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ABSTRACT: Microwave-assisted heating methods have been used to synthesize oleylamine-capped Gei-xSnx nanocrystals. By
varying the reaction temperature while keeping the Ge and Sn precursor concentrations constant, Ge1..Sny nanocrystals with
Sn compositions of 13.9 + 2.1 % over the 3.8 to 9.3 nm size range have been achieved. The oleylamine capping ligand is
replaced with dodecanethiol without affecting the Sn composition of the nanocrystals. The Sn composition is obtained from
employing Vegard’s law on the lattice parameters obtained from the Rietveld refinement of powder X-ray diffraction patterns.
STEM provides particle size and morphology. Extended X-ray absorption fine structure (EXAFS) at the Sn and Ge edges of the
dodecanethiol capped nanocrystals confirms the solid solution, which is further supported by Raman spectroscopy. 'H NMR
and FTIR are used to characterize the surface ligand capping before and after ligand exchange. Tauc plot analysis of UV-Vis-
NIR spectra to determine the indirect optical band gap for oleylamine- and dodecanethiol-capped Ge1.xSnx nanocrystals is
reported. This work demonstrates the effects of synthesis temperature on the particle size, composition, and structure of Gei-

xSnx nanocrystals.

INTRODUCTION

Band gap engineering of Ge nanocrystals (NCs) can be
achieved through alloying. It has been predicted that incor-
poration of Sn in a cubic Ge1xSny alloy structure would re-
sult in an indirect-to-direct band gap crossover.1 Incorpo-
ration of the zero-gap semiconductor Sn lowers the overall
energy of the conduction band of Ge, and the energy of the
I' point (k = 0) is predicted to decrease more rapidly than
that of the L point (k # 0), making the direct band gap tran-
sition lower in energy for the alloy.5 Using Vegard’s law and
assuming properties are linearly dependent on composi-
tion, indirect-to-direct crossover has been interpolated to
occur at x = 0.22 for Ge1xSnx.1% 11 Other theoretical predic-
tions place the indirect-to-direct crossover for unstrained
Ge1«Snx at Sn compositions ranging from x = 0.016 to 0.17,%
3,6,9,10,12-15 wjth the range of x = 0.06 to 0.11 being generally
accepted.16-20 Computational studies have been employed to
better understand the band structure and emission proper-
ties of Ge1.xSnx NCs.8.16.18,19 Emission similar in energy to the
absorption onset is attributed to a fundamental energy gap
transition, and non-radiative decay can occur from surface

trap states caused by Sn incorporation and alloy disorder.1¢:
18

Microwave-assisted heating has been applied to the syn-
thesis of doped and alloyed Ge nanomaterials. Bismuth-

doped Ge NCs were synthesized by microwave-assisted re-
duction of Gelz and BiCls.2"-22 Similar to the incorporation of
Bi in Ge structures, the synthesis of Ge1..Snx nanomaterials
is challenging due to the low solubility of Sn in Ge (< 1% Sn)
and a large lattice mismatch that makes the alloy thermody-
namically unstable.?1-26 Ge1..Snx nanowires have been syn-
thesized by the microwave-assisted reduction of bis[bis(tri-
methylsilyl)amino]tin(II) and bis[bis(trimethylsi-
lyl)amino]germanium(11).2% 27 Ge1xSnx NCs have also been
achieved by the microwave-assisted reduction of Gelz and
bis[bis(trimethylsilyl)amino]tin(II) in oleylamine (OAm);
however, synthesis using convection heating has been stud-
ied more extensively.16-20,24,25,27-31

Ge-rich Ge1.«Snx NCs with diameters of 2.5 to 21 nm and
Sn compositions of 0.015 < x < 0.42 have been achieved with
the reduction of Gelz and SnCl: or bis[bis(trimethylsi-
lyl)amino]tin(II) in OAm or hexadecylamine, with the
higher Sn compositions achieved with the addition of a re-
ducing agent.16 17, 28,29 For synthesis by convection heating,
NC size and composition have been shown to depend on re-
action temperature, time, and the concentration of the
tin(II) precursor.2® For reactions below 200 °C, the nanopar-
ticle productis reported to be amorphous.?? For higher tem-
perature reactions, size increases but Sn incorporation de-
creases. Additionally, prolonged reactions times lead to
smaller size distributions and decreased Sn incorporation.



Ge1xSnx NCs with Sn compositions of 0 < x < 0.95 have
been achieved using a hot injection method.3° A mechanistic
study of this reaction suggests the NC formation begins with
the reduction of Sn clusters into Sn nanodroplets with Sn-
Ge complexes at the surface. Ge atoms are proposed to dif-
fuse into the nanodroplets, forming areas of proeutectic
phase that stabilize the core of the nanoparticle while
growth proceeds by decomposition of the Sn-Ge metal com-
plexes on the particle surface. More recently, narrow size
distributions have been achieved by the addition of hexa-
decylamine to control particle growth or by templating with
Sn nanoparticles.2* 25 The composition of Ge1.xSnx NCs syn-
thesized by the injection of a solution of Gelz in
trioctylphosphine into a solution of Sn nanoparticles was
observed to be dependent on reaction time.25 Despite these
synthetic advances, indirect-to-direct crossover has not
been observed in Gei1xSnx NCs, and band gap tunability re-
mains a challenge.

Although the microwave-assisted synthesis of GeixSnx
NCs has been reported in the literature, additional studies
in which temperature, time, and precursor concentration
are systematically varied are necessary to fully understand
the effects of microwave-assisted synthesis conditions on
NC size, composition, structure, and surface functionaliza-
tion. This work presents a detailed study of the effects of
temperature in the microwave-assisted synthesis of Gei-
xSnx NCs. For Ge1.Snx NCs direct ligand exchange methods
have been demonstrated to result in a partial replacement
of the OAm ligand for films and solutions of NCs,28 and it has
been shown that Ge1«Snx NCs can be protected with a CdS
shell or a thin coating of GeS.33 In this work, a hydrazine-
assisted ligand exchange method, previoulsy applied to Ge
and Bi-doped Ge NCs, is used to achieve thiol passivation of
Ge1xSnx NCs synthesized at a range of temperatures. 21.22,32-
35 Following ligand exchange, the local structure of GeSn
NCs was characterized by extended X-ray absorption fine
structure (EXAFS). EXAFS can probe the local environment
about alloy or dopant atoms in the structure of metastable
nanomaterials. EXAFS has demonstrated that Bi occupies
surface substitutional sites in Bi-doped Ge NCs and that dis-
order increases with Bi composition. 22 It was also observed
that order could be partially restored through ligand ex-
change Here, EXAFS is applied to Ge1.xSnx NCs to gain under-
standing of their physical and structural properties that is
fundamental to advancing band gap engineering of these
materials.”

To study the effects of reaction temperature on particle
size, composition, and structure, Ge1.Snx NCs were pre-
pared by microwave-assisted reduction of Gelz and
bis[bis(trimethylsilyl)amino]tin(Il) in OAm at tempera-
tures from 210 to 280 °C. A hydrazine-assisted ligand ex-
change was used to passivate the NC surface with dodecan-
ethiol (DDT). Both composition and size are conserved
through ligand exchange. NC composition and structure are
characterized by powder X-ray diffraction (PXRD), scanning
transmission electron microscopy (STEM), and Raman
spectroscopy. Local atomic structure and composition of
the DDT capped Ge1.xSnx NCs are characterized by EXAFS.
Surface ligand passivation is characterized by Fourier-
transform infrared spectroscopy (FTIR) and proton nuclear
magnetic resonance spectroscopy (*H NMR). The effects of

ligand exchange and surface passivation on band gap en-
ergy are demonstrated with UV-Vis-NIR spectroscopy.

