2.6 UV-Visible absorption spectroscopy

Probing the optical transitions of compounds and materials though Uv-Vis is one
of the oldest practices to study chemical physics. A compounds energy levels, HOMO-
LUMO for molecules and bandgaps for materials, are studied by scanning across the
Uv-Vis region and monitoring light input vs transmitted light. This is accomplished by a
series of mirrors and beam splitters allowing to simultaneous measurements of a
sample against a reference (Figure 2.7). The difference between the two is taken as
the absorption value. Historically, the measurement is performed with the analyte
dissolved in an optically transparent solvent. The absorption can then be related to the
concentration of the analyte (c), the path length through the solution (), and the molar

absorptivity of the analyte (¢) by the Beer-Lambert Law (equation 2.3).2

A=c¢lc (2.3)

In semiconductors, the onset of this absorption can be equated to the bandgap of
the materials. The energy below the onset does not have high enough energy to induce
excitation from valance band to the conduction band, beyond that point the absorption
can be related to the density of states. In the case of nanocrystals, this technique can
be utilized to explore the changes in gap energy as a function of crystal size and

guantum confinement.
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Figure 2.7. Schematic of a multi-source double beam Uv-visable spectrometer.

All solution based measurement were performed soon after the isolation of new
prepared nanocrystals. The samples were dissolved in CCls and transferred to a quartz
cuvette. Spectra were collected in a Cary 6000i UV-Vis-NIR spectrometer (Agilent

Technologies).
2.7 Diffuse Reflectance Spectroscopy

From a practical standpoint, very few semiconducting applications utilize colloidal
solutions. To have a better understanding of light mater interactions of an aggregated
solid we can employ diffuse reflectance spectroscopy. When light is interacting with a
solid powder scattering in the form of reflectance and diffraction will occur in addition to
absorption. The reflected light is recollected and can be evaluated by the Kubelka-Munk
remission function (equation 2.4).”% 72 The percent reflectance (R) is equated to a form
of a pseudo-absorption coefficient (K/S) with this method, similar to that obtained

through transmission experiments.’?

(1-R)? _ K

fim(R) = === < (2.4)
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The Kubelka-Munk function is only one method of estimating the band gap and
does not account for the type of transition occurring. Tauc formulas have been
developed to account for absorption probabilities based on crystal momentum and
photon-phonon interactions.® In applying the Tauc equation to reflectance data the k/s
term from the Kubelka-Munk formula is used as the absorption coefficient (a).5* 72 The
proportionality between the absorption in semiconductors (ahv) and the density of
states (hv — E_g)'/™ can be seen in equation 2.5. Where (hv) is the energy of an
incident photon, (A) is proportionality coefficient, and (Eg) is the bandgap. The value of
the exponent (n) is dependent on the interband transition being modeled, 1/3 for indirect

forbidden, ¥4 for allowed indirect, 2 for allowed direct, and 2/3 for forbidden direct.® 73

(ahv)" = A (hv — E,) (2.5)

The Tauc equation was never meant for application to nanocrystals since it was
developed for bulk semiconductors with continuous band energies. While it has been
accepted in nanocrystalline literature,>® 5 the results of such analysis should be taken
with careful consideration. In this study energy-gaps were estimated by Tauc and
Kubelka-Munk through linear extrapolation of the absorption onset back to the baseline
the nanocrystals were dispersed in a non-absorbing medium (BaSOa) so that scattering
is minimized. Measurements were performed with a Cary 6000i UV-Vis-NIR
spectrometer (Agilent Technologies) equipped with an internal DRA 2500 integrating

sphere.
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2.8 Photoluminescence Spectroscopy

The process of photoluminescence occurs when a photon is released during the
relaxation of an electron from an excited state back to its ground state. The initial
excitation can be cause through photon absorption, thermal excitement, chemical
reaction, or by an applied electrical current. In the case of semiconducting nanocrystals
photo and electrical excitement are of the greatest interest due to their applicability for
devices such as solar cells, LEDs, and detectors.'% 74 This section will however focus on
the emission process and mostly ignore the method of excitation other than its
relevance to the instrumentation used for measurements. Typically, there are many
electronic states involved in the excitation and emission process due to vibrational and
rotational energy levels. When excitation occurs from a singlet ground state (So) an
electron is bumped into an excited singlet state (S1), the relaxation of the electron from
S1 back to So through the release of a photon is called fluorescence (Figure 2.8). The
energy of the released photon will correspond directly to the energy-gap between the
two states and occurs fairly rapidly typically on the order nano-micro second time
scales. However, there photoemission is not the only pathway an excited electron can
relax through. If the excitation energy exceeds that of the energy-gap the excited
electron must first relax from the higher energy levels through a non-radiative
process.’* 7> One form of non-radiative relaxation is through the release of heat energy

in the form of molecular vibration. In addition to relaxing from elevation singlet states,
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Figure 2.8. Simple diagram of photoluminescence mechanism, including absorption,

fluorescence and phosphorescence.

non-radiative processes can result in intersystem crossing to an excited triplet state (T1).
Triplet states are typically caused by impurities or defects and have a lower energy than
the Sistate. The process of intersystem crossing and subsequent phosphorescence
results in much longer lifetimes for the excited states, upwards of 3-5 orders of

magnitude greater than that of fluorescence.

Photoluminescence (PL) measurements of quantum confined nanocrystals are
used to probe size and composition dependent optical properties, carrier dynamics and
fine structure of energy gaps.>” 7® A complete understanding of energy levels and

excitonic behavior is advantageous in the design of semiconducting devices. Basic
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steady state measurements only provide glimpse into the photoluminescence
properties. Ultra-fast spectroscopy can be employed for time resolved measurements.
When combined with temperature and excitation density studies it is possible to develop
a comprehensive understanding of a nanocrystals light-mater interactions. In this study,
nanocrystals were deposited on a Si wafer, excited with a Ti:sapphire laser at 385 nm
wavelength and PL spectra were acquired with a liquid N2 cooled charge coupled
device (CCD) camera. Temperature was controlled with liquid helium cooled cold finger
and time resolved measurement were collected with a Hamamatsu streak camera with

25 ps temporal resolution.
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CHAPTER 3

Nanocrystalline Group IV Alloy Semiconductors:
Synthesis and Characterization of Gei1xSnx Quantum Dots for

Tunable Bandgaps.

3.1 INTRODUCTION

The bandgaps of semiconductor materials can be manipulated through alloying and
size reduction to tune the nature and energy of optical transitions.® 7": ’® When considering
the nature of the energy gaps, semiconductors are classified as indirect or direct while
the latter is preferred due to high efficiency in absorption and emission.”® Currently, many
of the leading direct-gap semiconductors are comprised of Group I1/V1,8% 8L |11}V, or IV/VI8?
elements, such as CdSe,”® & [nAs® 81 and PbSe.®? Nanostructured solids of such
materials are well studied and at the forefront of developing technologies. However, the
use of toxic heavy metals has become a major concern and efforts to find substitute
benign materials have become a major focus in recent years.'1-13

Group IV semiconductors such as Si and Ge are well known indirect-gap materials
with low toxicity, and through band engineering an indirect to direct gap transition can be
achieved.1#17.23-25.29, 36 For instance, applying tensile strain to the crystal lattice has been
shown to reduce the band energy, just as the compressive strain leads to an increase in
energy.® 8 85 The direct gap I valley shrinks faster than the indirect gap L valley as the
tensile strain is increased, resulting in a truly direct-gap semiconductor.?® 24 2° QOne

method to engineer tensile strain is through epitaxial growth on a substrate having larger
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lattice constant and another approach is via direct incorporation of Sn atoms to produce
a homogenous Group IV alloy.?* 25 86 |n addition to the effects of strain on the nature of
the energy gaps, significant dependence of band energies as a function of Sn composition
has been reported.1® 28 32 As such, the binary alloys of Group IV semiconductors, Si1xSnx
and Gei1xSnx, have shown promise to create an optimal direct-gap materials with low

toxicity, high optical stability, and compatibility with existing Si based technologies.* 23

24,30

Thin films of Ge1xSnx alloys produced via chemical vapor deposition and molecular
beam epitaxy are well studied and exhibit tunable band energies in the mid IR region.%
23,24, 27,28, 37 Unfortunately, the synthesis of homogenous alloys has proven difficult due
to large discrepancies in lattice constants.'®> 3" However, many issues in the fabrication of
homogenous alloys were resolved through low temperature, non-equilibrium growth
processes.'* 15 28 87 |n GeirxSnx thin films, an indirect-to-direct crossover has been
theoretically examined with values ranging from 10-15%?%4 15 28 in early studies. More
recently, the accepted crossover values are considered to be in between 6.3% to 11%2%
26, 30, 31 with strong experimental evidences confirming the transition occurs for Sn
concentrations over 7.1%.2%32%> However, the incorporation of Sn (bandgap = 0.09 eV)*?
makes the direct energy gaps of such alloys narrower and closer to metallic behavior,
limiting their potential in a number of optical applications.

The synthesis of colloidal Ge1xSnx nanocrystals (NCs) has the potential to increase
fundamental energy gaps owing to the effects of quantum confinement.”” Taking
advantage of the low temperature synthesis, high surface energies, and the passivating

ligands present in many NC systems, it is possible to overcome the Sn segregation
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without sacrificing the desired tensile strain. High quality, solution processable Ge1-xSnx
NCs have huge potential in a wide range of applications, such as field-effect transistors,>
88,89 |ithium ion batteries,> bio-imaging,*? lasers,'’” and optical detectors.® °1 Reduction
of crystallite size below the Bohr radius (11.5 nm for Ge)®? has been reported to blue shift
the absorption onset as high as 1.6 eV for single element Ge NCs with a diameter of 2.3
+ 0.4 nm.** Such a wide range of bandgap tunability is highly advantageous for
applications such as solar absorption, optical detectors and biosensors. Additionally, Ge-
xSnx alloys are compatible with current Si technologies allowing for easy monolithic
integration. However, to date, only two production methods for Ge1xShx NCs have been
reported. Ruddy et al. utilized a wet chemical method to achieve Ge1xShx NCs with 1%
Sn incorporation.® Cho et al. exploited the photolysis of gas phase precursors to produce
Ge1xSnx NCs with x = 1-5%, without the presence of 3-Sn.>* While both successfully
incorporated Sn into nanocrystalline Ge, neither reported comprehensive studies to
evaluate physical properties versus composition, nor achieved Sn concentrations
required for indirect to direct transition observed in corresponding thin film
nanostructures.?3: 24 51, 61

Herein, we report a wet-colloidal strategy to produce high quality Ge1xSnx NCs with
sizes in the range of 15-23 nm and 3.4—-4.6 nm and wider tunability of Sn compositions
(x=0.000-0.279). We show by controlling the precursor concentration and reduction
temperature, a method has been developed to produce homogenous Ge1-xSnx hanoalloys
devoid of elemental Sn impurities. The larger GeixSnx NCs (15-23 nm) exhibit a non-
linear expansion of the Ge lattice owing to lattice mismatch and possible strain effects,

but exhibit weak confinement effects. In contrast, smaller Ge1-xSnx NCs (3.4—4.6 nm)
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display strong size confinement with composition tunable indirect energy gaps from 1.31
to 0.75 eV and direct energy gaps from 1.47 to 0.95 eV (x=0.00-0.116). Interestingly, as-
synthesized Gei1xSnx nanoalloys demonstrate high thermal stability and moderate

resistance against sintering up to 400-500°C.

3.2 EXPERIMENTAL SECTION

3.2.1 Materials.

Germanium diiodide (99.99+ %) and tin dichloride (>99.9985 % Ultra Dry) were
purchased from Strem and Alfa Aesar, respectively. Germanium tetraiodide (>95%) was
purchased from Gelest. N-butyllithium (BuLi) 1.6 M in hexane, 1-octadecene (ODE,
90%), and oleylamine (OLA, 80-90%) were purchased from Acros. Common solvents
such as toluene, chloroform, acetone, carbon tetrachloride, and methanol were ACS
grade and purchased from Fisher or Acros. A Schlenk line was utilized to dry OLA and
ODE by heating at 120 °C under vacuum for one hour, dried solvents were then stored
under N2 atmosphere. Methanol and acetone were dried over molecular sieves prior to
use. All other solvents were used as received. (Caution: Alkyl-lithium compounds such
as n-butyllithium are highly reactive pyrophoric chemical. Only properly trained

personnel should handle these chemicals under strict air free protocol.)
3.2.2 Synthesis of Ge NCs.

The single element Ge NCs were prepared by employing a modified literature
procedure.®* Briefly, in 4 mL of OLA, different ratios of Gel2/Gels were loaded according

to the desired NC size: 0.6 mmol of Gels was used to produce 3.4 £ 0.40 nm NCs and
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0.03 mmol of Gel2/0.57mmol of Gels for 23 nm NCs.%* Reactants were mixed in a N2 glove
box and sealed in a 3-neck flask with a condenser, septum, and thermocouple attached
before transferring to a Schenk line and connecting to a digitally controlled heating
mantle. The mixture was then degased under vacuum at 115 °C for 15 min., followed by
switching to N2 flow and outgassing through an oil bubbler for additional 15 min., prior to
increasing the temperature to 200 °C. Immediately upon reaching 200 °C, a stock solution
of 0.9 mL BuLi in 3 mL of ODE, sealed in an air tight vial was injected. The reaction

mixture was then heated to 300 °C and held there for 1 h prior to isolation of the NCs.

