.1 nm) Ge,_,_,Si,Sn, alloys that show strong size confinement effects
and composition-tunable visible to near IR absorption and emission properties.
This synthesis produces a homogeneous alloy with a diamond cubic Ge structure
and tunable Si (0.9—16.1%) and Sn (1.8—14.9%) compositions, exceeding the
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equilibrium solubility of Sn (<1%) in crystalline Si and Ge. Raman spectra of Ge,_,_,Si,Sn, alloys show a prominent red-shift of the
Ge—Ge peak and the emergence of a Ge—Si peak with increasing Si/Sn, suggesting the growth of homogeneous alloys. The smaller
Ge,_,_,5i,Sn, NCs exhibit absorption onsets from 1.21 to 1.94 eV for x = 1.8—6.8% and y = 0.9—16.1% compositions, which are
blue-shifted from those reported for Ge,_, ,Si,Sn, bulk alloy films and Ge,_Sn, alloy NCs, indicating the influence of Si
incorporation and strong size confinement effects Solid-state photoluminescence (PL) spectra reveal core-related PL maxima from
1.77—1.97 €V in agreement with absorption onsets, consistent with the energy gaps calculated for ~3—4 nm alloy NCs. With a facile,
low-temperature solution synthesis and direct control over physical properties, this methodology presents a noteworthy
advancement in the synthesis of bulk-like and quantum-confined Ge,_,_,Si Sn, alloys as versatile materials for future optical and

electronic studies.

Bl INTRODUCTION

Semiconductor nanocrystals (NCs) are a fascinating class of
materials that show unique size and shape-tunable optical
properties, making them attractive for solar photovoltaics,"”
photocatalysis,s_5 sensing,6 imaging,7’8 and light-emitting9
technologies. Of particular interest are the nanostructures
produced from group IV elements, Si, Ge, and their Sn-
containing alloys. These materials exhibit several advantages
over other semiconductor (CdSe, PbS, HgS, and CsPbCl,,
etc.) systems including low to nontoxicity, * high elemental
abundancy,"’ and compatibility with complementary metal—
oxide—semiconductor (CMOS) technology. The optical
properties of group IV alloys can be tuned by varying the
size and/or composition.lz_14 This results in a wider range of
energy gaps and, consequently, absorption and emission
properties that can be tuned by altering the synthesis
parameters. Additionally, group IV alloy NCs display a key
advantage over the corresponding bulk counterparts, owing to
their quantum confinement-modified electronic structure. Bulk
Si and Ge are limited in applicability because of their
fundamental indirect band structure, which drastically
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decreases the absorption and emission efficiency.'> However,
for smaller quantum-confined NCs, the electronic structure
ceases to resemble a continuous network of possible states and
begins to approximate a more familiar HOMO-LUMO
structure.'® This eliminates the disadvantages of indirect
energy gaps and improves the optical efficiency.

Theoretical and experimental studies have shown that bulk
Si and Ge can experience an indirect to direct—gap transition
at sufficiently high levels of Sn alloying.'” This transition stems
from the expansion of Si or Ge structure by a-Sn, the
diamond-like structural equivalent to Si and Ge; however, a
few problems limited the application of this effect in optical
devices. Because Sn is a conductor (band gap = 0.08 eV), the
incorporation of Sn reduces the energy gaps and promotes a
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Scheme 1. Scheme Illustrating the Synthetic Procedure for Quantum-Confined and Nonquantum Confined Ge,_,_

,S1,5n,

Alloy NCs, where the Time Held at 300 °C is a Determining Factor for Synthesis of Larger NCs (15 min) and Smaller QDs (5

min)

120 °C

Gel, +5nl, A

metallic character of bulk alloys, eliminating any potential in
visible to near IR optical studies. Moreover, the bulk solubility
of Sn in Si and Ge is notoriously low (<1%) because of the
larger differences in lattice constants; thus, the first GeSiSn
alloys with sufficient Sn to produce direct-gaps were fabricated
as thin films via careful strain engineering.'® This has been
accomplished through low-temperature nonequilibrium growth
processes, such as molecular beam epitaxy (MBE)"~ and
chemical vapor deposition (CVD).”” MBE studies report
homogeneous GeSiSn films with 3—15 and 12—58% Si and Sn
compositions, respectively.”””> CVD methods, which are more
popular than MBE, report 1.8—5.8% and 3.2—10% Si and Sn
contents, respectively, and a transition to a direct band
structure when the Sn content is greater than Si.”*~*° These
films show significant (5X) photoluminescence enhancement
with increasing the Sn content from 5.1 to 8.3%, caused by the
increased lattice disorder.””> However, these traditional vapor
phase synthetic methods often admit to stacking faults, crystal
imperfections, and Sn segregation for samples with a Sn
content greater than ~15-20%.2%%"

The structurally homogeneous Ge,_,Sn, alloy NCs and
quantum dots (QDs), on the other hand, have been recently
synthesized via wet chemical methods with Sn content up to
95%,”" eliminating the Sn segregation entirely. This has been
generally attributed to low-temperature growth and unique
strain relaxation that allow smaller NCs to reduce the stress
from lattice inhomogeneity, making a wider range of alloy
compositions stable.”” Our group has reported the solution
synthesis and optical and electrical characterization of 1.8—
2.2,131430 3512 573! and 15—23 nm'? of Ge,_,Sn, alloys
and their solution-processed thin films,”* with Sn content up to
~28%. The confinement energy inherent to Ge,_,Sn, QDs
results in wider direct energy gaps primarily in the near IR
spectrum.' ™' The admixture of Sn increases the oscillator
strengths of optical transitions,” further improving the optical
efficiency of alloy QDs. Although a few theoretical studies on
GeSiSn alloys and QDs are reported,””** the synthesis of
ternary GeSiSn alloys as discrete nanostructures and their
optical property investigation as a function of morphology,
composition, and confinement effects has not been reported.