METHODS
Chemicals

Germanium(II) iodide (Gelz) was purchased from Profes-
sor Richard Blair’s laboratory at the University of Central
Florida.3¢ Oleylamine (CH3(CH2)7CHCH(CHz2)sNHz, = 98%,
Sigma-Aldrich) and dodecanethiol (CH3z(CH2)10CH2SH, =
98%, Sigma-Aldrich) were dried over 3 A molecular sieves
for several days and degassed by heating at 150 °C under
vacuum for 2 h Dbefore wuse. Bis[bis(trimethylsi-
lyD)amino]tin(II) ([[(CHs)3Si]zN]2Sn, 95%, Gelest), hydra-
zine (N2H4, anhydrous, 98%, Sigma-Aldrich), ethanol
(CH3CH20H, anhydrous, = 99.5%, Sigma-Aldrich), methanol
(CH30H, anhydrous, = 99.5%, Sigma-Aldrich), and deuter-
ated chloroform (CDCls, 99.8 atom% D, Cambridge Isotope
Laboratories) were used as received. Toluene, hexane, and
acetonitrile (HPLC grade, Sigma Aldrich) were passed
through a solvent still prior to use. All chemicals, except
deuterated chloroform, were stored in an argon-filled
glovebox. Hydrazine should be handled in an inert environ-
ment; it is acutely toxic, carcinogenic, and has a very low
flashpoint (52 °C).

Microwave-Assisted Synthesis

In an argon-filled glovebox 20 mL of oleylamine (OAm)
was added to 2.0 mmol of Gelzin a 35 mL CEM microwave
tube with a stir bar and sealed with a Teflon cap. The mix-
ture was sonicated outside the glovebox to form a transpar-
ent yellow solution and was returned to the glovebox,
where 2.0 mmol of bis[bis(trimethylsilyl)amino]tin(II) dis-
solved in 10 mL of OAm was added. This 30 mL solution of
Gelz and bis[bis(trimethylsilyl)amino]tin(II) in OAm was di-
vided into 6 mL aliquots. Each aliquot was placed ina 35 mL
microwave tube with a stir bar, capped, and transferred to
a microwave reactor. The solutions were heated at temper-
atures of 210, 220, 230, 240, and 250 °C for 30 min in dy-
namic heating mode using a CEM Discover microwave (CEM
Corporation) equipped with a CEM Explorer autosampler. A
similar procedure was used for syntheses at 260, 270, and
280 °C. All reactions produced dark brown suspensions of
Ge1.xSnx NCs passivated with OAm ligands. In the glovebox,
each suspension was transferred to a centrifuge tube using
4 mL of hexane, and varying amounts of anhydrous ethanol
and anhydrous methanol were added as antisolvents. Each
mixture was centrifuged at 8500 RPM for 10 minutes, yield-
ing a colorless solution and dark precipitate. The superna-
tant was decanted in the glovebox. The precipitate was dis-
persed in hexane or toluene, and varying amounts of anti-
solvent were added as needed to achieve a dark precipitate
and nearly colorless supernatant following centrifugation.
Additional precipitations, in which antisolvents were added
to the dispersed NCs before centrifugation for 10 min at
8500 RPM, were performed as necessary to obtain powder
X-ray diffraction patterns free of 3-Sn impurities. Most sam-
ples were precipitated a total of two to three times, or until
no extra peaks, aside from the diamond cubic Ge1-xSnx
peaks, were apparent in the PXRD. After precipitation, the
supernatant was decanted, and the dark brown Ge1..Snx NC
precipitate was redispersed in 7 mL of hexane and stored in
an argon-filled glovebox.



Ligand Exchange

A ligand exchange procedure was performed on 3 mL ali-
quots of each Ge1..Snx NC solution to replace OAm with do-
decanethiol (DDT). In an argon-filled glovebox, an equal vol-
ume of 5 M hydrazine in acetonitrile was added to 3 mL of
Ge1xSnx NC solution. The mixture was sonicated for 90 min
outside the glovebox. In the glovebox, 4 mL of toluene was
added to homogenize the solution before centrifugation at
8500 RPM for 10 min. The dark brown precipitate was col-
lected, and the clear, colorless liquid phase was decanted.
To remove residual hydrazine, the Ge:1«Snx NC precipitate
was briefly sonicated with 5 mL of acetonitrile and centri-
fuged at 8500 RPM for 5 min. After decanting the superna-
tant, the precipitate was resuspended in 5 mL of hexane and
separated without centrifugation to remove any particles
with residual OAm-capping. Using this procedure, the pre-
cipitate was washed with hexane a total of 3 times. In the
glovebox, 6 mL of DDT was added to the Ge1.xSnx NC precip-
itate, and the solution was heated at 150 °C for 60 min in
dynamic heating mode using a CEM Discover microwave
equipped with a CEM Explorer autosampler. The resulting
solution was washed in the glovebox with 4 mL of hexane
and varying amounts of anhydrous ethanol and anhydrous
methanol as antisolvents. Following centrifugation at 8500
RPM for 10 min, the clear, nearly colorless supernatant was
decanted, and the brown Ge1.«Snx NC precipitate was dis-
persed in 3.5 mL of hexane. All DDT-capped GeixSnx NC
products were stored in an argon-filled glovebox.

Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction patterns were collected on a
Bruker D8 Advance diffractometer (Bruker Corporation)
using Cu Ka radiation (40 kV, 40 mA). The NC dispersions
were deposited on a silica zero-background holder and
dried before data collection. Patterns were collected both
with and without a small amount of NIST silicon standard
reference material (SRM) 640B, which was employed as a
reference for Rietveld refinement. Data were collected in air
in the 26 range of 10-80° with a step size of 0.02°. The crys-
tallite diameter was determined from the (220) reflection
using a Scherrer analysis in MDI Jade 5.0 software.3” Pat-
terns were compared to reference powder diffraction files
(PDFs) from the International Center for Diffraction Data
(ICDD). Rietveld refinement in Jana2006 software was used
to obtain lattice parameters from powder patterns collected
with Si SRM 640B.38 39 Crystallographic information files
used in Rietveld refinement were obtained from the Inor-
ganic Crystal Structure Database (ICSD).40

Scanning Transmission Electron Microscopy (STEM)
and Energy Dispersive X-ray Spectroscopy (EDS)

Ultrathin carbon film on lacey carbon support film on 400
mesh copper grids (Ted Pella Inc.) were used for STEM im-
aging. Dispersions of NCs in hexane were drop-cast on the
grids and dried overnight in a 120 °C vacuum oven. STEM
imaging was performed on an aberration-corrected JEOL
JEM-2100AC transmission electron microscope (JEOL Ltd.)
equipped with a Gatan annular dark field (ADF) detector
(Gatan Inc.). Particles were imaged in high angle annular
dark field (HAADF) and bright field STEM imaging modes
with camera lengths of 10 or 12 cm. STEM images were col-
lected using Digital Micrograph software. Image ] software
was used to measure the minimum and maximum Feret

diameters of approximately 500 unique NCs on each speci-
men grid.*! Particle diameters are reported as the geometric
mean of the minimum and maximum Feret diameters. EDS
was performed in STEM mode using an Oxford X-MaxN TSR
EDS detector (Oxford Instruments) attached to the JEOL
JEM-2100AC. EDS line scans, maps, and spectra were col-
lected with Aztec imaging software.*2

Extended X-ray Absorption Fine Structure (EXAFS)

Ge1xSnx NCs for extended X-ray absorption fine structure
(EXAFS) measurements were synthesized at 230, 240, or
250 °C and re-passivated with DDT by the synthesis and lig-
and exchange procedures previously described. The sam-
ples for EXAFS were also characterized by PXRD, FTIR, and
UV-Vis-NIR spectroscopy. Specimens for EXAFS studies
were prepared in an argon-filled glovebox by pipetting the
Ge1«Snx NCs, dispersed in hexane, onto a 3 x 12 mm? piece
of filter paper and then evaporating the solvent at room
temperature. The process of pipetting and evaporating was
repeated to deposit 5.9 mg of NCs with even coverage. After
drying, each specimen was sealed between pieces of 3M ®
600 Transparent Scotch Tape, which is transparent to X-
rays, to prevent oxidation during transport and data collec-
tion.