3.2.3 Synthesis of Ge1-xSnx Alloy NCs.

In a typical synthesis of Ge1-xSnx nanoalloys, appropriate amounts of Gel2 and
SnClz (Table 3.1) were combined in a 3-neck flask with either 20 mL (for 4.1-4.6 nm NCs)
or 10 mL (for 15-17 nm NCs) of OLA. The set up was transferred out of the glove box,
connected to a Schlenk line, and heated under vacuum to 120 °C to produce a
homogeneous orange color solution. Then, the reaction was flushed with nitrogen for 15
min. and the temperature was ramped up to 230 °C, at which point 0.80 mL of BuLi in 3.0
mL of ODE (sealed in an air tight vial) was swiftly injected. The injection caused a
temperature drop to ~210 °C and the mixture was reheated to 300 °C. Finally, the reaction
was held at 300 °C for 0 and 10 min for the growth of 4.1-4.6 nm and 15-17 nm Ge1-xSnhx

NCs, respectively.
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Table 3.1. The molar ratio of Gel2 and SnCl2 and corresponding concentrations of Sn
used in the synthesis of 15-17 nm (10 mL of OLA) and 4.1-4.6 nm (20 mL of OLA) Ge:1-

xSnx alloy nanocrystals.

Nominal Gelz (mmol) | SnClz (mmol) | 10 mL OLA | 20 mL OLA
Composition (UM Sn) (UM Sn)
Geo.98Sno.o2 0.59 0.12 1.2 0.6
Geo.95Sno.05 0.57 0.03 3.0 1.5
Geo.90Sno.10 0.54 0.06 6.0 3.0
Geo.85Sno.15 0.51 0.09 9.0 4.5
Geo.80Sno.20 0.48 0.12 12.0 6.0
Geo.75Sno.25 0.45 0.15 15.0 7.5

3.2.4 Isolation and Purification.

Following the synthesis, the reaction flask was cooled by blowing compressed air
until the temperature dropped below 120 °C, typically around 100-80 °C. The crude
reaction mixture was transferred to a centrifuge tube containing 10 mL of toluene. Then,
60 mL of freshly distilled methanol was added and the mixture was centrifuged for 5 min
to obtain a solid brown colored pellet. The supernatant was discarded and the precipitate
was purified by dispersing in toluene and subsequent precipitation with a mixture of

methanol/acetone (1:1 v:v) twice.
3.2.5 Characterization.

A PANanalytical X’'Pert PRO X-Ray diffractometer calibrated with Si standard and

equipped with a Cu Ka anode (ka= 1.54 A) radiation was used for the powder X-ray
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diffraction (PXRD) measurements. Purified NCs were deposited on to a low background
sample holder and diffraction patterns were collected at 45 kV and 40 mA operating
conditions. Crystallite size was estimated from the diffraction patterns using the Scherrer
calculation®® on the (111), (220), and (311) reflections, after making appropriate
corrections for instrumental broadening using Si standard. Diffuse reflectance (DRA) and
UV-visible-NIR absorption measurements were recorded using a Cary 6000i
spectrophotometer (Agilent Technologies) in the double beam mode for solution
measurements and using an internal DRA 2500 attachment for solid sample
measurements mixed in a BaSO4 matrix. Diffuse reflectance fast Fourier transform infra-
red spectroscopy (DRFTIR) was performed using a Nicolet Nexus 670 FT-IR with an
AVATAR diffuse reflectance accessory, on NC samples mixed with KBr powder. Raman
spectra were taken with a Thermo Scientific DXR Smart Raman equipped with a 532 nm
laser. X-ray photoelectron spectroscopy was performed using a Thermofisher ESCALAB
250 equipped with Al ka source; powdered samples were pressed on indium foil
purchased from Sigma Aldrich. Elemental compositions were obtained by inductively
coupled plasma optical emission spectroscopy (ICP-OES) and energy dispersive
spectroscopy (EDS). EDS was obtained in a Hitachi FE-SEM Su-70 scanning electron
microscope (SEM) operating at 20 KeV with an in-situ EDAX detector. Dried NCs were
adhered to an aluminum stub with double sided carbon tape prior to the analysis. The Sn
compositions were determined by averaging the atomic percentages of Sn acquired from
5 individual spots per sample. ICP-OES was performed with a Varian VISTA-MPX
monitoring 5 wavelengths for both elements. For ICP-OES analysis, Ge1xSnx NCs were

dissolved by heating in a mixture of concentrated tartaric acid/nitric acid (2:1). Typically,
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~1 mg of Ge1xSnx NCs was loaded into a glass vial followed by 2.00 mL of concentrated
tartaric acid and 1.00 mL of concentrated nitric acid. The mixture was heated for 2-5 hours
until all the powder was dissolved. The calibration standards were purchased from
Inorganic Ventures. Transmission electron micrographs (TEM) were recorded using a
Zeiss Libra 120 microscope operating at an accelerating voltage of 120 kV. High
resolution TEM (HRTEM) and scanning-TEM (STEM) analyses were performed on a FEI
Titan 8300 electron microscope equipped with a Gatan 794 multi-scan camera operating
at 300 kV. TEM samples were prepared by drop casting ~5 L of NCs, dispersed in CCla,
onto a carbon coated copper grids and evaporating the solvent. Thermogravimetric
analyses (TGA) were performed on dry powders under nitrogen flow with a ramp rate of

10 °C/minute using a TA TGA (Q5000) instrument.
3.3 RESULTS AND DISSCUSION
3.3.1 Size Control and the Elimination of Metallic Sn Impurities.

The production of single element Ge NCs has been extensively studied over the
years.61 64,65 92, 94-98 However, only two studies on the synthesis of Ge1xSnx alloy NCs
have been reported to date, neither of which provide an in-depth analysis on the nature
of the binary nucleation.% 61 As such, following the work done by Ruddy et al.5% % a
colloidal synthetic strategy was developed to produce single element Ge and Ge1-xSnx
alloy NCs. To eliminate the formation of undesirable B-Sn byproduct, control over
nucleation and growth was achieved by reducing the probability of homogeneous Sn
nucleation through increased solvent volume and rapid reduction of the metal precursors.

As a solution of Gelz in oleylamine (OLA) was heated above 200 °C, it progressively
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darkened from a light yellow to orange and then to deep red. The reddening of the solution
is consistent with the formation of germanium amide-iodide complex.®* Upon injection of
the reducing agent, n-butyllithium (BuLi), at 230 °C the solution immediately turned
brownish-red indicating the formation of Ge° seed nuclei. As the temperature was
increased to 300 °C, the solution lost its red tint and progressed to light or dark brown.
The one hour that the solution was held at 300 °C was found necessary to provide
sufficient crystallization for pure Ge NCs of all sizes. When introducing SnClz into the
system, dramatic changes in the nucleation and growth kinetics have occurred due to a)
the large lattice mismatch between cubic Sn and Ge,*® b) competition between homo-
heterogeneous nucleation, c) the thermal stability of B-Sn versus that of a-Sn*! and d)
lower crystallization temperature of Sn. It is assumed that the lattice mismatch between
a-Sn and Ge is resolved in NCs due to the high fraction of surface atoms being able to
expand or contract in order to tolerate the strain and the presence of capping ligands that

can effectively stabilize the NC surface.

Recently, Geo.soSno.4o NCs were produced by laser photolysis,>! however significant
amounts of 3-Sn were present in the as-prepared samples. The highest concentration of
Sn incorporated by photolysis without any B-Sn was x = 0.05.51 We attribute this to the
lack of control over the nucleation environment in the localized heating zone. Since a-Sn
is not stable above 13 °C, it is essential that Sn does not form any stable nuclei or
tetragonal B-Sn will preferentially grow instead of the Sn atoms incorporating into cubic
Ge nuclei. A wet chemical synthesis has allowed us to overcome the formation of 3-Sn
by manipulating the nucleation stage of the synthesis. To ensure no Sn nuclei are formed,

the overall concentration of SnCl2 was kept low and the nucleation temperature was kept
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slightly below the melting point of B-Sn. The low concentration of SnClz has led to the
formation of cubic Gei1xSnx nanoalloys without any detectable Sn impurities. In this study,
SnCl2 concentrations (Table 3.1) used were 2—-10 times lower than those employed by
Ruddy et al. (~0.8—-16.8 uM).%! It is likely that the low concentration of SnCl2 reduces the
probability of homogeneous Sn nucleation. In contrast, at high concentration of Sn (>15.0
MM of SnCl2), B-Sn was often formed (Figure 3.1) due to higher stability of 3-Sn over a-
Sn at high temperature conditions. Moreover, the rapid reduction of SnClz by BulLi is found
to be essential for the successful growth of homogenous nanoalloys. Increasing the
nucleation temperature from 200 to 230 °C has sufficiently increased the reactivity of
BuLi, which ensures the rapid and complete co-reduction of Ge and Sn precursors into
homogeneous alloy nuclei. It is likely that the injection at 230 °C, just below the melting
point of Sn, further reduces the probability for stable B-Sn nuclei to form. In addition, the
1 h. at 300 °C needed for sufficient crystallization of Ge NCs was unnecessary for Gei-
xSnxnanoalloys. Since the time required to ramp the temperature from 210 to 300 °C (~7—
8 min) has proved sufficient to produce highly crystalline Ge1-xSnx nanoalloys, it is likely
that Sn reduces the energy required for crystallization and growth events relative to those

of pure Ge.
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Figure 3.1. (a) Powder X-ray diffraction pattern of the Ge1xShx nanocrystals prepared by
reduction of Gel2 and SnClzin 4 mL of oleylamine (Sn concentration =16.8 yM) at 200 °C.
High concentrations of Sn (>15 uM) leads to phase segregation and formation of
thermodynamically stable 3-Sn impurities. The PDF patterns of (b) tetragonal 3-Sn (PDF#

00-004-0673) and (c) cubic Ge (PDF# 01-089-5011) and are also shown.
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Scheme 3.1. An illustration of the synthesis of Ge1-xSnx alloy NCs. Fast chemical co-
reduction of precursor halides dissolved in oleylamine (OLA), followed by the growth of
resulting alloy nuclei at 300°C has been successfully utilized to produce homogeneous

Ge1-xSnx nanoalloys.

230°C Buli+ ODE
é é

Gel, and SnCl, Ge/Sn-amide Gey_,Sn, seed nuclei Gey,Sn, alloy
in OLA [Sn]<15.0 uM complexes ~205-215°C NCs

300°C

—_>

3.3.2 Structural Properties and Thermo-Stability of Ge1xSnx Nanoalloys.

Initially, NCs with crystal size ranging from 15-17 nm were produced to adequately
study the changes in structural characteristics. Subsequently, the efforts were shifted to
produce smaller NCs (3.4—4.6 nm) to probe both the effects of quantum confinement and
Sn alloying on optical properties. Phase pure Ge1-xSnx NCs (15-17 nm) with compositions
in the range of x=0.050-0.279 were successfully produced by co-reduction of Gelz and
SnClz at 230 °C, followed by the growth of resulting nuclei at 300 °C for 10 min (Table
3.1). To confirm the structural homogeneity of alloy NCs and the absence of the
undesirable by-products, Powder X-ray diffraction (PXRD) was utilized. Diffraction
patterns suggest the incorporation of Sn into Ge, based on an expansion of the cubic Ge
lattice (Vegard’'s Law).!® This effect has been clearly observed via a shift in Bragg
reflections to lower 26 angles with increasing Sn composition (Figure 3.2A). However, the

NCs do deviate from Vegard’s Law, which can be attributed to minor strain in the Ge:-
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xSnx alloy lattice possibly caused by the alloy disorder.8 °® Occasionally, a small peak is
observed near 26° 286, attributable to GeO2, which we ascribe to surface oxidation. The
lattice parameters calculated from PXRD patterns are shown in Figure 3.2B and Table

3.2 further reflecting an expansion of the cubic Ge lattice.
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Figure 3.2. (A) PXRD patterns of the diamond-like cubic Ge1xSnx NCs with crystallites in

the range of 15-23 nm: (a) B-Sn PDF# 00-004-0673 (b) a-Sn PDF# 01-086-2266 (c) Ge

PDF# 01-089-5011, (d) x=0.000, (€) x= 0.050, (f) x=0.120, (g) x=0.197, (h) x=0.279.

Elemental compositions were obtained from inductively coupled plasma optical emission

spectroscopy (ICP-OES). Occasionally, a small peak is observed at 26 =26.1° that can

be attributed to minor degree of GeO:z formation from surface oxidation. (B) A plot

illustrating the lattice parameters obtained for Ge1xSnx alloy NCs (black triangles) based

on PXRD patterns and theoretical lattice parameters calculated based on the composition

using Vegard's law?'® (red squares).
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Figure 3.4. Raman spectra of (a) SnO2 powder (> 99.99% obtained from Sigma-Aldrich)
along with Ge1xSnx nanocrystals with crystallite size in the range of 15-23 nm and Sn
compositions of (b) x =0.279, (c) x = 0.050, and (d) x = 0.00. The elemental compositions

were obtained from ICP-OES analysis.