Herein, we report a facile low-temperature colloidal
synthetic strategy for Ge,_, ,Si,Sn, alloys via coreduction of
halide precursors in alkylamine and alkane surfactant/solvent
mixtures. Synthetic parameters were carefully tuned to produce
bulk-like (10.3 + 2.5-25.5 + 5.3 nm) and quantum-confined
(3.2 £ 0.6—4.2 = 1.1 nm) ternary alloys with variable Si (0.9—
16.1%) and Sn (1.8—14.9%) compositions. As-synthesized
alloys retain the diamond cubic structure of Ge with a shift of
diffraction patterns to lower 26 angles with increasing Sn
compositions. This, along with red-shifting of Ge—Ge phonon
mode and appearance of a Ge—Si phonon mode, and
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elemental maps confirm the structural homogeneity of
solution-synthesized Ge,_,_,Si,Sn, alloys. The smaller QDs
exhibit composition-tunable absorption onsets and emission
maxima from 1.21—1.94 and 1.77—-1.97 eV for x = 1.8—6.8%
and y 0.9-16.1% compositions, respectively. These
transition energies are significantly higher than those reported
for GeSiSn thin films and ~3—5 nm Ge,_,Sn, alloy QDs,*
signifying the effects of Si incorporation and strong size
confinement effects. This constitutes an expansion of the
optical properties that can be achieved for group IV alloy NCs.

B EXPERIMENTAL SECTION

Materials. Germanium(II) iodide (Gel,, 99.999%) was purchased
from Strem Chemicals. Tin(IV) tetraiodide (Snl, 99.99%) and
silicon(IV) iodide (Sil,, 99%) were purchased from Alfa Aesar.
Oleylamine (OLA, 98%), l-octadecene (ODE, 90%), and n-
butyllithium (n-BuLi, 1.6 M in hexane) were purchased from
Sigma-Aldrich. ACS grade toluene and methanol were purchased
from Fisher before being distilled over nitrogen and stored over
molecular sieves. OLA and ODE were dried under vacuum at 120 °C
for 90 min prior to use. All other chemicals were used as received.
[Important: Butyl-lithium compounds are extremely pyrophoric and
should be handled by properly trained personnel under strict air-free
conditions.]

Preparation of Sil, Stock Solution. The Sil, stock solution was
prepared by mixing 0.2679 g of Sil, into 10 mL of an OLA under N,
in a glovebox. Afterward, this mixture was taken out of the glovebox
and connected to a Schlenk line, where it was heated under vacuum at
120 °C for 60 min. Then, the flask was cooled to ~60 °C while still
under vacuum before it was transferred to the glovebox and emptied
into a 20 mL glass vial for storage.

Synthesis of ~10-25 nm Ge,_,_,Si,Sn, Alloy NCs. In a
glovebox under a N, atmosphere, an appropriate amount of Gel, and
Snl, (Supporting Information, Table S1) were dispersed in 10 mL
OLA in a three-necked flask with a condenser, septum, and
thermocouple. Separately, a solution of 1.1 mL of n-BuLi dispersed
in 3.0 mL of ODE was prepared under a nitrogen atmosphere. An
appropriate volume of Sil,/OLA stock solution was drawn into a
disposable syringe. The flask, n-BuLi solution, and Sil, syringe were all
removed from the glovebox, and the flask was connected to a Schlenk
line where it was degassed and flushed with nitrogen three times
(Scheme 1).

Next, while under a vacuum, the temperature of the flask was
increased to 120 °C under high stirring, where it was held for 25 min.
At this stage, the solution takes on a red-orange color as the Ge and
Sn precursors complex with the OLA. After 25 min, the solution was
placed under nitrogen and the temperature was increased to 230 °C.
At 230 °C, the Sil,/OLA solution was swiftly injected. Then, the
temperature was decreased to 210 °C, where the reaction was allowed
to spin for an additional 20 min. The temperature was then increased
to 230 °C, at which point the n-BuLi solution was injected. Finally,
the temperature was raised to 300 °C, where the reaction was held for
1S min before quenching by removal from the heating mantle and
cooling with compressed air.

https://doi.org/10.1021/acs.chemmater.3c01644
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After the reaction, the flask was emptied in a 50 mL centrifuge
tube. Then, ~20 mL of methanol was added to precipitate the
Ge,_,,Si,Sn, alloy NCs. The reaction was centrifuged for 10 min,
after which the clear supernatant was discarded, and the pellet was
dissolved in ~5 mL of toluene. After a 5 min centrifuge, the pellet,
containing any aggregates or impurities, was discarded, and the
supernatant was transferred to another centrifuge tube and again
precipitated with ~20 mL methanol. This procedure was repeated
three times to create a thoroughly washed product. For solid-state
analysis, the pellet after precipitation via methanol was used, whereas,
for transmission electron microscopy (TEM) analysis, a small amount
of this product was dispersed in toluene and deposited onto a TEM
grid.