EXAFS measurements were performed at the Stanford
Synchrotron Radiation Lightsource (SSRL) on beam line 4-
1, using a Si (220) double crystal monochromator (phi = 0)
and detuning 30% for all edges. The ring was operating at
500 mA current. All fluorescence data were collected using
a 30 channel Ge detector, and reference data for Ge bulk
powder and Sn foil standards were collected simultane-
ously. At the Ge K edge (E = 11,103 eV), data were collected
in transmission mode with 0.5 x 6.0 mm? slits to give a 1.1
eV energy resolution. Data were collected in transmission
and fluorescence modes at the Sn K edge (E = 29,200 eV)
with 0.2 x 4.0 mm? slits, giving an energy resolution of 3.2
eV. For fluorescence measurements, specimens were placed
at a 45° angle to the X-ray beam. Specimens were held in an
Oxford helium cryostat with the temperature maintained at
10 K to minimize thermal disorder. Spectra were collected
up to wavenumber, k = 15 A1 for Ge and 14 A1 for Sn, and
3-4 scans were collected and averaged for each specimen.

EXAFS data were reduced using standard procedures in
the R-Space X-ray Absorption Package (RSXAP).*3 First,
glitches were removed, and then the pre-edge background
was subtracted. The step-height was then normalized, and
the post-edge was subtracted to extract the EXAFS oscilla-
tions. The data were transformed into k-space and then into
real space (r-space) by a fast Fourier transform (FFT) using
an FT range of 3.5-14.5 A* for Ge and 3.5-13.5 A for Sn. In
r-space, the spectra were fit to a sum of theoretical func-
tions calculated using the code FEFF7.44 For the Ge K edge,
Sn atoms were substituted on undistorted first and second
nearest neighbor lattice sites, and theoretical standards,
k*x(k), for Ge-Ge and Ge-Sn atom pairs were generated. For
the Sn K edge, Sn atoms were placed at the origin and on the
first and second nearest neighbor lattice sites, and the the-
oretical standards for Sn-Ge and Sn-Sn atom pairs were cal-
culated. Bond length expansions were allowed to account
for the larger atomic radius of Sn relative to Ge.

Raman Spectroscopy



Raman spectra were collected using a Renishaw RM1000
laser Raman microscope (Renishaw PLC) with a 514 nm ex-
citation wavelength. The instrument is equipped with a mo-
torized stage. Dispersions of NCs were deposited on alumi-
num foil and air-dried prior to data collection. Experimental
data were analyzed using Mathematica 11.0.1.0 software
and a Raman analysis notebook written for use in Mathe-
matica.*> Experimental spectra were fit as the sum of two
Lorentzian functions and a linear baseline function to ob-
tain the peak shift and the full width at half maximum.46

Proton Nuclear Magnetic Resonance Spectroscopy
(*H NMR)

To prepare samples for 'H NMR, 0.5 mL of NC dispersion
was heated to dryness in a vacuum oven at 100 °C for 3 h. In
an argon-filled glovebox the dry NCs were redispersed in
0.5 mL of d-chloroform and transferred to an NMR tube. 'H
NMR spectra were collected at room temperature using a
400 MHz Bruker Nanobay AVIIIHD. Spectral analysis was
performed using MestReNova Version: 10.0.2-15465 soft-
ware.*’

Fourier-transform Infrared (FTIR) and UV-Vis-NIR
Spectroscopy

FTIR spectra were collected on a Bruker Alpha-P (Bruker
Corporation) from 4500 to 375 cmL. NC dispersions were
deposited on the instrument’s attenuated total reflectance
(ATR) chip and allowed to dry before data collection.

Transmittance UV-Vis-NIR spectra were collected for NCs
in dilute hexane dispersions using a Shimadzu UV-3600 UV-
Vis-NIR spectrophotometer (Shimadzu Corporation). Spec-
tra were collected in dual-beam mode from 1600 to 290 nm
in quartz cuvettes, and the solvent background was sub-
tracted. Band gap analysis was performed using Mathemat-
ica 11.0.1.0 and a UV-Vis-NIR analysis notebook written for
use in Mathematica.*> Transmittance data were collected as
a function of the incident wavelength in nanometers and
replotted versus energy of the incident wavelength in elec-
tronvolts. Transmittance data were converted to absorb-
ance, and Tauc plots were generated using the relationship

1

E(eV) = (hv * A)», where n = 2 for allowed indirect transi-
tions and n = % for allowed direct transitions.*® Each data
set was fit with a seventh order polynomial function, and
the first and second derivatives were calculated. A seventh
order polynomial has five inflection points, giving five pos-
sible tangent lines. The lowest energy inflection point is un-
reliable due to low absorbance at low energy and scattering.
The highest energy inflection point is erroneous. The equa-
tion of the tangent line was determined for the remaining
three inflections points. The indirect band gap was deter-
mined as the x-intercept of the tangent line with the great-
est slope.

RESULTS & DISCUSSION
Characterization of Structure and Composition

Ge1xSnx NCs were synthesized via the microwave-as-
sisted reduction of equal molar amounts of Gel and
bis[bis(trimethylsilyl)amino]tin(II) in OAm at tempera-
tures from 210 to 280 °C. The resulting OAm-capped Gei-
xSnx NCs were treated with hydrazine to remove the OAm
ligand and repassivated with DDT using microwave-as-
sisted heating.32 3¢ PXRD patterns of the OAm-capped Ge:-

xSnx NCs prepared at the various temperatures, along with
the corresponding DDT-capped Ge1«Snx NCs, are shown in
Figure 1. The patterns show that the indicated cubic Ge
peaks are shifted from the expected positions to lower

(A)
LA L
.Cublc Germanlum PDF #79 0001
. 280°C,5.8(2) nm
m 270 °C, 5.38(9) nm
= ! ,/\._J\
=) \
>
©
E
8
Py
‘»
c
9 . '
= »__k_,“_ :3.5(2) nm
e b 1220°C
™ L 1210°Ch
N 1 | 1 I 1 1 1 I T 1 T
10 20 30 40 50 60 70 80
20 (°)

(B)

:Cubic Gern%anauml, PlIDF #7‘:’3'-00'01

0 . 280 °C, 6.28(9) nm
C .
; /L » 270 °C, 5.92(9) nm
E \
5
©
~ 250 °C, 5.34(9) nm
>
= s O
S | jL_ {_240°C,5.0(2) nm
£ ; L 1230 °C,
: : 1220 °C,
— ; 12.28(7) nm*
e : . 1210°C:
10 20 30 40 50 60 70 80

26 (°)