It is significant to note that the diffraction patterns suggest that even in the NCs with a
high Sn content (x=0.279), only cubic Ge1-xSnx peaks are present and both a-Sn and -
Sn are not detected. This represents the highest Sn composition achieved for Ge1-xSnx
NCs without phase segregation.>!: 61 Lack of Bragg reflections corresponding to a- or -
Sn suggests that the NCs are homogenous alloys and not core/shell-type
heterostructures. Furthermore, since 3-Sn has a low crystallization temperature it is
expected that if any Sn had formed on its own it would be highly crystalline. As such, the
potential for the presence of amorphous Sn is extremely low. However, we did observe

the growth of B-Sn through PXRD similar to the previous reports on Ge1xSnx NCs5% 61
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(Figure 3.1). Details about the factors that led to successful elimination of 3-Sn are
discussed in the previous section. While those previous studies achieved x=0.01 and
x=0.05 Gei1xSnhx without 3-Sn, the colloidal route reported here has accomplished Sn
concentrations as high as x=0.279 for phase pure Gei1-xSnx nanoalloys. Low resolution
transmission electron microscopy (LRTEM) images of 15-17 nm NCs indicate wide
dispersity of spherical particles. Two distinct populations of NCs were observed in the as-
prepared samples (Figure 3.5), larger NCs ranging from 10-20 nm and smaller NCs
ranging from 2—6 nm. The formation of two populations could be a result of smaller

particles being formed during the rapid nucleation process and incomplete growth into

larger crystallites during the shorter growth time (10 min.) employed in the synthesis.

Figure 3.5. Transmission electron micrographs of the larger Geo.ssoSno.iz2o alloy
nanocrystals prepared by co-reduction of Gelz and SnClzin 10.0 mL of oleylamine at 230
°C (A, B). Samples were polydisperse with two distinct populations of NCs: larger NCs

with size ranging from 10—-23 nm and smaller NCs with size in the range of 2—-6 nm.
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The solid state DRFTIR spectra obtained for as-prepared alloy NCs (15-23 nm)
were converted to absorption using the Kubelka-Munk remission function.”> 77 The
incorporation of Sn significantly red shifts the absorption band onsets of GeixSnx NCs
relative to single element Ge NCs (Figure 3.6). Mid IR bandgaps of 0.41-0.26 eV were
obtained for x= 0.120-0.279 at crystallite sizes of 15-17 nm, suggesting weak or no
confinement effects in this size regime. Hence, efforts were focused on the synthesis of
significantly smaller NCs without the presence of larger crystallites to investigate both the
effects of quantum confinement and Sn alloying. Nevertheless, the successful synthesis
of larger NCs suggests that the synthetic strategy reported herein produces

homogeneous Gei1xSnx hanoalloys without the presence of undesired metallic impurities.
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Figure 3.6. (A) Diffuse reflectance FTIR spectra (converted to absorption using Kubelka-
Munk remission function) for (a) Ge nanocrystals (~23 nm, bandgap =0.70 eV) and the
(b) bulk Ge powder (purchased from Sigma Aldrich, bandgap =0.64eV) along with (B) 15-
17 nm Gei1xSnx alloy nanocrystals displaying (a) x=0.120 (bandgap =0.41 eV) (b) Geu-
xShx x=0.279 (bandgap =0.26 eV). Pronounced peaks observed in the 0.2-0.5 eV are

attributed to amine and alkene groups of the surfactant ligands (oleylamine and

octadecene) used in the synthesis.
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To provide further evidence that Ge1-xSnxNCs are free from Sn segregation, scanning
TEM- energy dispersive spectroscopy (STEM-EDS) elemental line scans were recorded
to confirm the compositional uniformity of nanoalloys. The dark and bright field STEM
images and the corresponding elemental line scan recorded from a single Geo.s9oSno.110
NC are shown in Figure 3. Additional lines scans are presented in Figure 3.7. No spikes
in Sn composition were detected in any of the NCs examined indicating that Sn is evenly
distributed throughout the nanocrystalline Gei1xSnx lattice (Figure 3.8C). Similar results
were obtained from alloy NCs with other compositions supporting the view that Ge1-xSnx
nanoalloys obtained from this route are homogeneous solid solutions. In addition, the
HRTEM image of the corresponding Geo.ssoSno.110 alloy NC indicates a (111) lattice
spacing of 3.4 A, which is slightly larger than that of pure Ge (3.3 A)® further confirming

the expansion of cubic Ge lattice (Figure 3.8A).

70



Counts

601 (A)
504
40
30+
20
10-

Dekeaty et

- e
[ T

0 10 20 30 40 50
Position (nm)

Figure 3.7. The STEM-EDS line scans of (A) Geo.sooSno.110 and (B) Geo.soaSno.197 alloy
NCs indicating no inconsistences between Ge and Sn distributions throughout the

nanocrystalline Ge lattice. The corresponding dark field STEM image is shown to the

right.
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Figure 3.8. (A) The bright and (B) dark field high resolution TEM images of Geo.s90Sno.110
alloy NCs. (C) STEM-EDS line scan showing the compositional ratio of Ge and Sn is

consistent across the entire particle.

X-ray photoelectron spectroscopy (XPS) was used to examine the surface species of
Ge1xSnhx nanoalloys. A typical XPS spectrum of Gei1xShx NCs is shown in Figure 4A
depicting the Ge 3d region. The peak at 28.6 eV corresponding to Ge° (3ds2 and 3dsy2) is
shifted from the expected value of 29.4 eV1® likely due to surface charging effects
commonly observed in semiconductor NCs.'%* Higher energy peak at 30.8 eV (Ge 3d) is
likely to arise from surface Ge atoms coordinated to passivating organic ligands. The peak
at 34.0 eV (Ge 3d) is attributed to minor amount of GeO:2 produced via surface oxidation.??
The broad nature of the 30.8 eV peak (full width at the half maximum = 2.44 eV) suggests
multiple oxidation states, Ge'* (30.3 eV), Ge?* (31.4 eV) Ge®* (32.4 eV), resulting from
multimodal binding of ligands to surface species, with the possible presence of Ge-C, Ge-
N, Ge=C and Ge=N bonds.03 19 Similar behavior has been observed in the Sn 3d region
(Figure 3.8B). Sn® is present as indicated by the peaks at 484.2 eV and 492.7 eV that
corresponds to Sn 3ds2 and Sn 3dss2 binding energies, respectively.1%® Peaks at 486.5

eV and 494.9 eV corresponding to Sn 3ds;2 and 3dsz indicate the presence of Sn?* and
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Sn** on the NC surface suggesting that surface Sn atoms are also passivated with
stabilizing ligands. While minor GeO:2 impurities have been detected through PXRD
analyses (Figure 3.2A), no SnOx species has been detected in the Raman spectra of
corresponding samples (Figure 3.4). Despite the use of rigorous air free synthetic
procedures, it is suspected that the formation of GeO2 occurs during ambient isolation
and purification of NCs as weakly bound surfactant ligands can be lost via excessive

washing and centrifugation.®®
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Figure 3.9 (A) Ge 3d and (B) Sn 3d XPS spectra of Geo.721Sno.279 alloy NCs. Dotted lines
represent the spectral data. The green lines are fitted peaks for Ge%/Sn° species and the
red lines are fitted peaks to different oxidation states of surface speciation and the blue

line is fitted to suspected surface oxidation.

To investigate the nature of the ligand coverage on the NC surface, thermogravimetric
analysis (TGA) was employed. Samples were loaded onto platinum pans under ambient

conditions and heated at 10 °C min't up to 600 °C under N2 flow. Three major weight
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losses were observed at 100-150 °C, 200-300 °C, and 340-410 °C (Figure 3.10). The
weight loss up to 150 °C is attributed to trapped moisture whereas from 200-300 °C is
attributed to butyl groups bound to the NC surface. The largest desorption event takes
place from 340-410 °C consistent with OLA acting as the major capping ligand.%’
Surprisingly, the PXRD analysis of the annealed samples revealed that NCs heated to
600°C were free of Sn segregation (Figure 3.11A). However, significant growth of GeO:
had occurred, which likely provided a barrier against Sn segregation. Despite TGA being
carried out under a flow of inert gas, it is suspected that the oxide formation is a direct

result of moisture trapped in the NC powder from being exposed to ambient conditions.

To further study the thermal stability of Gei1xSnx NCs without any capping oxide
formation, a systematic annealing study under rigorous inert conditions was implemented.
Dried NC powders were thoroughly degassed in a vacuum chamber and stored in a N2
atmosphere for 1 week prior to being inserted into a tube furnace under high purity argon.
The samples were introduced 200 °C below the final temperature and ramped to a desired
holding temperature for 30 min. prior to being cooled to room temperature. PXRD patterns
of the annealed samples (Figure 3.11B) indicate that Ge1xShx NCs undergo minimal
crystal growth and no Sn segregation up to 400-500 °C. However, the segregation of Sn
is clearly observed at 600 °C and 700 °C via the evolution of diffractions from the (200)
and (101) planes of 3-Sn (PDF# 00-004-0673, Figure 3.11B). It is significant to note that
the NCs heated at 400 °C for 30 min. exhibit minimal sintering, 13.3 nm as-prepared to
15.4 nm post annealed, as determined by Scherrer equation. The only significant change
to the NC structure at 400 °C is the relaxation of tensile strain of the Ge lattice and the

development of compressively strained Ge1xSnx,®® indicated by the shift in diffraction
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peaks to higher Bragg angles (Figure 3.11B). Based on TGA data performed under similar
experimental conditions (Figure 3.10), the NC surface should be free of ligands above
400 °C allowing for direct contact between particles without the loss of the desired

properties.
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Figure 3.10 A representative thermogravimetric plot of Geo.g0sSno.osz alloy NCs. Weight
loss up to 150 °C is attributed to trapped moisture, from 200-300 °C is attributed to butyl
groups bound to the NC surface and from 350-450 °C is attributed to oleylamine and

octadecene passivating ligands.
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Figure 3.11 (A) Geo.ss0Sno.140 NCs (size=15.9 nm) heated during TGA undergo significant
sintering and oxidation but no Sn segregation. (a) B-Sn PDF# 00-004-0673, (b) GeO:2
PDF# 00-036-1463, (c) Ge PDF# 01-089-5011 along with PXRD patterns of Geo.ss0Sno.140
NCs (d) post and (e) pre-TGA annealing. (B) A systematic rigorous air free annealing
study on Geo.ssoSno.140 NCs (starting crystallite size=13.3 nm) monitored by PXRD
showing the thermo-stability of samples up to 400 °C. (a) (B-Sn PDF# 00-004-0673), (b)

(Ge PDF# 01-089-5011), (c) as-prepared NCs, along with NC annealed at (d) 400, (e)

500, (f) 600, and (g) 700 °C.
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In addition, elemental analysis of the annealed samples indicates no loss of Sn after
the heating profiles. It should be noted that the ability to remove ligands with minimal
changes to properties is highly advantageous for the fabrication of self-assembled NC

thin films for future device applications.

3.3.3 Confinement Effects and Compositional Dependent Optical properties.

To systematically study the effects of quantum confinement across different
concentrations of Sn, a set of significantly smaller Gei1xSnx nanocrystallites were
produced with average size in the range of 3.4—4.6 nm. The successful elimination of the
larger NCs from the system was accomplished through lowering the concentration of the
metal precursor by increasing the solvent (OLA) volume, which further reduces the
probability of Sn atoms forming homogeneous nuclei and subsequent growth into 3-Sn
particles. Additionally, it is noted that as more Sn is incorporated into the reaction mixture
the catalytic effects of Sn increases resulting in wider size dispersity than desired.
Currently studies are being performed to improve the synthesis for specific Sn
concentrations so that better size and dispersity control may be achieved. Nevertheless,
this section investigates the evolution of the nature and energy of the bandgaps of as-
prepared Ge1-xSnx NCs as a function of Sn composition. For the ease of comparison, the
smaller Ge1xSnx nanoalloys are abbreviated numerically as (1) x=0.000, (2) x=0.033, (3)
x=0.056, (4) x=0.077, (5) x=0.088, (6) x=0.092, (7) x=0.116 as shown in Table 3.3. The
phase purity of smaller Ge1-xSnxNCs is confirmed by PXRD, which shows only the Bragg
reflections corresponding to diamond-like cubic structure and no detectable diffraction

corresponding to GeOz2, B3-Sn, or any other impurities (Figure 3.12). Significant line
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broadening is evident as a result of Scherrer scattering consistent with the smaller NCs
produced. Diffractions corresponding to the (220) and (331) planes of cubic Ge exhibit
minor overlap owing to the combined scattering from each plane. The broad nature of the
Bragg reflections makes it difficult to observe a systematic shift in the diffraction angles
expected from the incorporation of Sn. However, the examination of 15-23 nm Ge1-xSnx
NCs produced by employing a similar synthesis suggests that smaller Gei-xSnx
nanocrystallites are likely to exhibit a similar shift in Bragg reflections as a function of Sn
composition (Figure 3.2). To further investigate the size, shape, and composition of

smaller Ge1xSnx nanoalloys TEM was employed.