Synthesis of 3.2-4.2 nm Ge,_, ,Si,Sn, Alloy QDs. The
synthetic method for smaller Ge,_,_,Si,Sn, QDs is similar to that of
the larger NCs, but with several key differences. First, an appropriate
amount of Gel, and Snl, precursors (Supporting Information, Table
S2) and 20 mL of OLA were placed in a SO mL round-bottom flask
outfitted with a septa and thermocouple. Then, 1.1 mL of n-BuLi was
separately dispersed in 3.0 mL of ODE in a 20 mL glass vial. A
proportional amount of the Sil, stock solution was drawn into a
syringe. The flask was then removed from the glovebox and placed
under vacuum, where it was heated to 120 °C and kept under high
stirring for 25 min. Next, the flask was purged with nitrogen, and the
temperature was increased to 230 °C for the injection of the Sil,
precursor. The temperature then decreased to ~210 °C, where it was
kept under stirring for an additional 20 min. Then, the temperature
was increased to 230 °C again, and the n-BuLi/ODE solution was
injected. This produced a mild smoke, and the reaction turned to dark
brown/black color. Finally, the temperature was raised to 300 °C, and
the reaction was held for S min before being quenched with
compressed air.

After synthesis, the solution was emptied into a 50 mL centrifuge
tube, which was filled with ~20 mL of methanol. This precipitated the
product QDs after centrifugation at 6000 rpm for 10 min. The
supernatant was discarded before redispersing the pellet in 5 mL of
toluene and centrifuging for S min, after which the supernatant was
transferred to a new centrifuge tube and the pellet was discarded.
Next, a size-selective precipitation method was used to eliminate bulk-
like particles and narrow the size dispersity.*®*” To the NC solution
in toluene were added 60 drops of methanol via a transfer pipet. The
resulting solution was centrifuged for 10 min at 6000 rpm, the pellet,
referred to as the first fraction, was discarded. Then, 20 drops of
methanol were added, followed by another 10 min centrifugation.
This time, the pellet was kept and used for analysis. This fraction
contained the narrowly dispersed quantum-confined particles of
interest. The remaining supernatant, containing mostly small clusters,
was discarded.

Physical Characterization. A Cary 6000i UV—Vis—near IR
spectrophotometer (Agilent Technologies) was used in the double
beam mode to record solution state UV—Vis—NIR absorption spectra
of all samples. Solid-state diffuse reflectance spectra were recorded
using an internal diffuse reflectance DRA 2500 attachment with a
BaSO, background holder. The Kubelka—Munk remission function
was used to convert the measured reflectance to absorption.*®*’
Powder diffraction patterns were recorded using Malvern PANalytical
PXRD equipped with Cu Ka (4 1.5418 A) radiation. This
instrument is regularly calibrated using a Si standard with a diameter
of 32 mm and a thickness of 2 mm. The Scherrer formula was used to
calculate the crystallite size. Raman spectra were recorded by using a
Thermo Scientific DXR Raman spectrophotometer equipped with a
532 nm laser. An energy-dispersive spectroscopy (EDS) unit attached
to scanning electron microscopy (SEM) operating at 15 keV was used
to investigate the composition. The samples were attached using
double-sided carbon tape, and the composition of each sample was
determined by averaging the atomic percentages of five individual
spots per sample. TEM images, scanning transmission electron
microscopy (STEM), and high-angle annular dark field images
(HAADF) were recorded with a JEM-F200 Cold FEG electron
microscope operating at 200 kV. Samples were prepared by dispersing
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a small amount of NCs in toluene before drop-casting onto carbon-
coated copper grids. Lattice spacings of alloy NCs were calculated by
plotting the inverse FFT images of particles acquired via ImageJ and
dividing the distance by a set number of peaks (15—30). This
procedure was repeated with multiple NCs to confirm a consistent
spacing. Room-temperature photoluminescence (PL) spectra of the
drop-cast samples were measured by utilizing Kimmon 325 nm HeCd
and Coherent Obis 405 nm lasers in conjunction with a liquid
nitrogen-cooled CCD detector mounted onto a 30 cm focal length
spectrograph. For PL measurements under vacuum, the samples were
mounted within a Janis cryostat evacuated to a pressure of ~107*
Torr, with excitation/collection through an integrated quartz window.
Peak positions were extracted from multi-Gaussian fits to measured
PL spectra.