Figure 1. PXRD patterns of (A) OAm- (B) DDT-capped Ge1-xSnx
NCs synthesized with equal molar amounts of Gelz and
bis[bis(trimethylsilyl)amino]tin(II) at the indicated tempera-
tures. Patterns are compared to the reference pattern of cubic
Ge (ICDD PDF #79-0001, dark-blue dashed lines). Crystallite
diameter is given in nm and is obtained from the Scherrer equa-
tion based on the (220) reflection (27.4°) or the (111) reflec-
tion (45.6°) when indicated with an asterisk.

angles due to the incorporation of Sn in the structure, con-
sistent with a cubic Ge1.xSnx alloy structure. There is no evi-
dence for a- or B-Sn impurities for the samples prepared at



the various temperatures. PXRD patterns were also col-
lected of OAm-capped Ge1.«Snyx NCs that were precipitated
only one time (Figure S1 in the Supporting Information). In

addition to diffraction peaks consistent with the cubic Gei-
xSny alloy structure, peaks consistent with 3-Sn are

Table 1. Crystallite Diameter, Lattice Parameter (a), Sn Composition, and Particle Diameter for OAm- and DDT-

capped Ge1.Snx NCs Synthesized at 210-280 °Ca

Synthesis Crystallite Sn Particle

Temperature Diameter Composition | Diameter
(°C) (nm) (% Sn) (nm)

210 - 5.738(8) 11.8+1.1 3.8+1.1

220 - 5.741(6) 123+0.8 40+1.1

230 3.5+0.2 5.753(2) 14.0+0.3 44+13

g 240 5.1+0.1 5.7817(8) 179+0.1 55+26

g 250 5.06 £0.09 | 5.7630(5) 15.36 £ 0.08 7.5+£26

260 59+0.2 5.760(1) 15.0+0.2 9.3+£3.1

270 5.38+0.09 | 5.7383(7) 119+0.1 82+17

280 58+0.2 5.748(2) 13.2+0.2 9.0+2.2

210 - 5.701(9) 6.5+1.3 3.4+0.7

220 2.28+0.07* | 5.742(5) 12.5+0.7 38+1.2

230 3.6 £0.2* 5.754(3) 141+0.4 47+1.6

- 240 50+0.2 5.786(1) 185+0.2 68+21

g 250 5.34+0.09 | 5.7580(5) 14.65 + 0.08 81+£25

260 58+0.1 5.7587(9) 14.8+0.1 83+25

270 592 +0.09 | 5.7496(6) 13.47 £ 0.08 9.5+25

280 6.28+0.09 | 5.7551(4) 14.24 £ 0.07 8.7+3.0

a The crystallite diameter was determined by Scherrer analysis of the (220) reflection or the (111) reflection when indicated by
an asterisk. The corresponding Sn composition (% Sn) was calculated from lattice parameter a (A), which was refined from PXRD
patterns. Particle diameter was determined by analysis of STEM images.

observed. Additional precipitations remove these impuri-
ties. Peak narrowing is observed in the powder diffraction
patterns as the reaction temperature is increased, suggest-
ing that size and crystallinity are increasing. Crystallite di-
ameter is calculated by Scherrer analysis of the (220) X-ray
diffraction peak and is observed to increase with reaction
temperature (Table 1). Ligand exchange does not result in
phase segregation, and there is little change in crystallite di-
ameter. Crystallite diameter of the DDT-capped Ge1.xSnx NCs
synthesized at 230, 240, 260, and 280 °C are within three
standard deviations of the corresponding OAm-capped
crystallite diameters.

OAm- and DDT-capped Ge1xSnx NCs displayed lattice pa-
rameters between those of cubic Ge (5.65675(1) A) and a-
Sn (6.4892(1) A) (Figures S2-S3 and Table S1 in the Sup-
porting Information).#% 50 Lattice parameters were used to
calculate the Sn composition (% Sn) of each sample accord-
ing to Vegard’s law, given in Equation 1, with bowing pa-
rameter b = 0.166, as established by Aella et al. and previ-
ously used for the characterization of GeixSnx NCs by
Ramaswamy et al.11.29,51

Equation 1. ag,, sn = age(1 —x) + asyx — bx(1 —x)

The results are summarized in Table 1 and are con-
sistent with the values for Ge1.xSnx NCs reported in the

literature.1”.2 Figure 2 shows a plot of the lattice parame-
ters and the corresponding Sn compositions as a function
of reaction temperature. The Sn composition increases
with
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Figure 2. Lattice parameters and corresponding Sn compo-
sition from Vegard’s law as a function of synthesis temper-
ature for OAm- and DDT-capped Ge1.xSnx NCs.

temperature until 240 °C and then decreases, providing Sn
compositions from 11.8% to 17.9%. Sn composition likely
decreases at higher temperatures due to surpassing the
melting point of Sn. Following ligand exchange, only small
changes in lattice parameter and, therefore, Sn composition
are observed.

STEM-EDS was used to confirm the elemental composi-
tion of the DDT-capped Ge1«Snx NCs synthesized at 250 and
270 °C with equal molar amounts of Gel> and bis[bis(trime-
thylsilyl)amino]tin(II). The particle diameter for these sam-
ples is given in Table 1. A representative EDS linescan is
shown in Figure 3 for the 250 °C reaction and in Figure S4
(in the Supporting Information) for the 270 °C reaction.
From the line scan spectra, composition was determined to
be 15.3 + 1.1 atom% Sn for both reactions (Figure S4 in the
Supporting Information). This is in good agreement with
the compositions determined from the PXRD analysis, 14.65
+0.08 atom% Sn and 13.5 * 0.1 atom% Sn for the 250 and
270°C reactions, respectively. Consistent with thiol pas-
sivation, S is observed in the spectra at low concentrations,
2.2 + 1.0 atom% and 1.5 + 1.0 atom% for 250 and 270 °C,
respectively. The spectrum obtained from EDS elemental
mapping of Ge and Sn gives a similar composition, 14.4 + 0.8
atom% Sn and 85.6 + 1.9 atom% Ge (Figure S5 in the Sup-
porting Information).

(A)

All Elements

nm

Figure 3. (A) Dark field STEM image and (B) corresponding
EDS line scan of DDT-capped Ge1-xSnx NCs synthesized at 250
°C. The yellow line on the dark field stem image is the path of
the line scan.

Characterization of Particle Size

Particle diameter was determined from bright field STEM
images (Figure 4 and Figure S6 in the Supporting Infor-
mation). Reported diameters are the geometric mean of the
Feret maximum and Feret minimum diameters across ap-
proximately 500 unique NCs for each sample (Figures S7-
S14 in the Supporting Information). Figure 5 shows the

dependence of particle and crystallite size on reaction tem-
perature for both OAm-capped and DDT-capped GeixSnx
NCs. The crystallite diameter increases with increasing tem-
perature, although not in a linear fashion. At the highest
temperatures the slope is reduced, suggesting that concen-
tration rather than temperature is more important for

Figure 4. Bright field STEM images of DDT-capped Ge1-«Snx NCs
synthesized at (A) 280, (B) 270, (C) 260, (D) 250, (E) 240, (F)
230, (G) 220, and (H) 210 °C.

controlling size at higher temperatures. Similar to the de-
pendency of crystallite diameter on temperature, particle
diameter determined from STEM images increases with
synthesis temperature until 260°C, at which point the aver-
age particle diameter appears to remain constant. Small
changes in particle diameter relative to the starting OAm-
capped samples are observed for the DDT-capped Ge1-xSnx
NCs. The percent change relative to the diameter of OAm-



capped Ge1.xSnx NCs are within 11% for most temperatures
employed in synthesis. However, following ligand exchange,
the 240 and 270 °C samples have decreased in size by 24%
and 15%, respectively. This is attributed to the precipitation
purification technique as some of the larger particles may
have been inadvertently removed from the sample, thereby
biasing the DDT-capped samples toward the smaller aver-
age particle size. The decrease in size can also be attributed
to etching of the particle surface by hydrazine during the
ligand exchange procedure.
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Figure 5. Particle (filled) and crystallite (open) sizes as a func-
tion of temperature for OAm- and DDT-capped Ge1-xSnx NCs.
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Figure 6. Sn composition as a function of particle diameter of
OAm- and DDT- capped Gei«Sny NCs compared to those re-
ported in the literature. (A box is outlined to highlight the sam-
ples reported herein.)