The primary particle sizes of the smaller Ge1xSnx nanoalloys were obtained from TEM
analysis providing evidence that the formation of larger NCs has been successfully
eliminated or reduced for all samples (Figure 3.13). In general, as-synthesized NCs are
spherical in morphology and are narrowly dispersed with size in the range of 3.4—4.6 nm.
The size histograms of Ge1xSnx NCs without any post synthetic size selection are shown
in Figure 3.14. The effects of increasing Sn concentration on nucleation and growth of
nanoalloys can be clearly observed through changes in size dispersity and increase in
average particle size. Pure Ge NCs 3.4 £ 0.4 nm, sample (1), are narrowly dispersed and
primarily consist of spherical crystallites (Figure 3.13A). Introduction of even low
concentrations of Sn, results in significant changes to size dispersity, and this effect

worsens as higher levels of Sn are incorporated. Figure 3.13B and 3.13C correspond to
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Table 3.3 Comparison of the elemental composition, crystallite and primary particle sizes,
and optical band gaps from (hva)?, (hva)”, corresponding to direct and indirect electronic
transitions, along with band energies obtained from Kubelka-Munk (KM) function for 3.4-

4.6 nm Ge1xSnx NCs.

Sample Sn Atomic % Particle | Crystallite | (hva)? | (hva)” | (KM)
composition Sn Size (nm)° size Eg Eg Eg

ICP-OES (x)2 | SEM/EDSP (PXRD)? | (eV)e | (eV)® | (eV)e

1 0.000 0.000 34+04 | 23+0.2 | 147 1.31 1.29

2 0.033 £ 0.007 0.030 41+08 | 2902 | 153 1.23 | 1.15

3 0.056 = 0.002 0.044 40+08 | 29+x0.2 | 143 1.20 | 1.08

4 0.077 £ 0.008 0.064 43+12 | 32202 | 1.51 1.59 | 0.99

5 0.088 +£0.012 0.073 41+1.0 3402 | 1.39 1.39 | 0.88

6 0.092 £ 0.014 0.089 43+14 | 3.7+x03 | 1.15 1.15 | 0.75

7 0.116 £ 0.017 0.110 46+12 | 26+0.2 | 095 | 0.75" | n/af

@ Elemental compositions were obtained as mol % Sn from ICP-OES averaging 3
individual measurements per sample.

b Atomic compositions were obtained from SEM/EDS, atomic percentage averaged from
5 spots per sample.

¢ Average patrticle size was calculated from counting 125-150 individual NCs from TEM
images.

d Calculated using the Scherer equation® after applying appropriate correction for
instrumental broadening using a Si standard.

€ Optical bandgaps were estimated from extrapolating the first major absorption onset to
the intersection point of the baseline using linear fits.”% 72 108

fOnset cut off by detector limitation.
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Figure 3.12 Power X-ray diffraction patterns of 3.4-4.6 nm GeixSnx NCs with Sn
compositions ranging from (1) x=0.000, (2) x=0.033, (3) x=0.056, (4) x=0.077, (5)
x=0.088, (6) x=0.092, (7) x=0.116. The cubic Ge reference pattern (PDF# 01-089-5011)

is shown as vertical black lines.

samples (2) and (3) respectively, particles are spherical but size dispersity has slightly
increased relative to sample (1). Furthermore, at higher Sn concentrations it is apparent
that the dispersity further increases, as seen in Figure 3.13D, 3.13E, and 3.13F.
Nonetheless, the HRTEM studies suggest that Geo.ssaSno.116 NCs are single crystalline
with a lattice spacing of 3.4 A (Figure 3.13H), which is consistent with an expanded (111)

plane of cubic Ge (3.3 A).
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Figure 3.13. TEM Images of Ge1-xSnx NCs with Sn composition ranging from (A) x=0.000,
(B) x=0.033, (C) x=0.056, (D) x=0.077, (E) x=0.088, (F) x=0.092, (G) x=0.116. (H)
HRTEM of a single Geo.ssaSno.116 NC showing the lattice fringe corresponds to (111) plane

of cubic Ge.
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Figure 3.14. Size histograms of Ge1xShxalloy NCs with average size in the range of

3.4-4.3 nm obtained from analysis of 125-150 individual nanocrystals from multiple TEM

images.
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Solution based UV-Visible-near-IR (NIR) spectra indicate absorption onsets from
850-1100 nm with sharp increases in the visible range similar to single element Si and
Ge NCs (Figure 3.15).5% 109 To probe the effects of size and composition on optical
bandgaps, solid state diffuse reflectance NIR spectroscopy was employed. The Kubelka-
Munk (KM) remission function, which converts the reflectance to pseudo-absorption, is
widely applied method for determining the bandgaps from reflectance data.”” "2 For
analysis of Ge1xSnx nanoalloys, the reflectance data were converted to absorption using
KM function’® 72 and the bandgap measurements were made by extrapolating a least
squares linear regression of the first major onset of the absorption profile to the
intersection point of the baseline. Details about the extrapolation are provided more in-
depth in Table 3.4. The energy gaps obtained from KM analysis indicate strong quantum
size effects in Ge1-xSnx NC samples 1-7 (Figure 3.16) and a clear red shift with increasing
Sn composition (Table 3.3). Since the alloy NCs produced by this route have nearly the
same morphology and average particle size (4.1-4.6 nm), the systematic red shifts in their
band energies can be correlated to the effect of Sn (bandgap = 0.09 eV)*? concentration
(x). It is significant to note that the bandgap values obtained from KM analysis (0.75-1.29
eV for x = 0.092-0.00) are significantly larger than those reported for Ge1-xSnx thin film
alloys (0.35-0.80 eV for x= 0.15-0.00),* consistent with the size confinement effects.
However, the KM analysis does not account for the type of transition occurring, which can

lead to underestimated measurements.
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Figure 3.15. UV-visible-NIR spectra of 3.6-4.3 nm Gei1xSnx alloy NCs examined in this
study along with the Sn composition (1) x=0.000, (2) x=0.033, (3) x=0.056, (4) x=0.077,

(5) x=0.088, (6) x=0.092, (7) x=0.116.
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Table 3.4. Comparison of the elemental composition, primary particle sizes, and optical
band gaps from (hva)? (hva)” corresponding to direct and indirect gap energies,
respectively and R squared values for the linear regressions used to determine bandgap

energies for 3.4-4.6 nm Ge1xSnx NCs.

Sample Sn Particle Size | (hva)? R? (hva)” Eg R?
composition (nm)P Eq (eV)°
ICP-OES (x)? (eV)°
1 0.000 34+04 1.47 | 0.9969 1.31 0.9954
2 0.033 £ 0.007 41+0.8 1.53 | 0.9877 1.23 0.9983
3 0.056 + 0.002 4.0x+0.8 1.43 | 0.9985 1.20 0.9981
4 0.077 £ 0.008 43+1.2 1.51 | 0.9901 1.59 0.9671
5 0.088 £ 0.012 41+ 1.0 1.39 | 0.9921 1.39 0.9921
6 0.092 £ 0.014 43+14 1.15 | 0.9975 1.15 0.9983
7 0.116 £ 0.017 46+1.2 0.959 | 0.9899 0.754 0.9955

@ Elemental compositions were obtained as mol % Sn from ICP-OES averaging 3
individual measurements per sample.

b Average particle size was calculated from counting 125-150 individual NCs from TEM
images.

¢ Optical bandgaps were estimated by extrapolating the first major absorption event of the
experimental data to the intersection point of the baseline. To reduce inconsistencies in
the extrapolation least squares linear fits were employed on the experimental data. The
points selected for fitting with the linear regression was typically covered a range of 0.4
electron volts. To obtain the best linear fits the experimental data range selected was
allowed to vary from 0.3 electron volts to 0.6 electron volts. It is important to note multiple
permutations of data ranges were analyzed for each sample. Only insignificant variations
of bandgap values were observed regardless of the fitting range selected therefore only
the fits with the best R? values were used to estimate the bandgap of the Ge1xSnx NCs.

dOnset cut off by detector limitation.
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Figure 3.16. Diffuse reflectance spectra (converted to absorbance using Kubelka-Munk
remission function) of 3.6-4.3 nm Ge1xSnhx alloy NCs as a function of Sn composition. (1)

x=0.000, (2) x=0.033, (3) x=0.056, (4) x=0.077, (5) x=0.088, (6) x=0.092, and (7) x=0.116.

It is important to note that bulk Ge exhibits a fundamental indirect gap of 0.67 eV and
a higher energy direct gap of 0.80 eV.?8 The addition of Sn into Ge has been shown to
greatly reduce both energy gaps,'4 15 23. 24,27, 28,87 however currently there are no studies
that show the effects of quantum confinement on indirect and direct band energies.
Hence, to account for different electronic transitions, the Tauc equations for both indirect
and direct bandgaps were utilized for comparision.64 72 73, 108, 110-113 Tqyc equation states
that the absorption coefficient (a) of a semiconductor is proportional to the density of
states for a given transition (hv - Eg)Y™ where n = 2, 2/3, %, 1/3 corresponds to the inter-
band transitions of an allowed direct gap, forbidden direct gap, allowed indirect gap, and

forbidden indirect gap, respectively.”?> Consistent with literature studies, we have utilized
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the assumption that the product of KM conversion « a’* 72 allowing for the reflectance
data to be employed in the Tauc analysis (Equation 1),”® where a is the absorption
coefficient, hv is the photon energy, Eg is the bandgap and A is the proportionality
constant.

a(hv)" = A(hv — Ey) (2)

The direct and indirect bandgaps of Ge1-xSnx alloy NCs were obtained by plotting (ahv)"
verses hv obtained from corresponding Tauc equations.® 72 73 108 110-112 Bandgap
energies were determined by extrapolating from least squares linear regressions of the
first major absorption onset of (ahv)" to the intersection point of the baseline (Figure 3.17,
Table 3.4 and Table 3.3) as reported in the literature. Details about the regression fits are
provided more in-depth in Table 3.4. Tauc analysis suggests indirect bandgaps in the
range of 1.31-0.75 eV and direct bandgaps in the range 1.47-0.95 eV for as-prepared
nanoalloys with x = 0.000-0.116 (Table 3.3). Slight differences are seen between the three
methods of bandgap determination. While all three are consistent in demonstrating an
overall decrease energy with increasing Sn composition is observed (Figure 3.18 & 3.19
Table 3.5). However, both indirect and direct gap methods indicate slight various possibly
due to changes in the band structure or quantum confinement. As previously discussed,
it has been predicted that Ge1-xSnx thin film alloys exhibit an indirect to direct transition
from 6.3-11% Sn?7. 23-26, 30, 31, 36 \which has been experimentally observed for x = 7.1-
8.6%.2325 |t is likely that Gei1xSnx NCs follow a similar trend, nonetheless further
experimental and theoretical studies including steady state and ultrafast absorption and

emission spectroscopy analyses, which are beyond the score of current work are needed
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to conclusively confirm this transition. Specific studies to probe the evolution of band

structure as a function of Sn composition are currently underway.
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Figure 3.17 Tauc plots of Ge1xShx alloy NCs. (A) sample 1-3 plotted with indirect-gap
Tauc function, (B) sample 1-3 plotted with direct-gap Tauc function, (C) sample 4-7
plotted with indirect-gap Tauc function and (D) sample 4-7 plotted with direct-gap Tauc
function. Solid line represents linear regressions; dashed lines are baselines. The
average Sn compositions obtained from ICP-OES analysis are (1) x=0.000, (2) x=0.033,

(3) x=0.056, (4) x=0.077, (5) x=0.088, (6) x=0.092, and (7) x=0.116.
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Figure 3.18. Representative EDS spectrum of GeixSnx NCs. C, O, and Al signals are
originating from the carbon tape and aluminum sample holder. Si and P suspected

impurities due to the use of molecular sieves for solvent drying.
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Figure 3.19 Bandgap values obtained from three different functions A) Direct gaps from

(hva)? B) Indirect gaps from (hva)” C) Energy gaps obtained from the Kubelka-Munk

function.
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Table 3.5 Atomic %Sn values obtained from 5 points per sample in SEM/EDS for 3.6-

4.3 nm Ge1-xSnx alloy NCs.

Sample Sn atomic % Average %
2 291 2.98 3.21 2.67 3.13 2.98
3 4.61 4.30 4.02 4.52 4.37 4.36
4 6.62 6.83 5.87 6.53 6.38 6.44
5 6.56 6.72 8.10 6.91 7.97 7.25
6 8.96 8.93 8.96 9.24 8.63 8.94
7 10.86 10.79 10.92 10.89 11.2 10.93

3.4 Conclusions

We have successfully produced two different size sets of homogeneous Ge1-xSnx alloy
NCs displaying Sn composition in the range of x = 0.000—-0.279 using a low temperature
colloidal synthesis. The larger set of NCs (15-23 nm) provides an accurate measure of
the structural characteristics as a function of Sn composition and suggests a high
solubility of Sn in nanocrystalline cubic Ge for OLA passivated particles. The successful
incorporation of Sn into Ge has been confirmed with PXRD, STEM-EDS, and Raman
spectroscopic studies and the increase in the inter-planar distance was further confirmed
through HRTEM studies. Thermal stability has been examined in samples exposed to air
as well as kept in rigorous inert conditions. Gei1xSnx NCs demonstrate moderate
resistance against phase segregation even at elevated temperatures (400-500 °C)

without any surface capping layer. While many studies have been done on the contraction
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of the band energies in Ge1xSnx alloy films,1* 15 27. 28 to our knowledge this study
communicates the first report on the dependence of bandgaps of colloidal Ge1-xSnx NCs
as a function of size and Sn composition. The larger Ge1-xSnx crystallites (15-23 nm)
exhibit band energies far below that of bulk Ge indicating lack of significant size
confinement. In contrast, strong quantum size effects were observed for smaller Ge1-xSnx
nanoalloys (3.4—-4.6 nm) resulting in a wide range of direct and indirect band energies
throughout much of the NIR spectrum. Despite the red shift induced via incorporation of
Sn the fundamental energy gaps of Ge1-xSnx nanoalloys were well above than those of
the non-confined bulk counterparts (0.35 - 0.80 eV),!2 consistent with the quantum size

effects.