Computational Energy Gap Calculations. Ge,_,_,Si,Sn, QDs
were constructed by first generating pure Ge QDs of various sizes
with coordinates set to the lattice constant of bulk Ge (5.66 A). The
composition of QDs was modified by homogeneously substituting Ge
atoms with Si and Sn atoms, whereas the surface was passivated with
hydrogen atoms. For each QD size/composition combination, the
geometries of the ground state were optimized by using the local spin-
density approximation at the level of SPW92/def2-SVP with the
corresponding effective core potentials on Sn. The def2-SVP basis set,
however, became intractable for QDs with large diameters; thus, the
HWMB basis set was used for larger QDs. The SPW92/HWMB
approach overestimated the lattice constant, which subsequently
caused a bias in the energy gap calculations. To correct this bias, the
energy gaps were computed at the level of HLE16/CRENBL using
1.407, 1.715, and 2.131 nm QDs optimized using both SPW92/def2-
SVP and SPW92/HWMB and each set was fitted with a power law
curve. The mean bias between the two curves in the interpolation area
was obtained, used as a correction factor, and added to the HLE16/
CRENBL//SPW92/HWMB energy gap values. After a bias
correction, the number of HLE16/CRENBL//SPW92/HWMB gaps
needed was determined based on the accuracy of the extrapolation
curve to bulk Ge. This approach was used for subsequent
extrapolation of energy gaps, using five QD sizes in the range of
~1.4 to 3 nm. All calculations were performed using a locally modified
version of Q-Chem.*

B RESULTS AND DISCUSSION

Synthesis of Bulk-Like Ge,_,_,Si,Sn, Alloy NCs. To
date, there are no reports on the colloidal or wet chemical
synthesis of Ge;_, ,SiSn, alloys.">*” A colloidal strategy
allows for synthesis of bulk-like and quantum-confined alloys,
allowing for investigation of size- and composition-dependent
optical properties, which are not possible with traditional vapor
phase syntheses. However, there were major challenges with
designing an effective low-temperature solution synthesis for
Ge,_,,Si,Sn, alloys. For instance, Si is very sensitive to
oxidation, especially in comparison to Ge and Sn. This not
only gives the Schenk line and oxygen free methodology an
additional importance but also necessitates the use of relatively
inert solvents, especially those creating a reductive environ-
ment (i.e., amines), whereas use of oleic acid or some other
carboxylates can result in the Si-oxidation to SiO,, preventing
the growth of homogeneous alloys. Moreover, careful diligence
is essential with the preparation of the Sil, stock, which was
kept under rigorous air and moisture free conditions when
handling under an ambient atmosphere. This is also because
contamination from oxygen causes Si to oxidize, precipitate,
and become unusable.

In this study, halide precursors dispersed in an OLA solvent
were reduced by n-BuLi into atomic monomers, which
crystallize to produce nanoalloys. Ge and Sn halides are
added in the solid state, whereas the Si precursor is freshly
prepared by dissolving Sil, in the OLA and mixed with the Ge/

https://doi.org/10.1021/acs.chemmater.3c01644
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Sn precursors at a later stage. This latter addition helps
minimize unfavorable side reactions and avoids the formation
of Si° or SiO, byproducts. It was found that the Sil, stock
solution is stable for ~7 days before there is a significant
chance of precipitation. To avoid A-Sn impurities, the
temperature must be maintained below 230 °C prior to n-
BuLi reduction. Sn has a melting point of ~231.9 °C, and any
Sn® atoms present at this temperature can produce
thermodynamically more stable S-Sn impurities. Lastly, the
temperature is increased to 300 °C where the alloy nuclei were
grown for S min (smaller QDs) or 15 min (larger NCs) prior
to reaction being quenched and NCs were purified and
isolated. Initially, a set of larger (10.3 + 2.5—25.5 + 5.3 nm)
nonquantum-confined alloys were produced to adequately
study the changes in structural characteristics. Subsequent
efforts were shifted to produce smaller (3.2 + 0.6—4.2 + 1.1
nm) alloy QDs to probe both the effects of quantum
confinement and Si/Sn alloying on optical properties.

Size and morphology of the larger Ge,_,_,Si,Sn, alloy NCs
were investigated via TEM (Figure 1). The average diameters
and lattice spacing of particles were calculated using low-
resolution TEM images, which are listed in Supporting
Information, Table S3. Although the average diameters of

Figure 1. Representative low-resolution and high-resolution TEM
images of larger, bulk-like [AE] Gego,1Si033500.046r [B/F]
Ge 542510.072800.085 [C,G] Geg7978i0.121SM0.0s3, and [D,H]
Geg738Si0112500,149 alloy NCs with a (111) diamond cubic lattice
plane outlined in yellow.
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the first three compositions (Figure 1A—C) are within ~6 nm
of each other, there is a substantial size increase for the highest
alloy composition (Gey35Sip1125N0140)- As studies on GeSn
materials have identified, Sn promotes the crystallization and
growth of group IV alloys; thus, the increased Sn composition
of this sample likely caused the growth of larger polygonal
NCs. This could also explain why alloys with a higher Sn
content adopt a more angular or polygonal morphology, as
opposed to the quasi-spherical nature of alloys having a lower
Sn content (Figure 1). The images shown in Figure 1IE—H
display magnified representative images of individual NCs,
where the dominant diamond cubic (111) plane is visible in
several NCs. The corresponding fast Fourier transform (FFT)
images show polycrystallinity of particles, consisting of
multiple crystal domains (Figure S1). The lattice spacings of
alloys are closer to that of pure Ge (3.3 A)*" and show a minor
variation depending on the composition, with the largest being
the Sn-rich particles, as shown in Figure 1H with a spacing of
~34 A.