To date, literature on the synthesis and characterization
of Ge1xSnx NCs has focused on convection heating methods
to achieve a wide range of Sn compositions while control-
ling particle diameter. Esteves et al.,'8 Hafiz et al.'® and
Demchenko et al.1? have synthesized GeixSnx NCs with di-
ameters less than 4 nm, demonstrating size control across a
range of low compositions, 0.04 < x < 0.24. Ramasamy et al.
have demonstrated similar control for larger diameter Gei-
xSny NCs with larger Sn compositions.2% 30 In this work, facile
microwave heating methods are used to achieve a wide
range of particle sizes, 3.8-9.3 nm in diameter, across a nar-
row range of Sn compositions, 0.12 < x < 0.18, by varying
synthesis temperature (Figure 6). Particle size is observed
to change rapidly between 230 and 260 °C (Figure 5). Alt-
hough Sn composition reaches a maximum of 17.9% Sn at
240 °C, it is otherwise limited to 14-15.5% Sn in this tem-
perature regime (Figure 2).

EXAFS Characterization

EXAFS was used to study the local structure of DDT-
capped Ge1«Sny NCs synthesized at 230, 240, and 250 °C. NC
samples were synthesized for EXAFS studies, and their
properties are slightly different from those given in Table 1.
Due to batch variation, crystallite size is slightly smaller,
and the maximum Sn composition is observed for the 230
°C sample. The crystallite diameters were determined to be
3.3(1), 4.0(1), and 4.6(2) nm by Scherrer analysis of the
PXRD patterns for NCs synthesized at 230, 240, and 250 °C,



respectively (Figure S15 in the Supporting Information).
The Sn compositions were determined by Rietveld refine-
ment of the PXRD patterns and are 16.7(2), 16.2(1),
13.9(1)% Sn for NCs synthesized at 230, 240, and 250 °C,
respectively (Figure S16 and Table S2 in the Supporting In-
formation). FTIR spectroscopy confirms the DDT surface
passivation (Figure S17 in the Supporting Information). UV-
Vis-NIR spectroscopy confirms an indirect bandgap that de-
creases with increasing particle size (Figure S18 in the Sup-
porting Information).

Ge and Sn K edge spectra were collected at 10 K, and the
data were fit in r-space as the sum of theoretical pair func-
tions calculated from a Ge diamond cubic crystal structure
using FEFF7.4¢ Data were also collected for bulk and pure Ge
NCs and were used to estimate the amplitude reduction fac-
tor, S, %, for Ge. Fits yielded S,* values between 1.0 and 1.04,
with slightly more broadening for the NCs; an average S, >of
1.02 was used for the Ge edge fits. For the Sn K edge, an av-
erage over all samples gave an S,%of 1.07.

The distances, r; between pairs of atoms was calculated
for a Ge1xSnx diamond cubic crystal, using an expanded lat-
tice constant that was estimated from Vegard’s law for a
structure with x = 0.15. The calculated pair distances served
as the starting point for fitting the pair functions (Table S3
in the Supporting Information). The initial Sn-Ge, Ge-Sn, and
Sn-Sn functions were determined by substituting one or
two Sn atoms on an undistorted Ge lattice site; the starting
pair distances are those of the diamond cubic lattice for the
x =0.15 alloy. The distribution of fitted distances for each
pair is described as a Gaussian distribution with width and
amplitude given by oand N, respectively; the amplitude, N,
gives the coordination number (the number of neighboring
atoms in each shell). Disorder is inferred from the Debye-
Waller factor, o% which is calculated from the peak width, o
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Figure 7. Fast Fourier k2-weighted transforms of the Ge K edge
data (open squares) and r-space fits (black line) for the DDT-
capped Ge1-xSnx NCs synthesized at (A) 230, (B) 240, and (C)
250 °C. Crystallite size and Sn composition are provided for
each spectrum. Bars on the x-axis show pair distances obtained
from diffraction (orange bars) and the expected Ge-Ge EXAFS
peak positions for an undistorted Ge lattice (dark blue bars).
The FT range is 3.5-14.5 A1 and the fit range in ris 1.7-4.8 A.
Here and in other EXAFS plots, the fast oscillating function is
the real part R of the FT and the amplitude function is
(R? + I*)'/2, where I is the imaginary part of the FT.

The k-space EXAFS data are given in Figure S19 in the
Supporting Information, and the r-space EXAFS data and fits
are shown in Figures 7 and 8 for Ge and Sn K edges, respec-
tively. The fitting results are summarized in Table 2. Each
Ge edge spectrum exhibits first and second nearest neigh-
bor (NN) peaks near 2.16 and 3.7 A, which are labeled A and



B, respectively; the third NN peak is near 4.4 A but is too
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Figure 8. Fast Fourier k2-weighted transforms of the Sn K edge
EXAFS data (open squares) and r-space fits (black line) for the
DDT-capped Ge1«Snx NCs synthesized at (A) 230, (B) 240, and
(C) 250 °C. Crystallite size and Sn composition are provided for
each spectrum. Bars on the x-axis show pair distances obtained
from diffraction (orange bars) and the expected Sn-Ge EXAFS
peak positions for an undistorted Ge lattice (purple bars). The
FT range is 3.5-13.5 A1 and the fit range in ris 1.8-4.2 &.

small to reliably fit. Peak A is modeled as a combination of
the Ge-Ge first NN and Ge-Sn first NN paths; the latter is a
small peak (Figure S20 in the Supporting Information). Peak
B is modeled as the Ge-Ge second NN path but with a small
amplitude. Fits were also carried out including a small Ge-
Sn second NN peak, but this peak is very small and could not
be fit reliably. For the Sn K edge data, each EXAFS spectrum
exhibits peaks near 2.2 and 3.7 A, which are labelled C and
D, respectively. Peak C is modeled as a combination of the
Sn-Ge first NN and Sn-Sn first NN paths. Peak D is modeled

Table 2. Pair distances (7), Debye-Waller Disorder Factors (¢9), and Coordination Numbers (/) from Fits to the Ge
and Sn K Edge EXAFS Spectra of Ge1«Snx NCs Synthesized at 230, 240, or 250 °C.2b

Ge K Edge
Path 230°C 240°C 250°C
r o? N r o? N r o? N
@A) (A A (A9 A (A
Ge-Ge (1stNN) | 2.457(5) | 0.0038(4) | 3.8 | 2.459(5) | 0.0035(4) | 3.7 | 2.458(5) | 0.0031(4) | 3.7
Ge-Sn (1stNN) | 2.615(10) | 0.003(1) | 0.2 | 2.618(10) | 0.0027(6) | 0.3 | 2.623(10) | 0.0020(5) | 0.3
Ge-Ge (2nd NN) 4.07(3) 0.0087(9) 2 4.06(2) 0.0068(9) 4 4.04(2) 0.0061(6) 7
Sn K Edge
Path 230°C ‘ 240°C 250°C




r o2 N r
A (A2) A

o2 N r o2 N
(42 A) (A2

Sn-Ge (1stNN) | 2.61(2) | 0.0038(10) | 3.4 | 2.60(2)