Further optimization in size and dispersity control over variable Sn concentrations are
being performed. The effort in the future will be focused on elucidating the luminescent
properties of Ge1xShx NCs and achieving a better insight into the growth kinetics of
nanoalloys as a function of Sn composition. As more and more efforts are put into the
study of new semiconducting systems in order to produce high quality materials that are
both stable and have low to no toxicity, Ge1xSnx alloys have great potential as both a
narrow direct gap thin film material and now as quantum dots with composition tunable
bandgaps. We have demonstrated the successful synthesis of Ge1xSnx NCs free of
segregated Sn at concentrations far exceeding the previous two reports,>% 61 with strong
optical absorption and high thermal stability. The colloidal synthesis developed here
allows for the low-cost solution based processing for thin film fabrication, which is more
cost effective than previously reported molecular beam epitaxy and chemical vapor

deposition methods.
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CHAPTER 4

Ultra-small Ge1xSnx Quantum Dots with Visible

Photoluminescence

4.1 Introduction

Development of direct bandgap materials from low-to-nontoxic, earth-abundant Group
IV elements, has been a long-term goal in semiconductor research. Ge1xSnhx alloys have
been demonstrated as prime candidates to fill this position. Alloying with Sn allows energy
gap tuning and improves light-matter interactions, which otherwise are weak in the case
of indirect bandgap Si and Ge. When the Sn composition in Ge1-xSnx thin films exceeds
x = 0.06-0.20 (depending on strain), the material is expected to be a direct bandgap
semiconductor.4 15 2224 However, the amount of Sn required for the indirect to direct
bandgap transition, also reduces the gap energies deep into the infrared region (0.35-
0.80 eV for x = 0.15-0.00).*4 15 28 To extend the spectral range into visible and near
infrared spectrum and improve the efficiency of the optical transitions, there has been
increased interest in producing Ge1xSnx hanostructures to exploit quantum confinement
effects.®® High-quality Ge1xSnx nanowires have been previously reported,®8 6 however
the larger nanowires did not exhibit size confinement effects due to smaller excitonic Bohr
radius of Ge (11.5 nm).1* In contrast, there have been two reports on the synthesis of
Ge1xSnx NCs, reporting energy gaps from weakly confined (1.04-0.41 eV)% and
somewhat strongly confined (1.29-0.75 eV)>° regimes. In both reports, the incorporation
of Sn has been shown to significantly redshift the energy gaps when the particle size is

held constant, consistent with alloying effects. However, comprehensive
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photoluminescence (PL) studies on Ge1-xShx quantum dots (QDs) are still lacking, in part
due to the low success of synthesizing phase pure, luminescent QDs combined with the
fairly low quantum yields achieved.*°

In this study, we have explicitly focused on Ge1xSnx QDs that are smaller than 3.0 nm
to elucidate the full potential of quantum confinement effects. The resultant ultra-small
QDs exhibit energy gaps in the visible spectrum with composition dependent
photophysical properties. The structure and morphology of the QDs were examined with
powder X-ray diffraction (PXRD) and transmission electron microscopy (TEM). The
structural analysis indicates a diamond cubic structure as expected for Ge1xSnx NCs and
thin film alloys.%8 Solid-state absorption and emission studies indicate strong confinement
effects with absorption onsets ranging from 1.55-2.16 eV and PL peak maxima from 1.72-
2.05 eV (620-720 nm) for x = 0.018-0.236. Ab initio hybrid functional calculations revealed
energy gaps in close agreement with the experimental results, confirming measured QD

sizes and compositions.

4.2  Experimental Section

4.2.1 Materials.

Germanium diiodide (99.99+ %) and tin dichloride (>99.9985 % Ultra-Dry), were
purchased from Strem Chemicals and Alfa Aesar, respectively and stored in a N2 glove
box. N-butyllithium (BuLi) 1.6 M in hexane was purchased from Sigma Aldrich. Organic
solvents such as, 1-octadecene (ODE, 90%), oleylamine (OLA, 80-90%), and
Rhodamine 101 inner salt (99%) were purchased from Fisher Scientific. ACS grade

solvents such as chloroform, toluene, carbon tetrachloride, and methanol were
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purchased from Acros. OLA and ODE were dried by heating at 120 °C under vacuum
for one hour prior to storage in a N2 glovebox. Methanol was dried over molecular
sieves and toluene was dried over Na and both were distilled prior to use. Carbon
tetrachloride was degassed by bubbling N2 through it and was stored under inert
conditions. (Caution: n-butyllithium is highly pyrophoric and must be handled in air free
conditions by properly trained personal. Carbon tetrachloride is highly toxic and its use

should be minimized to limit exposure.)

4.2.2 Synthesis of Ultra-Small (1-3 nm) Ge1xSnx Quantum Dots (QDs)

A wet-colloidal strategy was used to produce Ge1-xSnx QDs with a diameter of
1.5-2.2 nm and Sn compositions of x = 0.018, 0.046, 0.066, and 0.236. Details of the
synthesis procedures have been discussed elsewhere,>® with the major change in
procedure being the varied concentration of the reducing agent. Briefly, the appropriate
molar ratios of Gel2 and SnCl2 (0.6 mmol total) and 20 mL of oleylamine were loaded
into a three neck round bottom flask under air-free conditions. This mixture was stirred
and degassed for ~8 min while heating to 115 °C then heated to 230 °C (~10 °C/min)
prior to injection of the reducing agent. The reducing agent used was n-butyllithium
(BuLi) diluted in 3 mL of 1-octadecene and the amount of BuLi used varied from 0.5-0.9
equivalents of the precursor halide concentration. After injection, the temperature was
ramped to 300 °C at a rate of ~6 °C/ min, before being cooled by compressed air (~5
min). Resultant QDs were isolated by a mixture of toluene ~5-10 mL followed by
methanol ~60-90 mL, and purified by dispersing in toluene and precipitating with

methanol twice.
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4.2.3 Synthesis of Larger, Polydisperse (5-20 nm) Ge1-xSnx QDs

A set of larger, polydisperse Ge1-xSnx QDs (5-20 nm) were produced for
STEM/EDS analysis, using a synthetic procedure reported in the literature.>® Briefly, 0.6
mmol of metal halides, Gelz /SnCl2, were heated in OLA at 115 °C to produce a
homogeneous orange color solution. This mixture was heated to 230 °C and BuLi (1.1
molar eq. of halides) in ODE (3.0 mL) was swiftly injected. Then the reaction was heated
to 300 °C and the growth stage was extended to 10 min at 300 °C to produce larger
polydisperse (5-20 nm) alloy NCs. This ensures a similar nucleation process for both ultra

—small and larger, polydisperse Ge1-xSnx NCs.
4.2.4 Isolation and Purification of QDs

After the desired growth time, the temperature was dropped below 100 °C and the
crude reaction mixture was mixed with 10 mL of freshly distilled toluene. Then, 60-90 mL
of freshly distilled methanol was added, the resultant mixture was centrifuged for 5 min to
obtain an orange color powder. The supernatant was discarded and the precipitate was

twice purified by dispersing in toluene and subsequent precipitation with methanol.
4.2.5 Characterization of QDs

Powder X-ray diffraction (PXRD) measurements were performed with a PANanalytical
X'Pert PRO X-Ray diffractometer calibrated with Si standard and equipped with a Cu Ka
anode (ka= 1.54 A). Purified QDs were deposited on to a low background sample holder
and diffraction patterns were collected at 45 kV and 40 mA operating conditions. A Cary

6000i spectrophotometer (Agilent Technologies) was used for solution absorption
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measurements and solid state diffuse reflectance (DRA) with an internal DRA 2500
attachment. Solid sample measurements were performed by mixing the dry QDs in a
BaSO4 matrix prior to analysis. Elemental compositions were recorded by energy
dispersive spectroscopy (EDS). EDS data were obtained in a Hitachi FE-SEM Su-70
scanning electron microscope (SEM) operating at 20 KeV with an in-situ EDAX detector.
Dried QDs were adhered to an aluminum stub with double sided carbon tape prior to
analysis. The elemental compositions were determined by averaging the atomic
percentages of Ge and Sn acquired from 5 individual spots per sample. X-ray
photoelectron spectroscopy (XPS) analyses were performed with a Thermofisher
ESCALAB 250 equipped with Al ka source. Samples were prepared by pressing them
into indium foil (Sigma Aldrich) which was adhered to an aluminum stub with conductive
carbon tape. Low resolution transmission electron micrographs (TEM) were recorded
using a Zeiss Libra 120 microscope operating at an accelerating voltage of 120 kV. High
resolution TEM (HRTEM) analyses were performed on a JEOL 2000FX scanning
transmission electron microscope with LaBs source operating at 200 kV. Scanning
transmission electron microscopy (STEM) and HRTEM images were recorded on a FEI
Titan 8300 microscope equipped with a Gatan 794 multiscan camera operating at 200
kV. TEM samples were prepared by drop casting ~5 uL of NCs, dispersed in CCls, onto
a carbon coated copper grids and evaporating the solvent. Photoluminescence (PL)
studies were performed using a frequency doubled Ti:sapphire laser (385 nm wavelength,
150 fs pulse width, 160 kHz to 80 MHz repetition rate) as the excitation source. The
detector was a liquid N2 cooled charge coupled device (CCD) camera connected to a

spectrometer. Samples were drop cast onto a clean Si substrate and dried and stored
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under nitrogen. Quantum vyield measurements were performed on a Cary Eclipse
fluorescence spectrophotometer (Agilent Technologies). Rhodamine 101 and Gex-1Snx
QDs were dissolved in CHCIz and the concentrations were adjusted so that the optical
densities were matched at the respective excitation energies. Annealing studies were
performed in a quartz tube under high purity argon flow, in a Thermo-Scientific Lindenburg
Blue M furnace. Raman spectra were acquired using a Horiba LABram HR Evolution
Confocal Raman Spectrometer equipped with a 532 nm laser with powder samples

deposited on an aluminum substrate.
4.2.6 Theoretical Electronic Structure Calculations of QDs

Calculations were performed for Ge1xSnx QDs with diameters of 2.1 nm and 2.7
nm, with dangling bonds passivated by hydrogen. Since hybrid functional structure
relaxations are computationally demanding (and likely in this case unnecessary), lattice
relaxations were performed using the generalized gradient approximation (GGA)!* to the
density functional theory, with forces minimized to 0.05 eV/A or less. The electronic
structure was calculated using tuned Heyd-Scuseria-Ernzerhof (HSE) hybrid functional
calculations and the projector-augmented wave (PAW)16 formalism, as implemented in
VASP,!'7 a plane-wave density functional code. In HSE hybrid functional, the semi-local
Purdue-Burke-Ernzerhof exchange correlation part of the density functional is mixed with
a Fock-type exchange in varying proportions at short range. In our calculations, the
fraction of exact exchange was kept at a standard 25%, while the exchange range
separation parameter was increased to 0.29 A, corresponding to the exchange
screening length of 6.9 A. The plane-wave basis sets with an energy cut-off of 250 eV

were used. These parameters were found to reproduce bulk band structure of Ge in
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excellent agreement with experiment and as such, are expected to be consistent for Gei-
xSnx alloy QDs. Test calculations performed for pure Ge QDs compared with previously
published results obtained using empirical pseudopotential calculations show that the
bandgaps of QDs are accurately reproduced. Excitonic effects were calculated using

time-dependent hybrid functional (TD-HSE) calculations.
4.3 Results and Discussion

4.3.1 Physical Charaterization of Ultra-small GeSn Quantum Dots The growth of
Ge1xSnx alloys is very challenging due to the lack of a stable bulk phase.5% 59 6163 |n
addition, with variation in Sn composition, the nucleation and growth kinetics have been
shown to drastically change. These changes are a result of differences in the reaction
chemistry and crystallization temperature of the alloy that is being produced.5® 63
Optimizing the synthesis for any specific composition of QDs requires a multivariate
approach, taking into consideration the precursor concentrations, solvent volume, amount
of reducing agent, nucleation and growth temperature and growth time. The synthesis of
ultra-small Ge1xSnx QDs was carried out at 300 °C similar to a literature method with
changes in the reduction event,? as detailed above. Moreover, a larger polydispsere set
of Ge1xSnx QDs (5-20 nm) were also produced when the growth time is extended to 10
min. at 300 °C. The ultra-small QDs with visible PL can be clearly distinguish by a reaction
product of light orange to deep red color.
Powder X-ray diffraction patterns suggest that as-prepared QDs consist of ultra-

small diamond cubic crystals with no detectable Sn impurities (Fig. 4.1A). As the

concentration of Sn increases, a systematic shift of diffraction peaks to lower 20 angles
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is expected, relative to the diamond cubic phase of Ge.5% %8 59.63 However, as the

crystallite size decreases, scattering signal increases and peak broadening dominates
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Figure 4.1. (A) PXRD patterns of Ge, ,Sn, QDs a) *=3-Sn, JCPDS # 00-004-0673(b) a-