STEM images and elemental maps of the larger alloy NCs
are shown in Figures 2 and 3. Each composition reported
herein displays an even distribution of Ge, Si, and Sn
throughout the diamond cubic lattice, indicative of a
homogeneous solid solution. Although Si is notoriously
difficult to resolve via elemental mapping, we have used long
exposure times on thoroughly purified samples to maximize the
signal: noise ratio and optimize the visibility of Si. There is no
local segregation of Si or Sn on the surface or core of the NCs,
distinguishing these particles as phase pure without any phase
segregated impurities and core—shell heterostructures. Addi-
tional elemental maps and EDS spectra, as shown in
Supporting Information, Figures S2 and S3, respectively,
indicate the homogeneous alloying of Ge, Si, and Sn
throughout the particles for variable Si (3.34—12.07%) and
Sn (4.60—14.96%) compositions. The combined results from
TEM, STEM, and elemental maps suggest that these particles
are crystalline, colloidally stable, and homogeneous
Ge,_,_,Si,Sn, alloys.

A detailed look at the structural characteristics of larger
alloys is presented in Figure 4. PXRD was used to confirm the
crystal structure and corroborate the absence of impurities. All
compositions studied feature three peaks, indexed to the
(111), (220), and (311) planes of a diamond cubic structure,
similar to that of Ge (JCPDS # 01-89-5011). Additionally,
these reflections are slightly shifted to lower 20 angles relative
to the Ge reference pattern, an effect which has also been
identified in GeSn alloys,">~"***** caused by lattice expansion
from Sn incorporation. The principal peak positions of the first
three compositions (a—c, Supporting Information, Table S3)
are lower than that of the Ge reference pattern, indicating that
Sn affects the lattice structure more than Si. The admixture of
Sn leads to the expansion of Ge host, whereas the admixture of
Si leads to contraction, compensating the effect of Sn addition.
Thus, a minimum shift is observed for a—c compositions,
signifying a negligible expansion of the Ge host. This is not a
surprise because lattice constant for a-Sn (6.489 A) deviates
from Ge (5.646 A) far more than that of Si (5.431 A).*>*
Consequently, the PXRD pattern of Ge;33Si 112510 149 NCs is
shifted to the lowest 26 values because of the noticeably high
Sn content.** Importantly, there are no peaks corresponding to
the impurities that can be attributed to GeO, or S-Sn,
commonly found in colloidally synthesized group IV NCs.
There is some minor peak broadening in these patterns;
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20 nm

Figure 2. [A] Bright-field and [B] dark-field STEM images and STEM-HAADF elemental maps of [D] Ge, [E] Sn, and [F] Si and [C] an overlay
of all elements for Ge97Siy12:5n00g3 NCs, demonstrating the structural homogeneity of as-synthesized alloys.

Figure 3. [A] Bright-field and [B] dark-field STEM images of alloy NCs having higher Si and Sn compositions (Geg,35Sig112500,149) along with
STEM-HAADF elemental maps of [D] Ge, [E] Sn, [F] Si, and [C] an overlay of all elements showing the structural homogeneity throughout the

alloys.

however, it is not nearly prominent as in our studies on smaller
Ge;_,,S1,Sn, QDs.

The phonon vibrational modes of alloy NCs were probed via
Raman spectroscopy and are shown in Figure 4B. Two peaks
attributed to the phonon modes of Ge—Ge and Ge—Si bonds
were present in all samples. Bulk Ge exhibits a Raman peak at
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300 cm™,* whereas single element Ge NCs show a peak at
293 cm ™1, slightly red-shifted from the bulk Ge. In contrast,
the Ge—Ge peaks of the Ge,_, ,Si,Sn, NCs appear at 283.4—
288.8 cm™!, due to the combined effects of alloying and
phonon confinement. The large Sn atoms create a Sn—Ge
bond, which is longer and weaker than Ge—Ge bonds;
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Figure 4. [A] PXRD patterns and [B] Raman spectra of larger (a) Geg 1510033500046 (b) Geg 4251007200085 (€) Geg707S10.1215000s3 and (d)
Geg735Si0.1125n00,149 alloy NCs. The ICCD-PDF overlay of diamond cubic Ge (JCPDS 01-89-5011) is shown as a vertical black line in [A]. The

dotted line in [B] represents the bulk Ge—Ge vibration, which appears at 300 cm™".
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Figure S. Low-resolution bright field TEM images of quantum confined Ge,

i
Geg945Si0.021SM0.034r [C] Geos998i0.033M0.06 [D] Geo.907Si0.075Sn0018) [E] Geos30Si0.1165n0.0s3 and [F] Geg 775Si.1615M0 064- Insets in E show the high-
resolution TEM image of an individual Geg30Sig 116510053 QD showing lattice fringes. Average QD diameters and synthetic details are shown in
Supporting Information, Table S4.

Si,Sn, alloy NCs with compositions of [A] Geyg35Sig.009S10.056 [B]

therefore, the Sn—Ge vibration is observed at a lower
frequency. This causes GeSiSn alloys to show broad
asymmetric peaks at ~280—290 cm', depending on the
composition, with higher Sn compositions showing more
pronounced redshifts from the pure Ge peak at 300 cm™". The
effect of Si on Raman shift is much weaker than that of Sn
because of compatible lattice parameters of Si and Ge (5.431 A
vs 5.646 A). The other important factor is the diameter of
NCs. Even for phase pure Ge and Si NCs, as the particle size
decreases, Raman peaks red-shift, and become broader. This
effect is attributed to the phonon confinement model and has
been extensively reviewed in the literature.””*® It can also be
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seen that the intensity of the Ge—Si peak is the lowest for
Geg9y1Sip0335n004¢ NCs and increases proportionally with
increasing Si. Taken together, the red-shifting of the Ge—Ge
vibration and the appearance of a new Ge—Si peak in ternary
alloy NCs support the successful alloying of Si and Sn with
diamond cubic Ge.