0.0044(10) | 3.6 | 2.59(2) | 0.0035(10) | 3.6

Sn-Sn (1stNN) | 2.74(2) | 0.009(1) |0.6 | 2.74(2)

0.0020(5) | 0.4 | 2.73(2) | 0.0020(5) | 0.4

Sn-Ge (20d NN) - - ~ | 4033)

0.0025(5) | 2 | 4.04(3) | 0.0022(5) | 3

a The first atom listed in each pair gives the relevant edge spectra.

b The errors on the coordination numbers are approximately 15% for the large peaks (Ge-Ge and Sn-Ge) because of correlations

between Nand o2 The errors on the small peaks (Ge-Sn and Sn-Sn)
are = 1.

as the Sn-Ge second NN path. When spectra were modeled
including Sn-0 and Ge-O first NN paths, the oxide peak am-
plitudes went to zero, suggesting low levels of Ge and Sn ox-
idation. Both the Sn and Ge edges were fit with contribu-
tions from Sn-S and Ge-S paths to investigate whether con-
tributions from the DDT ligands could be observed, but
these paths did not make a significant contribution to the
observed spectra.

For the second NN shell only the main contribution is re-
ported: the Ge-Ge pair for the Ge edge and the Sn-Ge pair for
the Sn edge. The errors on the pair distances are larger, de-
pending in part on whether the small contributions from
Ge-Sn or Sn-Sn were included in the fit. Surprisingly, the Ge-
Ge and Sn-Ge distances are essentially the same, 4.04-4.07
A for Ge-Ge and 4.03-4.04 A for Sn-Ge. These results are in
good agreement with the average second NN distances in
GeSn alloy films, 4.05 A.52 While the second NN Ge-Ge and
Sn-Ge distances are essentially the same, the first shell bond
lengths are quite different; this suggests that the larger size
of the Sn atom is mainly accommodated by local bond bend-
ing. The pair distances are consistent with Sn substituting
on the Ge position in the diamond cubic crystal structure
and provide further support for an alloy structure.

In a diamond cubic lattice structure, the maximum coor-
dination number for a central atom is 4 atoms in the first NN
shell and 12 atoms in the second NN shell. The expected co-
ordination by a given element, NV, in the first and second NN
sites depends on composition and is calculated for arandom
distribution using the relationship given in Equation 2,

n!

Equation 2. Np = p*(1—p)**

- x!(n—x)!

in which n is the number of NN sites, x is the number of sites
occupied by a given element, and p is the composition of the
element in the sample (Table S4 in the Supporting Infor-
mation). For 15% Sn, 3.4 Ge-Ge pairs and 0.6 Ge-Sn pairs are
expected in the first NN shell. The coordination numbers for
the large first NN peaks vary from 3.7 to 3.8 for Ge-Ge and
from 3.4 to 3.6 for Sn-Ge. These are slightly larger than ex-
pected but are within the 15% uncertainty. The coordina-
tion numbers for the small first NN peaks are correspond-
ingly low, 0.2-0.3 for Ge-Sn and 0.4-0.6 for Sn-Sn, compared
to the expected value of 0.6 but are consistent within the
larger uncertainty for these peaks. Also, the small coordina-
tion numbers for the Sn-Sn NN peaks indicate that very little
Sn clustering has occurred; if a significant number of Sn
clusters were present, the number of NN Sn atoms would be
large. Although the Ge-Sn and Sn-Sn first NN peaks are
small, they are significant based on the Hamilton F-test, and
the fits with these peaks removed are significantly worse.>3
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are larger, approximately 30%. The errors on the second NNs

These fits suggest that the Sn concentration within the NCs
may be lower than the average measured concentrations,
which may indicate higher Sn incorporation at the NC sur-
face.

The second NN peaks are smaller for both edges com-
pared to those of pure Ge NCs, which indicates significant
disorder beyond the first NNs.22 The disorder is the smallest
for the sample prepared at 250 °C, which has the largest sec-
ond NN peaks. From our studies of similarly-prepared un-
doped Ge NC reference samples,?? the extracted second NN
coordination numbers were between 6 and 9 for NCs in the
3-9 nm range; these coordination numbers suggest that the
NCs are composed of 2-3 smaller crystallites. Similar Ge sec-
ond NN coordination numbers are expected for the Ge1-xSnx
NC samples. For the Ge K edge, the fits yield 2-7 second NN
Ge atoms in each sample with a large broadening, and the
coordination number is highest for the 250 °C sample. For
the Sn edge, the number of second NNs is much smaller, 2-3
second NN Ge atoms in each sample. Note that for a lattice
with significant distortions, EXAFS preferentially sees the
more ordered regions. If the distribution of second neigh-
bors is described by a sum of two Gaussians, one relatively
narrow and the other broad, then the broad peak is often
not observed. Here, o7 is relatively small for the Sn-Ge sec-
ond NN peak so contributions from a broad peak may not
be observable. Thus, the local structure beyond the first NN
shell becomes disordered quickly. The third NN peakis very
small, even for the Ge edge data, and the environment sur-
rounding a Sn atom is significantly more disordered than
around a Ge atom. Incorporation of a significant fraction of
Sn into the surface layer could also lead to decreased second
NN coordination. However, the large size of the first NN
peak, attributable to a large number of Ge-Ge and Sn-Ge
pairs, indicates that this is not a major effect.

Small o2 values (o2 < 0.010 A2) are observed for the first
NN peaks for both the Ge and Sn edge data, providing sup-
port for a fairly well-ordered structure. Observation of the
Ge-Ge and Sn-Ge 2m NN peaks also indicates the presence of
long-range order.54 55 The observed values of o for the Ge-
Ge first NN peaks, 0.003-0.004 A2 are similar to but slightly
smaller than those of comparably sized reference cubic Ge
NCs (~0.0026-0.0029 A2) measured at 10K.56 This indicates
that alloying with Sn introduces more disorder than is ob-
served in similarly sized Ge NCs. The ¢?values for the Ge-Ge
second NN peaks are quite large, again indicating significant
disorder beyond the first neighbor shell, but are similar to
those of reference cubic Ge.> 57 In contrast, o2 values for the
Ge-Sn second NN peaks are small. As noted above the com-
bination of a small number of second NNs and a small value
of o2 suggests that the Ge-Sn second NN distribution may be



bimodal with a small sharper peak and a larger very broad
peak. However, the amplitude is too small to fit such a dis-
tribution.

Raman Spectroscopy

Raman spectra were collected for OAm- and DDT- capped
Ge1xSnx NCs and provide further support for the formation
of nanoscale alloy structures (Figure 9 and Figures S21-S22
in the Supporting Information). The Ge-Ge optical phonon
mode, expected at 300 cm? in bulk Ge, is observed as a
broadened peak near 290 cm!, which is consistent with Sn
incorporation. There is no evidence for amorphous Ge (154
cmand 275-280 cm?), GeOz (440 cm, 550, and 880 cm™),
B-Sn (125 cm?), nor SnO2 (640 cm1).17.58-62 A weak peak is
observed near 175 cmand may be assigned to the Sn-Sn
mode of a-Sn, which is expected at 197 cm1.63 64 However,
the Ge longitudinal acoustic phonon modes are also ex-
pected near 175 cm'! so this peak is better understood as a
mixture of Sn-Sn optical and Ge longitudinal acoustic
modes.53 ¢4 Absence of an explicit Sn-Sn mode suggests no
phase segregation or Sn clustering in the Ge1.«Snyx NCs, in
agreement with the EXAFS results.