Sn, JCPDS # 01-086-2266 (c) T=Ge, JCPDS # 01-089-5011 x = (d) 0.018, (e) 0.0486, (f)
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0.066, and (g) 0.236. (B) Annealing study performed on Ge ,4,Sn, 1p36 @) as-prepared

QDs b) 400 C° ¢) 500 C° d) 600 C° for 11 hours. ¥ =GeO,, JCPDS # 00-036-1463

much of the diffraction pattern. The broad peaks obscure the expected shift from cubic
Ge Bragg reflections making it difficult to quantify the effects of Sn on lattice expansion.
Such extreme line broadening also causes the peaks corresponding to (220) and (311)
to merge. This is because the combined scattering from each plane is more intense
than the diffraction from the individual Bragg angles. In addition, the incorporation of Sn
can lead to alloy disordering and strain in the lattice, contributing even more to

broadening of Bragg reflections.18

To further elucidate the structure and thermal stability, samples were annealed in
a tube furnace for 11 h at 400, 500 and 600 °C (Figure 4.1B). After sintering, the diamond
cubic structure became evident with progressive crystal growth at higher temperatures.
Between each annealing step, samples were exposed to ambient conditions for PXRD,
resulting in the formation of GeOz at 500 °C. Further heating to 600 °C resulted in
complete sintering, oxidation and segregation of the Ge1-xShx QDs into GeOz2, tetragonal
Sn, and cubic Ge phases. The lack of segregation below 500 °C suggests significant
thermal stability of Ge1xSnx QDs consistent with prior reports.>® 63 Prior to annealing, X-
ray photoelectron spectroscopy (Figure 4.2 and Table 4.1) was employed to study the
oxidation states of Ge and Sn, which suggests that Sn is incorporated before annealing

and not after.
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Figure 4.2. Representative X-ray photoelectron spectra of ultra-small Ge1-xSnx QDs: (A)
x = 0. 018, (B) x = 0.046, (C) x = 0.066. Dotted lines represent spectral data and solid

blue and red lines are fitted deconvolutions and green line is the sum of the fitted peaks.

The XPS spectra of ultra-small Ge1xSnx QDs are consistent with previous reports.>%
63 The peaks observed in the Ge (3d) spectra at 30.0 eV and 32.5 eV can be assigned to
Ge® and Ge?*, respectively (Figure 4.2). There is a noted absence of Ge** which would
indicate Ge02.5% 83,119 The relative intensity of the two peaks suggests a large contribution
from the surface of the QDs as is expected for ultra-small QDs with a large surface to
volume ratio. Examination of the Sn (3d) region indicates a similar story, with both core
SnP (486.9 eV) and surface Sn**2* (488.8) present in the sample (Figure 4.2).5963. 119 The
Sn peaks are shifted to higher energies due to surface charging effect commonly
observed in XPS analysis of nanoparticles.>® %4 In combination with XRD, Raman, and
STEM/ EDS maps, the presence of Sn® confirms that SnCl> was successfully reduced

and incorporated into the as-prepared Gei1xSnx QDs with no surface segregation. Both
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the Sn*/2* and Ge?* peaks are attributed to surface atoms bound to stabilizing ligands,
similar to a previous report.>® The potential presence of SnO: is ruled out by a lack of a
O (1s) peak at 530.6 eV.1*® The O (1s) peaks observed at 531.9 and 534.1 eV are

attributed to adsorbed H20 and CO:2 from the atmosphere.

Table 4.2. Elemental composition of ultra-small Ge1xSnhx QDs acquired from energy

dispersive spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS) analyses.

Sample Sn composition from EDS? | Sn composition XPSP
Ge1xSnx 0.018 + 0.07 0.0184
Ge1-xSnx 0.046 £1.2 0.0479
Ge1-xSnx 0.066 £ 0.5 0.075
Ge1-xSnx 0.236 +1.4 N/A

aSn compositions were obtained in terms of atomic % from SEM/EDS, and averaging five
individual measurements per each sample. °Sn compositions were obtained from the ratio
of Ge(3d) and Sn(3d) in XPS calculated with atomic sensitivity factors of 0.38 and 4.30,

respectively.11?

In addition, Raman spectroscopy was employed to study the vibrational
energies of ultra-small QDs. The Raman shift for Ge-Ge bonds arises at 300 cm™ and as
the Sn concentration is increased a systematic redshift is expected.?® %° This is a result
of the longer Ge-Sn bonds and the heavier Sn atoms. However, the bond vibrations in
Ge also redshift with decreasing particle size in QDs due to phonon confinement.1%° As

such, it is not possible for Raman to distinguish the amount of Sn in Gei1xSnx QDs.
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Nonetheless, Ge-Sn phonon modes are observed at ~276 cm™ (Figure 4.3), consistent

with previous reports on confined Ge and Ge1-xSnx nanostructures.5® 120
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Figure 4.3. Raman spectra of ultra-small Ge1xSnx QDs (1.85 + 0.47 - 2.28 + 0.48 nm)

with varying Sn composition: x = (a) 0.018, (b) 0.066, and (c) 0.236.

To further investigate the crystal structure and size of the QDs, TEM was
employed (Figure 4.4 and Figure 4.5). The bright field TEM images show particles with
sizes ranging from 1.85 + 0.47 - 2.28 + 0.48 nm for x = 0.018 to x = 0.236. All four
compositions of Ge1xSnhx QDs exhibit spherical morphology and fairly narrow dispersity
given the significantly small size. Increasing Sn content has been shown to drastically
change the nucleation and growth dynamics of Ge1xSnx QDs, which makes the

synthetic control challenging.5® 8 Nonetheless, particle size histograms of as-
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synthesized QDs (Figure 4.5) indicate there are narrow size discrepancies within
samples and between QDs with varying Sn concentrations. A few larger QDs (3.0-4.5
nm) are present in the x = 0.046 and x = 0.236 samples, however, their effect on the

optical properties would be minimal due to the low population count.

MAG: 1800kx

Anm 4nm 4nm
MAG: 1800kx MAG: 1800kx WAG: 1800kx

Figure 4.4. Low resolution TEM images of Ge1xSnx QDs with varying Sn composition
and almost consistent sizes: (A) x = 0.018, 2.28 + 0.48 nm (B) x = 0.046, 1.76 + 0.63
nm (C) x = 0.066, 1.85 + 0.47 nm (D) x = 0.236, 2.01 £ 0.57 nm. (E) High resolution
TEM image of a larger Geo.s7Sno.13 QD along with STEM/EDS elemental maps of (F)
Ge, (G) Sn, and (H) an overlay of Ge and Sn indicating the homogeneous distribution of

elemental components throughout the QD.
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Figure 4.5 Bright field TEM images of ultra-small Ge1xSnx QDs with varying Sn
composition: (A) x = 0. 018, (B) x = 0.046, (C) x = 0.066, and (D) x = 0.236. The
corresponding size histograms of Ge1xSnx QDs without any post-synthetic size selection

are also shown.
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In conjunction with the PXRD and Raman spectroscopy, high-resolution TEM has
been employed to elucidate the structure of Ge1xSnx QDs. Figure 4.6 and 4.7 hows
discrete QDs oriented with visible lattice spacings of 3.4, 2.1, 1.8 A, considerably
expanded from those of the (111), (220), (311) planes of diamond cubic Ge: 3.3, 2.0,
1.7 A, respectively. The systematic lattice expansion of Ge1xSnxwith increasing Sn
content is well documented and has previously been utilized to quantify the alloy
composition in both thin films and QDs.5% 83 121 Scanning transmission electron
microscopy (STEM) was utilized to acquire elemental maps of Ge1-xSnx QDs. For this
analysis, a larger set of particles were produced (~5-20 nm), by a similar synthetic
strategy,*® due to difficulties in mapping ultra-small QDs. Elemental maps of Ge and Sn
indicate even distributions of both components throughout the alloy lattice (Figure 4.4
and Figures 4.8-4.9). Therefore, combined with the HRTEM, these results suggest that
the as-prepared Ge1xSnx QDs are homogeneous solid solutions and devoid of

segregated Sn species.
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Figure 4.6. High resolution TEM images of 2.0 £ 0.57 nm Geo.764Sno.23s QDs. Visible
lattice fringes are measured at 3.4, 2.1, and 1.8 A corresponds to expanded (111), (220),

and (311) planes of diamond cubic Ge1-xSnx.
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Figure 4.7. Representative electron diffraction pattern of ultra-small Geo.934Sno.oe6 QDs.
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Figure 4.8. (A) Dark field TEM image of a polydisperse mixture of larger Geo.s7Sno.23 NCs
(5-20 nm) along with STEM/EDS elemental maps of (B)) Ge, (C) Sn, and (D) an overlay

of Ge and Sn indicating the homogeneous distribution of elemental components

throughout the lattice.
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Figure 4.9. (A) Dark filed TEM image of a polydisperse mixture of larger Geo.s7Sno.23 NCs
(5-20 nm) along with STEM/EDS elemental maps of (B) Ge, (C) Sn, and (D) an overlay
of Ge and Sn indicating the homogeneous distribution of elemental components in this

size regime.
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The small particle sizes achieved for alloy QDs have resulted in strong
confinement effects and exhibit composition tunable absorption and emission in the
visible spectrum. PL spectra indicate that even with strong confinement effects,
increasing the Sn content still produces a pronounced redshift in emission energy
(Figure 4.10.). For Ge1xSnhx QDs with x = 0.046 and x = 0.067, there is negligible
change in the PL spectral position. This can be attributed to a few different factors. First,
a crystal with ~2 nm diameter consists of only a few hundred atoms. This means that for
a 2% difference in composition only ~5-10 atoms are substituted in the entire
nanocrystal. Combined with variation in the distribution of Sn atoms within the crystal,
only a small change in energy gap may result for ultra-small QDs. This is also confirmed
by theoretical calculations, which show that the alloying effect becomes less
pronounced for smaller QDs (Table 4.2). Nonetheless, there is a clear redshift for Gea-
xSnx QDs of x = 0.018 to x= 0.236 with PL maximum shifting from 2.00 to 1.72 eV (620-
720 nm) consistent with expected Sn alloying effects. PL quantum yield (QY) were

measured with respect to Rhodamine 101 and indicate values form ~0.8-1.1 %.
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Figure 4.10. Solid-state (A) photoluminescence and (B) absorption spectra of Ge1-xSnx
QDs with varying Sn composition. Absorption onsets were obtained from intersects of the

dashed lines.
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Table 4.2. Theoretical energy gaps calculated for different sizes and compositions of Ge1-xSnhx

QDs along with experimental composition analysis, absorption onsets, and PL peak maxima

Theory

2.1 nm QDs | 2.7 nm QDs
Sn content energy gap | energy gap

(x) (ev)? (eVv)?
0.00 2.52 2.01
0.05 2.50 1.96
0.10 2.48 1.86
0.20 2.36 1.79

Experimental

Sn content Absorption PL peak

(x)° onset (eV)° (eV)
0.018 £ 0.07 2.05 2.00
0.046 £ 1.2 2.16 1.80
0.066 £ 0.5 1.96 1.86
0.236+14 1.56 1.72

aTheoretical energy gaps were obtained using tuned HSE hybrid functional. °'SEM/EDS was
employed to determine the elemental compositions. ¢Absorption onsets were determined from

intersection of baseline with the first major increase in absorption.