Solid-state reflectance spectra of larger alloy NCs were
recorded and converted to absorption to investigate the effects
of alloying on optical properties (Supporting Information,
Figure $4).>** For ternary alloy NCs, energy gaps depend on
both the size and composition. Although the composition was
probed accurately, larger alloys were polydisperse and
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Figure 6. [A] PXRD patterns and [B] Raman spectra of (a) GeggssSinooeSnoosss (b) GeogasSiooaiSnooss (€) GepgooSioossSnooss (d)
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JCPDS no. 01-89-5011) and Si (gray, JCPDS # 01-085-8586). The dash line in [B] represents the bulk Ge—Ge vibration at 300 cm™".

therefore, it was difficult to accurately estimate the absorption
onsets. A qualitative analysis of absorption spectra reveals a
consistent increase in absorption over the 2.0—3.0 eV energy
range, in comparison to 1.0—2.0 eV, for all compositions
studied. This suggests a blueshift in the energy gaps relative to
the literature value of bulk Ge (0.66 eV) caused by Si
incorporation. It can also be seen that the samples with a
higher Sn content show a pronounced increase in absorption,
in comparison to the lowest Sn containing sample (ie.,
Geg21510,033SN0046)- This effect has been identified in prior
studies of group IV alloys that show higher Sn contents and is
attributed to increased oscillator strengths of optical transitions
caused by higher lattice disorder, which enhances the
absorption efficiency of group IV alloys.'**"**°

Synthesis of Quantum-Confined Ge,_,_,Si,Sn, Alloy
NCs. To elucidate the effects of both Si/Sn alloying and
quantum confinement on optical properties, a set of
significantly smaller QDs were produced. This has been
accomplished by manipulating the growth phase of alloys and
limiting it to S min at 300 °C. It was also found that a greater
percentage of Si incorporation is easier to reach with the
synthesis of smaller alloys. This is likely because shorter growth
times limit the occurrence of solid-state diffusion, where the
competition between Si and Sn may cause Si to dominate.
Smaller particles show a quasi-spherical morphology and
improved colloidal stability while also facilitating higher Si
content, which allows for thorough investigation into optical
properties and confinement effects over a wide range of Si and
Sn compositions.

To identify particle morphology and verify colloidal stability,
representative bright-field TEM images of QDs are recorded
and are shown in Figure SA—F. All compositions show a quasi-
spherical morphology and narrow size dispersity without hard
edges or polygonal particles. The average particle size varies in
the range of 3.2 + 0.6—4.2 + 1.1 nm for all QDs. Although Sn
compositions were kept within a narrow range (1.8—6.4%), we
attained a wider range of Si compositions (0.9—16.1%) for a
thorough investigation of the influence of Si on optical
properties. As the Si content increases, the contrast between
QDs and carbon background decreases, due to mass of Si
being much closer to carbon than Ge or Sn. It was also found
that the Ge,_, ,Si,Sn, QDs are colloidally stable in nonpolar
solvents because of surface passivation by OLA and ODE
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ligands (Supporting Information, Figure $5).°' It is also
possible that there are some residual butyl groups on the
surface from n-BuLi used during the synthesis, which can
further contribute to nonpolar surface passivation. The shorter
growth times (S min) are imperative for synthesis of quantum
confined alloys, whereas longer (15 min) growth times
produced larger polygonal NCs (Figure 4). The size dispersity
is improved through size-selective precipitation, allowing the
isolation of narrowly dispersed QD sizes for systematic
investigation of optical properties.

X-ray diffraction patterns of the smaller Ge,,.,Si,Sn, alloy
QDs are displayed in Figure 6A. Because these particles are
ultrasmall, significant Scherrer broadening has caused the
(220) and (311) peaks to blend together, similar to prior
studies on smaller Ge and GeSn alloy NCs.'”'**®*" The
average crystallite sizes were calculated manually by applying
the Scherrer equation®” to the prominent (111) reflection
(Supporting Information, Table S2), which were found in the
range of ~1.9—2.3 nm. The largest crystallite diameter
corresponds to the composition with the highest Sn/Si ratio,
reaffirming the notion of Sn-promoted crystallinity. It can also
be seen that the principle (111) peak has shifted to lower 26
angles relative to the diamond cubic Ge reference pattern
because of the lattice expansion induced by Sn, similar to that
observed for larger NCs (Figure 4A). The principle peak
position remains within the range of 20 = 26.54—-26.77°,
indicating that Si has a negligible influence on the (111) peak
position, due to compatible lattice parameters of Si and Ge.
Overall, Sn promotes the crystallinity and crystallite size of
alloy NCs and QDs, whereas Si greatly influences the energy
gaps and optical properties.