The Ge-Ge(Sn) optical phonon mode of the Ge1..Sny NCs is
observed as a broadened, asymmetric peak that is shifted
from the expected position for bulk Ge. Quantum confine-
ment , alloy disorder, amorphousness, and surface effects
can contribute to peak shifting and broadening in Raman
spectra.s567 To quantify broadening and peak shift, the
spectra were fit as the sum of two Lorentzian terms and a
linear baseline function given by Equation 3,
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Figure 9. Raman spectra of (A) OAm- and (B) DDT-capped Gei-
xSnx NCs synthesized at the indicated temperatures, normal-
ized and magnified to show the shifting of the Ge-Ge phonon
mode.

Equation 3.
AAffP

G- 07+ ()1 41607+ ()

AL fF

F(x) = mx +b

where 4, is the peak intensity, Af,, is the full width at half
maximum, f,, is the peak center, x is the Raman shift, m is
the slope of the baseline and bis the y-intercept of the base-
line. Background intensity off-set is compensated for by the
linear baseline function given by mx + b (Figures S23-S24
in the Supporting Information).#6.68-71 The higher frequency
Lorentzian term fits the Ge-Ge(Sn) optical phonon mode,
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and shoulder (open) peaks for OAm- (black squares) and DDT
(red circles) -capped Ge1-xSnx NCs synthesized at 210-280 °C.

and the lower frequency Lorentzian term accounts for peak
asymmetry due to disorder, quantum confinement, and sur-
face effects. The results of fitting are summarized in Table
S4 in the Supporting Information. The Raman shift of the Ge-
Ge(Sn) optical phonon mode and the asymmetry term in-
crease with particle diameter for OAm- and DDT- capped
Ge1«Snx NCs synthesized at 210-280 °C (Figure 10). The full
width at half maximum values decrease as particle size in-
creases. These results are consistent with crystallinity in-
creasing as a function of particle size and with the phonon
confinement model previously described for Ge NCs.*6.66.72,
73 The Ge1+Snx NCs demonstrate a greater degree of peak
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shifting and broadening than was previously reported for
Ge NCs synthesized by the microwave-assisted reduction of
Gelz with the addition of Gels, Iz, or Br2 to control particle
size.*6 The additional peak shifting and broadening are con-
sistent with alloying. For Sn compositions less than 10%,
the effect of alloy disorder on the Ge-Ge optical phonon
mode has been shown to be linearly dependent on the Sn
composition for GeixSny thin films.* 57475 Qutside this com-
position regime, however, the effects of nanoscaling and al-
loying cannot be deconvoluted without additional studies in
which size, strain, and Sn composition are systematically
controlled.”6-79

Characterization of the Nanocrystal Surface

'H NMR spectroscopy was used to confirm the presence
of OAm as a passivating ligand on the surface of the as-made
Ge1«Snx NCs (Figure S25 in the Supporting Information).
The vinylic and allylic proton peaks, characteristic of the
C=C double bond in OAm, are observed at 5.33 and 1.96
ppm, respectively.32 80,81 Alkyl and terminal methyl proton
peaks are observed at 1.24 and 0.86 ppm, respectively. The
a-protons, which are expected at 2.6 ppm and are
deshielded by the terminal amine group in free OAm, are
observed to be shifted down field between 2.8 ppm and 3.0
ppm for the OAm-capped Ge1«Snx NCs. The chemical shift
from the amine proton, expected at 1.05 ppm, is not ob-
served. The absence may be attributed to peak broadening
due to close proximity of the NC surface or rapid exchange
of the acidic proton.3+ 82-84

Following ligand exchange, the surface of DDT-capped
Ge1.xSnx NCs were characterized by 'H NMR spectroscopy,
and the spectra were compared to that of unbound DDT
(Figure 11 and Figures S26-S27 and Table S5 in the Sup-
porting Information). Peaks near 1.25 ppm and 0.88 ppm
correspond to the alkyl and terminal methyl groups, respec-
tively. These peaks are found in similar positions in OAm-
capped nanocrystals and are not diagnostic. DDT can be dis-
tinguished from OAm by chemical shifts originating from
the o- and B-protons, which are deshielded by the terminal
thiol group. These peaks are observed at 2.52 and 1.55 ppm,
shifted downfield from their expected positions at 2.36 and
1.46 ppm for the a- and -protons, respectively.85 Following
ligand exchange, it is expected that peaks originating from
the vinylic and allylic protons of OAm will be lost. For most
syntheses, the vinylic and allylic peaks are not observed for
the DDT-capped Ge1+Snx NCs, confirming a complete ex-
change of OAm for DDT ligands.32 However, weak vinylic
and allylic peaks are observed for Ge1xSnx NCs synthesized
at 250 °C and recapped at 150 °C (Figure S27 in the Sup-
porting Information). Although 90 minutes is enough soni-
cation time for most hydrazine treatments, there is batch
variation, and sonication time should be extended until a to-
tally clear solution is obtained following centrifugation. In
additional ligand exchange experiments, Gel-xSnx NCs
were recapped with DDT by microwave-assisted heating at
100 °C for 1 h or by stirring at room temperature for 24 h.
Vinylic and allylic peaks were observed for samples synthe-
sized at 240 °C and recapped at 100 °C but were not ob-
served for any samples that were recapped at room temper-
ature by stirring for 24 hours (Figure S27 in the Supporting
Information). This suggests that as synthesis temperature
increases, the amine ligand binds more strongly to the



nanocrystal surface, and higher temperatures or longer re-
action times for the hydrazine treatment/ligand replace-
ment reaction are necessary for the thiol to completely re-
place the amine at the nanocrystal surface.
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Figure 11. 'H NMR spectra of Ge1.xSnx NCs recapped with DDT
by heating at (A) 150 °C for 1 hour and (B) a magnified view to
show the vinylic and allylic protons at 5.33 and 1.96 ppm, re-
spectively.

FTIR spectroscopy was used to further characterize the
Ge1«Snx NC surface before and after ligand exchange. The
spectra of the Ge1..Snx NCs prior to ligand exchange show
the vinylic C-H stretch at 3005 cm?, a C=C stretch near 1630
cml, and an NH2 bend at 1525 cm-!, consistent with OAm
passivation.8¢ (Figure S28 in the Supporting Information).
The small peak at 965 cm is consistent with a trans C=C
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bend and suggests that some of the ligand converts from the
cis- to the trans- isomer during the reaction.86 87 The amine
N-H stretch, which is characteristic of OAm on the NC sur-
face, is observed as a broad peak above 3000 cm. A Ge-N
stretch, expected between 600 cm ! and 800 cm’}, is not ex-
plicitly observed, and the Sn-N vibration occurs outside the
collectable range of available instrumentation.8¢ A broad
peak is observed from 500-900 cm ! and is attributed to ox-
idation that occurred during the spectrum collection. The
broad peak may include contributions from Ge-OH, Ge-O,
Ge-0-Ge, and Ge-N stretching vibrations.8%-92 The broad
peak may also include contributions from Sn-O and Sn-0-Sn
stretching modes.%3-97

Following ligand exchange, FTIR spectra verify the re-
placement of OAm with DDT ligand (Figure 12). The loss of
peaks at 3005 cm, 1630 cm, and 1525 cm! confirm OAm
is no longer present at the NC surface. The loss of the amine
stretch near 3300 cm! provides further support for full lig-
and replacement. Peaks consistent with an alkyl chain are
observed at 2852 cm, 2922 cm-!, and 2955 cm, and an ad-
ditional peak indicative of conformational ordering of
neighboring chains is observed at 1300 cm .98 The charac-
teristic C-S and S-H stretching peaks, expected near 720 cm-
Land 2550-2600 cm?, respectively, are not observed, likely
due to weak intensities overall.32 33.99,100 The Ge-S and Sn-S
vibrations are expected near 375 cm-!, which is at the edge
of the collectable range of available instrumentation, and
are not observed.10%. 102 Oxidation peaks are not observed
for the DDT-capped GeixSnx NCs, indicating that improved
surface passivation is achieved via ligand exchange. Con-
sistent results were obtained for Gei«Snx NCs passivated
with DDT by stirring at room temperature for 24 hours and
by microwave-assisted heating at 100 °C for 1 hour (Figure
S29 in the Supporting Information).
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Figure 12. FTIR spectra of DDT-capped Ge1-xSnx NCs.