For comparison, diffuse reflectance spectroscopy was employed to measure the
absorption onsets of alloy QDs. The reflectance data were converted to pseudo-
absorption using the Kubelka-Munk remission function.”?> The absorption onsets (Figure
4.9B) are greatly blue shifted from those of larger Ge1-xSnx QDs (1.29-0.40 eV) that

have been previously reported with similar compositions (x = 0.0-0.42).5° 62 A clear

113



redshift is notable in the x = 0.236 sample while the other compositions all have similar
onsets. Further, the absorption onsets are in close agreement with the PL peak
maxima, suggesting that the emission results from fundamental energy gap transitions.
It is important to note that this is the first report demonstrating Ge1-xSnx QDs with visible
spectral range absorption and PL properties. Hence, to further confirm the results,
theoretical calculations of electronic and optical properties were performed. In this
study, diamond cubic Ge1xSnx QDs with diameters of 2.1 and 2.7 nm, passivated with
hydrogen atoms, were considered. In calculated Ge1-xSnx QD alloys, Ge atoms were
randomly replaced with Sn, and equilibrium geometries were obtained by relaxing the
structures within local density approximation??? to the density functional theory.
Subsequent electronic structure calculations were performed using Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional,'?® with exact exchange separation parameter tuned
to accurately reproduce bulk Ge band structure. HSE calculations show a systematic
decrease of the energy gap with increasing Sn concentration. However, the theoretical
energy gaps for 2.1 nm QDs are ~0.5 eV higher than those observed experimentally,
although the general trends of gap evolution with Sn concentration are in agreement
(Table 4.2). Furthermore, the experimental absorption/PL energies are in close
agreement with the HSE calculations for 2.7 nm Ge1xSnx QDs (Table 4.2 and Figure
4.11). This can be a result of sample polydispersity, where recombination in smaller
QDs is mainly governed by the non-radiative surface states and therefore the larger
QDs dominate the emission. There is also a possibility that experimental and theoretical
approaches in determining the QD size have some disparity. Nonetheless, all results

point to the Ge1xSnhx QDs having quantum confinement induced visible orange-red PL.
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Figure 4.11. Theoretical energy gaps of 2.1 nm and 2.7 nm Ge1-xSnx QDs with varying
Sn composition calculated using tuned Heyd-Scuseria-Ernzerhof hybrid functional

calculations.
4.4 Conclusions

In summary, we have produced ultra-small Ge1xSnx QDs as homogeneous solid
solutions with Sn content up to x=0.236. The resultant QDs display composition tunable
visible, orange-red emission. The structure of the QDs has been confirmed as diamond
cubic Ge1xSnx by PXRD and post-synthetic annealing studies whereas the Raman
spectroscopy, HRTEM, and STEM data support the homogeneous solid solution
behavior. Composition dependent photoluminescence (1.72-2.05 eV) and absorption
(1.55-2.16 eV) energies are in agreement with theoretical energy gap calculations
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performed with HSE hybrid functional. In this study, we have successfully expanded the
optical window of Ge1xSnx alloys into the visible spectrum allowing for applications in bio
imaging, chemical sensing and LEDs. Further as a Group IV QD system Ge1xSnx QDs
have an advantage over other non-toxic QDs due to being more suitable for monolithic

integration into existing Si-based technologies.
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CHAPTER 5

Energy Gap Tuning and Carrier Dynamics in

Colloidal Ge1-xSnx Quantum Dots

51 Introduction

Germanium is widely used as an infra-red (IR) optical material in photodetectors,
thermal imaging cameras, phosphors, and light emitting diodes.'?*-26 However, the major
limitation for efficient use of Ge in optical/optoelectronic applications is its indirect
bandgap, which requires phonons for optical transitions. It has been shown that the band
structure of Ge can be modified by alloying with Sn to reduce the energy difference of first
direct and indirect transitions, and beyond a certain Sn concentration (6 - 20%,
depending on the strain) an indirect-to-direct bandgap crossover is expected.!?7-130
Ge1-xSnx alloy has therefore attracted significant interest for the next generation of Si-
compatible electronic and photonic devices. However, incorporation of Sn (bandgap, Eg
= 0.08 eV) dramatically reduces the fundamental energy gap of Ge1-xSnx alloy deep into
the mid infrared (0.35 — 0.80 eV for x = 0.15 — 0.00), limiting its potential in visible to near
infrared (NIR) optoelectronics. To extend the potential spectral range, quantum
confinement effects have been utilized to produce Ge1-xSnx alloy nanostructures.
Quantum dots (QDs)*® 62 and nanowires (NWs)%8 60 have been demonstrated both at
weakly confined and somewhat strongly confined regimes that promote wider energy

gaps, in addition to enhancing the optical efficiency.®’
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Thin films of Ge1-xSnx alloy produced via chemical vapor deposition and molecular
beam epitaxy are well-studied and exhibit composition-tunable energy gaps in the mid-IR
region.'* 2337 However, growth of homogeneous Ge1-xSnx thin films is challenging due to
the emergence of phase segregation in high temperature syntheses, inherent poor
crystallinity, and high density of defects created with low temperature synthesis.33 131 In
contrast, colloidal synthesis is a low-cost alternative approach to attain high quality,
solution-processable Ge1-xSnx QDs without phase segregation of Sn while tuning the
energy gaps through variation of size and/or composition.%® 63 The synthesis of phase-
pure Ge1-xSnx hanocrystals (NCs) with sizes in the range of 15 - 23 nmand 3.4 - 4.6 nm
with up to x = 0.279 and gap energies of 1.29 - 0.75 eV have been recently
demonstrated.®® Moreover, larger Ge1-xSnx NCs (9 — 12 nm) with tunable energy gaps in
the near-to-mid IR region (1.04 — 0.41 eV) have also been reported.®® However, no study
has so far produced small enough Ge1-xSnx QDs with visible photoluminescence (PL). In
this work, we report the first systematic study of optical transition energies and carrier
dynamics at room and cryogenic temperatures in colloidally synthesized ultra-small
Ge1-xSnx QDs (~2.0 £ 0.8 nm) as a function of Sn concentration (x = 0.055 - 0.236) by

employing steady-state and time-resolved PL spectroscopy and ab initio calculations.

5.2 Experimental Methods

5.2.1 Materials:

Tin dichloride (>99.9985 % Ultra-Dry) and Germanium diiodide (99.99+ %) were
purchased from Alfa Aesar and Strem Chemicals, respectively and stored in a N2 glove

box. Oleylamine (OLA, 80-90%) and 1-octadecene (ODE, 90%), were purchased from

118



Fisher Scientific. N-butyllithium (BuLi) 1.6 M in hexane was purchased from Sigma
Aldrich. ACS grade solvents such as methanol, carbon tetrachloride, and toluene were
purchased from Acros. ODE and OLA were dried by heating at 120 °C under vacuum for
one hour prior to storage in a N2 glovebox. Methanol and toluene were distilled prior to
use after drying with molecular sieves and Na, respectively. Carbon tetrachloride was

degassed by bubbling N2 through it and was stored under inert conditions.

5.2.2 Synthesis of Ultra-small Ge1-xSnx QDs:

A wet-colloidal strategy was used to produce Ge1-xSnx QDs with a diameter of 1.5-
2.2 nm and Sn compositions of x = 0.055, 0.071, 0.125, and 0.236. Details of the synthesis
procedures have been discussed elsewhere,? with the major change in procedure being
the varied concentration of the reducing agent. Briefly, the appropriate molar ratios of Gelz
and SnCl2 (0.6 mmol total) and 20 mL of oleylamine were loaded into a three neck round
bottom flask under air-free conditions. This mixture was stirred and degassed for ~8 min
while heating to 115 °C then heated to 230 °C (~10 °C/min) prior to injection of the
reducing agent. The reducing agent used was n-butyllithium (BuLi) diluted in 3 mL of 1-
octadecene and the amount of BuLi used varied from 0.5-0.9 equivalents of the precursor
halide concentration. After injection, the temperature was ramped to 300 °C at a rate of
~6 °C/ min, before being cooled by compressed air (~5 min). Resultant QDs were isolated
by a mixture of toluene ~5-10 mL followed by methanol ~60-90 mL, and purified by

dispersing in toluene and precipitating with methanol twice.
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5.2.3 Synthesis of larger Ge1-xSnx particles:

For STEM/EDS analysis, a set of larger, polydisperse Ge1-xSnx QDs (5-20 nm)
were produced using a similar synthetic procedure. To ensure a good comparison can be
made between larger and the ultra-small QDs all parameters were kept constant except
the growth time at 300 °C. After all initial heating, nucleation and growth stages, the
resultant Ge1-xSnx nuclei were grown at 300 °C for 10 min to produce Ge1-xSnhx QDs with

sizes ranging from 5-20 nm.
5.2.4 Characterization:

For optical measurements, QD samples dispersed in carbon tetrachloride were
spin-coated on sapphire or silicon substrates and mounted on a closed cycle He cryostat.
Steady-state PL and TRPL measurements were performed using a frequency doubled
Ti:sapphire laser (385 nm wavelength, 150 fs pulse width, 8 kHz to 80 MHz repetition
rate) as the excitation source. A liquid N2 cooled charge coupled device (CCD) camera
connected to a spectrometer was employed to collect the steady-state PL spectra, and a
Hamamatsu streak camera with 25 ps temporal resolution was used to analyze the PL
transients. Hitachi FE-SEM Su-70 model scanning electron microscope operating at 20
keV, coupled with an in situ EDAX energy dispersive x-ray spectroscopy detector unit was
employed for the elemental analysis. TEM images were collected on a Zeiss Libra 120
model microscope operating at 120 kV. STEM images were recorded on a FEI Titan 8300
microscope equipped with a Gatan 794 multiscan camera operating at 300 kV. Samples
for TEM analysis were prepared by drop casting the QDs in CCls onto carbon coated
copper grids, followed by evaporation of the solvent. Powder X-ray diffraction

measurements were performed with a PANalytical X’Pert PRO X-Ray diffractometer
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calibrated with Si standard and equipped with a Cu Ka anode (ka= 1.54 A). Purified QDs
were deposited on to a low background sample holder and diffraction patterns were

collected at 45 kV and 40 mA operating conditions.
5.2.4 Computational calculations:

Calculations of the energy gaps and optical properties were performed using several
levels of theory. Alloy QD supercells were created using ideal bulk Ge bond lengths. QD
diameters were varied from 1.4 nm to 2.7 nm, with dangling bonds passivated by
hydrogen. The lattice relaxation method was used within local/semilocal approximation of
the density functional theory (DFT), since lattice properties are usually reproduced by
either local density approximation (LDA) or generalized gradient approximation (GGA)
reasonably well. It has been shown in the literature, and confirmed by our calculations,
that GGA relaxation of bulk Ge using some parameterizations of GGA (for example, a
widely-used Purdue-Burke-Ernzerhof)'® yields overestimated lattice constants of both
Ge and Sn. This leads to the lattice structure of Ge with a PBE computed direct band gap
at the I'-point, instead of experimentally observed indirect bandgap with conduction band
minimum at L-point. On the other hand, LDA'??2 underestimates the lattice constants very
slightly, and yields the structure corresponding to the correct indirect band gap. Therefore,
lattice relaxations were performed using LDA approximation to the DFT, with forces
minimized to 0.05 eV/A or less. In order to correctly reproduce the electronic levels of
alloy QDs, we used tuned Heyd-Scuseria-Ernzerhof (HSE) hybrid functional
calculations.'?® In HSE hybrid functional, the PBE exchange correlation part of the density
functional is mixed with a Fock-type exchange in varying proportions at short range. In

our calculations, the fraction of exact exchange was kept at a standard 25%, while the
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exchange range separation parameter was increased to 0.29 A', corresponding to the
exchange screening length of 6.9 A. These parameters were found to reproduce bulk
band structure of Ge in excellent agreement with experiment. Using time-dependent
hybrid functional calculations (TD-HSE), following Ref. 132, based on the tuned hybrid
HSE functional, the optical and excitonic properties were calculated for smallest alloy QDs
(1.4 nm). The trends in these properties are not expected to depend on size within the
range of sizes explored here. The PL lifetimes were determined by thermal averaging of
the radiative transition rates obtained from the oscillator strengths computed from TD-
HSE. All calculations were performed using Vienna ab initio simulation package (VASP)'”

with projector augmented plane-wave (PAW)"® method to describe core electrons.
5.3 Results and Discussion.

Four Ge1-xSnx QD samples with varying Sn content (x = 0.055, 0.071, 0.125, and
0.236) were produced by high temperature co-reduction of halides in high boiling alkyl
amine/alkene solvents. Transmission electron microscopy (TEM) images of QDs (Figure
5.1) without post-synthetic size selection indicate nearly spherical morphology and narrow
size dispersity with average sizes of 1.9+ 0.4 nm, 1.5+ 0.3 nm, 2.2 + 0.6 nm, and 2.0 +
0.6 nm in Ge1-xSnx QDs with x = 0.055, 0.071, 0.125, and 0.236, respectively. The x-ray
diffraction patterns of QDs are consistent with the presence of diamond cubic phase
typically reported for Ge1-xSnx alloy thin films and NCs (Figure 5.2). Significant
broadening of Bragg reflections is consistent with the growth of ultra-small QDs. Scanning
transmission electron microscopy (STEM) data support the growth of homogeneous
Ge1-xSnx alloys with Ge and Sn randomly distributed in the alloy lattice (Figure 5.3-5.4).

For STEM analysis, slightly larger (~5 — 20 nm) set of QDs were produced using a similar
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strategy, because of the difficulty of mapping ultra-small Ge1-xSnx QDs. It should be noted
that the formation of homogeneous Ge1-xSnx alloys observed for larger particles (~5 — 20
nm) is presumed to be true for smaller particles. This conclusion is based on the similar
synthesis strategy used for production of larger and smaller QDs (longer growth time for
larger particles) and the high tendency of Sn to continuously segregate and form
heterostructures (cubic Ge and tetragonal B-Sn) at longer growth times. It is expected
that if at any point during growth Sn segregation occurs, the formation of a homogenous
final product would be extremely unlikely. Moreover, structural analysis of ultra-small
Ge1-xSnx QDs (Figure 5.2) provides no evidence of heterogeneous nucleation or Sn

segregation further supporting the growth of homogeneous alloys.
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Figure 5.1. Bright field TEM images of Ge1-xSnhx QDs with (a) x = 0. 055, (b) x = 0.071, (c)
x =0.125, and (d) x = 0.236. The corresponding size histograms of Ge1xShx QDs without

any post-synthetic size selection are also shown.
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Figure 5.2. Representative Powder X-ray diffraction patterns of ultra-small (A)
Ge0.945SN0.055 QDs (B) Geo.9290Sno.071 QDs, (C) Geo.s7sSno.125s and (D) larger (4-20 nm)
polydispersity Geo.s7Sno.13 particles produced using a similar synthetic strategy, with Ge,

JCPDS File No. 01-089-5011.
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Figure 5.3. (A) High resolution TEM image of a Geo.s7Sho.13 QD (~20 nm) along with
STEM/EDS elemental maps of (B) Ge, (C) Sn, and (D) an overlay of Ge and Sn

indicating the homogeneous distribution of elemental components throughout the lattice.
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Figure 5.4. (A) High resolution TEM image of a Geo.s7Sho.13 QD (~5 nm) along with
STEM/EDS elemental maps of (B) Ge, (C) Sn, and (D) an overlay of Ge and Sn

indicating the homogeneous distribution of elemental components throughout the lattice.