Phonon modes for the smaller Ge,_, ,Si,Sn, QDs were
evaluated via Raman spectroscopy (Figure 6B). Here, the
peaks corresponding to the Ge—Ge vibration span a range of
285.0—-291.4 cm™" (Supporting Information, Table S4). This
constitutes a red shift from bulk Ge at 300 cm™ and single-
element Ge NCs, which span a range of 288—293 cm™'
depending on the particle diameter. The shift to a lower
frequency is attributed to the combined effects of alloying and
phonon confinement, similar to Figure 4B. However, it is likely
that the redshifts observed in QDs are more attributable to size
effects, whereas those of the larger NCs are mostly caused by
the alloying induced lattice disorder. This can be visualized in
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Figure 7. Solid-state absorption spectra converted from reflectance data through use of the Kubelka—Munk method.***® Absorption onsets were
traced via a least-squares linear regression, with R? values listed in Supporting Information, Table S4. Corresponding energy gaps are printed for
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Figure 8. Representative normalized PL spectra obtained for (a) Ge35Sin 00050056 (P) Ge007Si0.075500,018 and (c) Geg775Sig.1615n0064 QDs under
(A) 325 nm excitation (~12 W/cm?) in ambient air and (B) 405 nm excitation (~195 W/cm?) in a vacuum environment (spectra filtered above

~2.5 eV).

the Ge—Ge peak of Gey;75Sig161Sn006s QDs (Figure 6B),
which is more asymmetric than the other peaks and shows a
broad shoulder to the left. This is characteristic for Ge-based
nanostructures, which are experiencing significant degree of
phonon confinement effects. Because Ge 7551161510064 QDS
exhibit the smallest diameter (3.2 + 0.6 nm), these particles
experience stronger confinement effects than other QDs. While
compositions a—c [corresponding to Geg3sSin000Sno0ss (2),
Gep.945810.021SM0034 (D), and  Geg gg9Sig033Sn006s (c), respec-
tively] display a single Raman peak characteristic of the Ge—
Ge vibration, a peak corresponding to the Ge—Si vibration
appears for alloy QDs containing >7.5% Si, which becomes
more pronounced for Gegg39Sig.116SNg.053 and
Ge775Sig.161500.064 QDs. Studies on bulk and thin-film GeSi
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alloys suggest that the position and the intensity of Ge—Si
phonon mode are directly proportional to the Si composition.
The high intensity of Ge—Si vibration observed for high Si
containing alloys further demonstrates the successful alloying
of Si with the diamond cubic Ge.

Solid-state absorption spectra of Ge;_,_,5i,Sn, QDs (Figures
7 and Supporting Information, S6) were obtained from diffuse
reflectance spectra using the Kubelka—Munk remission
function. Smaller alloy QDs (~3.2—4.2 nm) show well-defined
and more pronounced absorption onsets in comparison to
larger (~10—25 nm) alloy NCs. This is because the small QDs
are narrowly disperse, consisting of particles having similar
diameters, where Si and Sn compositions are expected to
dominate the optical properties. The absorption onsets of QDs
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were probed by applying the least-squares linear regression
analysis.”” The intersection between the onset and the baseline
was estimated as the lowest energy at which photons can be
effectively absorbed by the material, i.e., the energy gap. The
absorption onsets estimated for Ge,_,_,Si,Sn, alloy QDs range
from 1.21-1.94 eV for x = 1.8—6.4% and y = 0.9-16.1%
compositions, which are significantly blue-shifted from those of
Si.04Geo6.ySn, alloy thin films (band gap = 0.7—0.6 eV for y =
8.3—5.1%),”” which is consistent with the effects of quantum
confinement. Moreover, a systematic increase in absorption
onsets with increasing Si content was observed for QDs with a
relatively narrow range of Sn (1.8—6.4%) composition. These
gaps are notably wider than those reported for 3.4—4.6 nm
GeSn alloy QDs, which featured energy gaps of 0.75—1.29 eV
for 0—11% Sn compositions.

PL spectra recorded from selected Ge,_,_,Si,Sn, QDs drop-
cast on Si substrates are displayed in Figure 8A. These spectra
were obtained via short-duration (<2 min, to avoid potential
latent surface damage) 325 nm excitation in an ambient
atmosphere. For relatively high Si-containing samples,
Geg075i0.075Sn0018 and  Geg775Si0.1615n0,064 QDS, prominent
PL peaks were observed in the low-energy region, appearing at
1.98 and 1.93 eV, respectively. These peak energies are in close
agreement with the corresponding solid-state absorption
onsets (Figure 7), thus suggesting recombination channels
within the quantum-confined cores of the alloys as their
origin.”* The additional relatively broad high energy peaks
present in all samples fall within a range of 2.42—2.92 eV, blue-
shifting correspondingly with increasing Si content. The
significant blue shifts (2 1 eV) observed from corresponding
absorption onsets, however, suggest that these peaks are
unlikely to result from transitions within the confined QD core,
but are instead related to surface states.” The strong positional
dependence associated with these peaks can be attributed to
variations across the drop-cast sample area.

In order to rule out potential confounding factors
contributing to PL, such as photoinduced oxidation or surface
modification,””*® subsequent measurements were performed
under vacaum (Supporting Information, Figure S7) and with
lower energy 405 nm (3.06 eV) excitation. The lower energy
excitation also served to suppress the high-energy emission
(242—2.92 eV) and made the low-energy emission more
prominent. As shown in Figure 8B, illumination at 405 nm
revealed the low-energy emission more clearly (along with
reduction in excitation/emission of the aforementioned high
energy states) in all three samples, with peaks ranging from
1.77—-1.97 eV. While such tunability may in part have its
origins in slight variation of the QD diameter, much higher PL
energies compared to those from the previously reported
Ge,_,Sn, QDs suggest strong compositional tunability via Si
incorporation within the ternary alloy QDs."