Characterization of Optical Properties
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Figure 13. Tauc plots for indirect band gap of Ge1-xSnx NCs syn-
thesized at the indicated temperatures and passivated with (A)
OAm and (B) DDT.

Optical absorption spectroscopy was performed on dilute
solutions of Ge1«Snx NCs to determine the band gap energy
of the material (Figure S30 in the Supporting Information).
Ge NCs are known to be indirect band gap absorbers, and
theory predicts thatan indirect to direct band gap crossover
will occur at 0.06 < x < 0.11 for Ge1xSnx NCs. Determination
of band gap from direct band gap Tauc plots gives larger
band gap values than those determined from indirect Tauc
plots; thus, optical data do not suggest indirect-to-direct
band gap crossover has occurred. This is likely due to Sn
compositions below the point of crossover and is consistent
with results for GeixSnx NCs reported in the current
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literature. Indirect band gap Tauc plots for the samples are
provided in Figure 13. The indirect band gap, Eg, was calcu-
lated as the x-intercept of a line tangent to the experimental
curve. The indirect band gap is observed to decrease with
increasing synthesis temperature (Figure 14). Due to quan-
tum confinement, the indirect band gap also decreases as
particle size increases up to 7 nm, at which point it plateaus.
For larger particles, the observed band gap does not change
with size as expected based on the observed change in av-
erage particle diameter but is consistent with a polydis-
perse sample. Absorbance at higher energies by smaller di-
ameter particles in these samples shifts the band gap of the
ensemble toward higher energies. Following ligand ex-
change, the band gap energies of some DDT- capped sam-
ples are increased relative to those of the OAm-capped NCs
while others are decreased. There is not a consistent trend
in how the band gap energy changes following ligand ex-
change. Variations at the particle surface due to differences
in size and composition of the NCs causes the surfaces to be
differently affected by ligand exchange.
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Figure 14. Indirect band gap energy (eV) as a function of syn-
thesis temperature for OAm- and DDT- capped Ge1-xSnx NCs.

The absorption onset of Ge and Ge1.xSny NCs has been re-
ported in the literature from optical absorbance and diffuse
reflectance spectroscopies. While most groups use a Tauc
plot analysis in which the band gap is determined as the x-
intercept of an extrapolated tangent line, methods of selec-
tion of the linear region and extrapolation vary. Ruddy et al.
select the linear region based on absorbance, linearly fitting
the region in which absorbance is 0.05-0.15 for data nor-
malized at 400 nm.28 Esteves et al. report performing multi-
ple linear regression fittings, with the difference in bounds
ranging from 0.3 to 0.6 eV and selecting the fit with the
greatest R2.17 Ramasamy noted that multiple linear regions
may be identified, depending on the magnification of a Tauc
plot for direct band gap analysis.2? Tauc plots for indirect
band gap analysis may also have curvature, which contrib-
utes to ambiguity in the extrapolation of the plot’s linear re-
gion.



Linear fittings were also performed in order to compare
the method reported herein to those in the literature. For
the OAm-capped Ge1..Snx NCs synthesized at 250 °C, Tauc
plots were constructed with absorbance data normalized at
400 nm. Then, multiple linear regressions were performed
with the difference in the bounds ranging from 0.1 to 1.0 eV
(Table S6 in the Supporting Information). Multiple fits were
performed for each range, shifting the bounds by 0.1 eV for
each fitting. The fit with the greatest slope and R? value for
each range was identified to give the band gap. The maxi-
mum slope and R2 belonged to the same fit for each range.
Across the series, the band gap decreases from 1.40 eV to
1.35 eV as the difference in the bounds increases. All fit
ranges are overlapping. The band gap obtained from the
polynomial fitting method is equal to the average band gap
from the linear fittings for the OAm-capped GeixSnx NCs
synthesized at 250 °C, suggesting a reasonable comparison
can be made between values obtained from the different
methods. Experimental band gap energies, determined us-
ing a polynomial fitting, agree well with literature values for
Ge1xSnx NCs in the 1 to 5 nm range (Figure 15).16-19 24 28
However, few values have been reported for Ge:xSnx NCs in
the 5 to 9 nm range.24 29,30
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Figure 15. Indirect band gap energy (eV) as a function of par-
ticle diameter for varying Sn compositions, x, reported in in the
literature (gray, open) and compared to experimental values
for OAm- (black, filled) and DDT- (red, filled) capped Ge1-xSnx
NCs synthesized at 210-280 °C.16-19, 24, 29,30

CONCLUSIONS

Ge1xSnx NCs are of interest in the recent literature for
their predicted indirect-to-direct band gap crossover. The
convection-heated synthesis of this metastable material
and its optoelectronic properties have been well-studied,
but the predicted crossover has not been observed. In this
work, microwave-assisted heating methods have been ap-
plied to the synthesis of Ge1xSnx NCs, and the effect of tem-
perature on particle size, composition, and structure is
demonstrated. It is shown that the NC diameter increases
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with synthesis temperature, while Sn composition is con-
trolled across the range of reaction temperatures, 210-280
°C. To gain new surface functionality, which is known to in-
fluence band structure, Ge1xSnx NCs were treated with hy-
drazine to remove the OAm ligand and were then heated
with DDT to achieve thiol passivation. This procedure re-
sults in a complete ligand exchange without loss of Sn com-
position across the synthesis temperature series. EXAFS
studies of the DDT-capped Ge1xSnx NCs provide structural
insight into this material. EXAFS confirms the alloy is a solid
solution with Sn incorporation in diamond cubic lattice
sites. EXAFS also shows that order increases with synthesis
temperature. Raman spectroscopy further supports an alloy
structure and that crystallinity increases as a function of re-
action temperature and particle size. Optical spectroscopy
of the OAm- and DDT-capped Ge1xSnx NCs confirms that due
to quantum confinement, the indirect band gap energy de-
creases as particle size and synthesis temperature increase.
Indirect-to-direct crossover is not achieved for Ge1.xSny NCs,
but indirect band gap values are larger than those of simi-
larly sized Ge NCs reported in the literature.16-19, 24, 28-30
Greater control over size dispersity, composition, and sur-
face defects, which also influence band structure, remains
necessary to achieve the desired indirect-to-direct crosso-
ver. Recently, sulfide passivation of Ge and Bi-doped Ge NCs
was achieved by a direct ligand exchange procedure. Sulfide
passivation improved film conductivity, allowing the meas-
urement of transport properties.?2 Similar methods could
be used to achieve sulfide passivation of Ge1.xSnx NCs for in-
corporation in photovoltaic devices. The results presented
here indicate that increased synthesis temperatures reduce
structural disorder, but additional studies remain neces-
sary to understand the role of precursor concentration and
to determine a facile route to Ge1-«Snx NCs with controlled
size and limited size dispersity across the full range of Sn
compositions.
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