To compare the absorption and PL properties of alloy QDs
with computational energy gaps, phase pure Ge and Si QDs
with ~2.1 nm diameter were generated and optimized at the
SPW92/def2-SVP level of theory, which produced 5.6469 and
5.4393 lattice constants, respectively, in agreement with the
experimental lattice constants of 5.6575 and 5.4310 with ~0.19
and ~0.15% errors, respectively. The HLE16/CRENBL-
computed gaps for the optimized ~2.1 nm Ge and Si QDs
were 2.512 and 3.094 eV, respectively, in agreement with
literature reports.””>® The extrapolation scheme with bias
correction asymptotically reproduced the bulk band gap of
Ge,*” using gap energies calculated for 1.401, 1.715, 2.131,
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2.478, and 2.783 nm Ge QDs, where the bias correction
accurately predicted the bulk band gap (0.672 V) at 12 nm
(Figure S8). Beyond this point, overextrapolation results in an
underestimated energy gap for bulk Ge; thus, the accuracy of
extrapolation scheme declines at larger sizes (>12 nm). The
theoretical energies obtained for 12 nm (considered bulk)
Geggs-,Si,Sny 5 alloys using the above approach are 0.721,
0.771, 0.776, and 0.903 eV for y = 5, 10, 15, and 20%,
respectively. Although the as-synthesized Ge,_,_,Si,Sn, QDs
slightly differ in composition, the predicted energy gaps
obtained from the extrapolation scheme generally agree with
their experimental energy gaps (Figure 9). For instance,
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Figure 9. Extrapolated energy gaps of diamond cubic Ge and
Ge,_,,Si,Sn, alloy QDs obtained via the bias correction scheme
along with experimental energy gaps of alloy QDs. The colored lines
are computational energy gaps, and the colored symbols are
experimental energy gaps.

12 14 16

Geg5315i0.116500053 QDs with 3.3 + 0.3 nm diameter show an
experimental gap of 1.71 eV, whereas the predicted gap for
GeggsSig.10Sng0s is ~1.86 eV (Figure 9). Likewise,
Gey775Si0.161Sn0064 QDs with 3.2 + 0.3 nm diameter show
an experimental energy gap of 1.94 eV, while the computa-
tional gap for GeygySip1sSnges is ~1.95 eV. Increased Si
content in the alloy increases the energy gaps, and this trend is
respected throughout the extrapolation curves. As the particle
size decreases, the computed energy gap increases exponen-
tially, in accordance with quantum confinement, although the
trends observed for Si and Sn compositions remain consistent.
This behavior constitutes an expansion in the library of energy
gaps achievable for group IV materials and their alloys as well
as the preservation of composition-based tunability, a unique
property that distinguishes group IV alloys from other
semiconductor nanostructures.

B CONCLUSIONS

We have developed a facile colloidal route for the synthesis of
quantum-confined and nonquantum-confined Ge,_, ,Si,Sn,
alloys that show variable Si (0.9—16.1%) and Sn (1.8—
14.9%) compositions and diameters in the range of ~3-25
nm. The synthesis involved coreduction of halide precursors,
followed by the growth of ternary alloy seeds at 300 °C for
different times to produce homogeneous alloys. Electron
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microscopy studies reveal that the larger NCs are quasi-
spherical at lower Sn compositions and grow into polygonal
crystallites with increasing Sn composition. HAADF images
and STEM-EDS elemental maps affirm the structural
homogeneity of all samples. PXRD data confirm the
perseverance of diamond cubic Ge structure and a shift of
diffraction patterns to lower 26 angles owing to lattice
expansion from Sn incorporation. Raman spectra show a red
shift of the Ge—Ge phonon mode because of combined effects
of Sn alloying and quantum confinement and emergence of a
Ge—Si peak, which is consistent with the synthesis of
homogeneous ternary alloys. The electronic structure probed
via solid-state absorption spectroscopy indicate strong
composition-tunable absorption onsets in the visible to near
IR spectrum (1.21—1.94 eV), for QDs with 0.9—16.1 and 1.8—
6.8% Si and Sn compositions, respectively. Consistent with
absorption spectra, the emission spectra of alloy QDs show
low-energy (1.77—1.97 eV) and high-energy (2.42—2.92 V)
PL peaks, which we attribute to radiative recombination from
core and surface states, respectively. The absorption onsets
estimated for Ge,_,_,Si,Sn, QD range from 1.21—1.94 eV for x
1.8—6.4% and y = 0.9—16.1% compositions, which are
significantly blue-shifted from those reported for
Si0.04Gepos—ySn, bulk alloy films (band gap = 0.7—0.6 eV for
y = 8.3—5.1%).”>°" This constitutes a noteworthy expansion in
the optical properties that can be achievable for group IV alloy
NCs and QDs. Although absorption and PL properties were
probed using drop-cast solid-state samples, congruent with
future thin-film device applications, extensive solution-state
characterization of Ge,_, ,Si,Sn, alloy QDs including PL
quantum yield measurements, and the synthesis of different
size range (2—10 nm) nanoalloys with control over structure
and composition are currently underway. These studies will be
reported elsewhere.
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