Figure 5.5(a) shows the steady-state PL spectra of ultra-small Ge1-xSnx QDs
measured at 15 K. The PL peaks exhibit a red-shift from 1.88 eV for x = 0.055 to 1.61 eV
for x = 0.236. As these alloy QDs have the same shape (nearly spherical) and average
particle size (Figure 5.1), the systematic red-shift in PL can be attributed to the decrease
in energy gaps due to increasing Sn content, consistent with alloying effects. Moreover,
strong quantum confinement effects are evident in this ultra-small size regime as the gap
energies are well above those of their thin film counterparts (~0.35 — 0.80 eV for x = 0.15

—0.00).'5
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Figure 5.5. (a) PL spectra of Ge1-xSnx QDs with varying Sn content at 15 K, (b)
experimental (PL peak) and theoretical energy gaps as a function of Sn concentration in
2.1 nm and 2.7 nm QDs. Inset shows the size histogram of Geo.77Sno.23 QD sample,
representative of QDs with different Sn compositions, obtained from TEM analysis with

no post-synthetic size selection.

The PL peak position, both at 15 K and 295 K, as a function of Sn content is plotted
in Figure 4.5(b) along with the theoretical energy gaps calculated using tuned HSE hybrid
functional for 2.1 and 2.7 nm Ge1-xSnx QDs. It is evident that the experimentally obtained
energy gaps are consistent with theoretically calculated values for 2.7 nm QDs even
though the TEM data revealed an average size of 2.0 + 0.8 nm. This deviation can be
attributed to size variation within an experimental sample, where the PL is dominated by

emission from the larger QDs because of their better surface passivation by ligands
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resulting in reduced non-radiative decay pathways. For smaller QDs, the long carbon
chain and the bent structure of the surfactant (oleylamine, OLA) would become more
detrimental to ligand packing, leading to reduced surface passivation due to steric
hindrance of neighboring surfactant ligands. This discrepancy can also be attributed to
differences of theoretical and experimental size estimations, which is previously observed
in Group IV QDs.'33 With increasing excitation density from 40 mWcm-2 to 40 Wem2, PL
peaks at 15 K were observed to blue shift by 14 — 19 meV. In contrast, Wen et al.'3
reported blue shifts of 20 and 120 meV in Si QDs of sizes 2.5 and 3.8 nm, respectively
when the excitation density was increased by three orders of magnitude at room
temperature. They explained their observation using the Y-band theory which is compared
with our proposed model below. The larger shift in 3.8 nm QDs was ascribed to quantum
confinement effects and the saturation of lower energy core states. However, the smaller
shift in 2.5 nm QDs, where quantum confinement should be even stronger, was attributed
to the dominance of luminescence from surface states, which could not be fully saturated.
As discussed in detail below, our experimental and theoretical data suggest that the small
blue shifts observed for Ge1-xSnx QDs with increasing excitation density at 15 K are most
likely due to emission from higher energy surface states, the depth of which increases

with Sn content, as well as the higher energy excitons in the QD core.

As shown in Figure 5.5(b), for all the samples PL peaks at room temperature are blue
shifted compared to those at 15 K. One of the reasons for this temperature dependence
can be the exchange splitting between dark and bright exciton states. An exciton in which
the electron and the hole spins are parallel (s = 1) forms an optically inactive triplet state,

referred to as the dark exciton. Since in this case the optical transition is spin-forbidden,
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it is characterized by a long decay time.'® In contrast, a singlet s = 0 exciton state,
referred to as the bright exciton, is formed if spins of the electron and the hole are
antiparallel. This state is optically active and has a short life time. Calculations show that
at low temperatures and in the absence of surface traps, excitons in the QDs occupy the
lower-energy dark states and PL emission originates from these states. As the
temperature increases, thermal activation of higher energy bright excitons takes place
and consequently PL emission blue-shifts. Due to the electron-hole exchange interaction,
these dark and bright exciton states are separated by an energy Adb, which can be several
meV to several tens of meV depending on the material system as well as on the size of
QDs."¥¢ In case of 2.7 nm diameter QDs, Adb has been reported to be 15, 20, 25, and 40
meV in CdSe, Si, CdTe, and GaAs QDs respectively.'3”-140 Qur calculations for the GeSn
alloy QDs predict that in 2.7 nm dots this splitting is roughly 20 — 30 meV. Furthermore,
calculations also suggest that this dark-bright exciton splitting should decrease from ~30
to ~20 meV with Sn concentration increasing from zero to 20%. However, the
experimentally observed shift between the room temperature and low temperature PL
peaks increases from 35 meV in Ge1-xSnx QDs with x = 0.055 to 110 meV in Ge1-xSnx
QDs for x = 0.236 Sn. These values are significantly larger than those suggested by
calculations as well as those reported in the literature. Moreover, the trend of increasing
difference in PL peaks at 15 K and 295 K with increasing Sn content is inconsistent with
the theoretical predictions. The temperature shifts of PL peaks can therefore be explained
by the surface traps, which are likely to be present due to incomplete passivation by the
ligands. This would suggest that low temperature PL includes contributions from the

surface traps as well as the slowly decaying dark excitons. Unpassivated sites and
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surface defects create localized states at the surface, with energy levels within the gap.
As a result of thermalization of the photoexcited carriers, the electron (or the hole, or both)
can be trapped at such a surface state, with subsequent radiative recombination with a
hole in the HOMO (or electron in the LUMO). Such a spatially separated electron hole
pair, at low temperature, could recombine radiatively with a long lifetime and PL energy
below the gap. With increasing temperature, the electron (or hole) trapped at the surface
can be thermally ejected into the LUMO (or HOMO), with subsequent HOMO-LUMO
radiative recombination. Therefore, the blue shift with temperature, particularly for the
Ge1-xSnx QDs with x = 0.236 (~110 meV) where the increased alloy disorder can
potentially create high density of deeper traps, might mainly be due to detrapping from
surface states. From the temperature dependent shifts in PL peaks [Figure 5.5(b)], it is
evident that the surface trap depth increases with increasing Sn content. It should also
be noted that the observed 14 — 19 meV blue shift with increasing excitation density (by
three orders of magnitude) at 15 K can be attributed to the saturation of deeper surface

traps, which results in emission from shallower surface states.

In order to reveal the dynamics involving different recombination processes of non-
equilibrium carriers, time-resolved PL spectroscopy was employed. PL transients
measured at 15 K are shown in Figure 5.6. All samples exhibit biexponential PL decays,
where the fast decays are most likely associated with surface recombination (radiative
component) and slow decays are due to radiative recombination of dark excitons in the
QD cores. In QDs containing surface defects, carrier trapping is usually significantly faster
than radiative recombination in the core which leads to this two-component PL decay.'33

The surface state radiative recombination lifetimes derived from our calculations are on
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the order of 1 us in ~2 nm Ge1-xSnx alloy QDs, consistent with the fast decays in Figure

5.6, and are practically independent of temperature.
A biexponential decay function Afa_gteft/’f“t +A,,,6 "™ was used to fit the PL transients,
where time constants . __ and 7y, represent the fast and the slow decay components,

respectively. As shown in Figure 5.7(a) and Table 5.1, 7y, (~24 ys)and ,__ (~4 us) at

15 K are practically independent of the Sn content for up to x = 0.125, but decrease
significantly to 3 us and 0.5 us, respectively, for x = 0.236, consistent with the expected

higher density and deeper surface traps due to increased alloy disorder.

(o] '.";

PL intensity (a.u.)

0 60
Time delay (us)

Figure 5.6. PL transients of the Ge1xSnx QD samples of different Sn composition at 15

K.
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Figure 5.7. PL decay times measured at (a) 15 K and (b) 295 K as a function of %Sn in

Ge1-xSnx QDs. Fast decay components are shown in the insets of (a) and (b).

Table 5.1 Decay times and amplitude ratios obtained from biexponential fits to PL

transients at 15 K and 295 K.

Sn 15K 295 K

content
Tfast (HS) Tslow (HS) Afast | Aslow Tfast (ns) Tslow (ns) Afast | Aslow

(x)?
0.055 4.7+0.2 25.2+1.0 1.3 0.910.03 | 12.7+0.4 5.4
0.071 4.5+0.2 26.6+1.3 15 0.9+0.2 8.6+0.3 3.1
0.125 4.1+0.1 23.2+0.5 1.6 1.3+0.02 9.0+0.3 2.8
0.236 0.5+0.02 | 2.7+0.13 2.0 2.610.1 28.411.4 1.8

2Sn content determined from energy dispersive spectroscopy, averaging 5 individually

measured points.
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Our calculations suggest that in colloidal Ge1-xSnx QDs, possible interplay between
surface state localized carriers and dark-bright exciton splitting is responsible for the
observed optical response. Time-dependent HSE calculations indicate that dark excitons
should have a lifetime of ~1 - 10 pys at x = 0, i.e. for phase pure Ge QDs, followed by
roughly an order of magnitude drop for x = 0.05 and nearly no change for higher Sn
concentrations. However, as discussed above, the PL peak shifts with temperature
suggest a significant contribution from surface traps. Therefore, at low temperatures, long
biexponential decays suggest that carriers could be localized at the surface, with small
overlap between the wavefunctions.'!- 142 The slow surface recombination of localized
carriers could explain the fact that until concentrations of Sn reach x = 0.236, there is
almost no change in PL lifetime. Calculations also suggest that alloying with Sn smears
the separation between dark and bright excitons in Ge1-xSnx alloy QDs, introducing
excitons with increasing optical oscillator strength with increasing Sn content. This
combination of surface trap emission and exciton recombination in the core of QD would
lead to averaged decrease in PL lifetimes of excitonic transitions, revealed at high Sn

concentrations.

PL decay times were found to be much faster at room temperature. As shown in Figure

5.7b),z,,, is around 10 ns for QDs with x up to 0.125 and 28 ns for x = 0.236. This

slow
dramatic decrease of three orders of magnitude in decay times with increasing
temperature is most likely a result of thermal activation of singlet bright exciton transitions,
while the PL decay at 15 K is dominated by slow recombination of spin-forbidden triplet
dark excitons and recombination of carriers localized at surface traps. From our

calculations, the recombination of carriers localized on deep surface traps is found to be
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independent of temperature when lattice vibrations are neglected. In experiment, this
recombination is likely somewhat dependent on temperature, since at higher
temperatures overlap between the surface state and the core carrier wavefunctions
significantly increases due to the increased thermal vibrations. However, this dependence
is not as dramatic as the lifetime difference between dark and bright exciton
recombination. Therefore, room temperature PL is likely dominated by the bright exciton
recombination in the core of the QD. This dark-bright exciton splitting induced change in
PL decay times with increasing temperature is consistent with the steady-state PL results
discussed above and has also been observed in colloidal QDs of PbSe, CdSe, and Ge.’®
133,143 According to our calculations, room temperature lifetimes for radiative transitions,
which are dominated by bright excitons, have almost no dependence on Sn concentration

(only very weakly decreasing with Sn), and are around 10 — 20 ns.

To explore the origin of the fast decaying component (Trst) at room temperature, we
investigated the temporal dependence of PL spectra (Figure 5.8), which revealed the
existence of a very short lived (<1 ns) emission (at 2.2 - 2.3 eV during the first 1 ns time
window) possibly originating from higher energy bright excitonic states. This emission
cannot be observed in the spectra recorded at times longer than 2 ns, therefore, leading
to the fast component in PL transients. It is also not observed in the steady-state PL
spectra because its integrated intensity is much weaker than the longer-lived emission
from the lowest energy bright exciton states. Furthermore, no such short-lived PL peak

was observed in low temperature PL spectra collected at different time delays.

PL decays at room temperature are also strongly affected by non-radiative surface

recombination as evidenced by the much weaker intensities compared to those at 15 K.
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The ratios of time and spectrally integrated PL intensity at 295 K to that at 15 K for all the
QDs samples were found to be <10%, providing an upper limit for the quantum yield. At
15 K, surface traps are at least in part radiative as suggested by the lower energy
emission compared to room temperature. However, nonradiative channels most likely
become accessible at room temperature as the trapped carriers can overcome the
associated energy barrier via thermal excitation. The fast recombination component at
295 K, might therefore, have contributions from the nonradiative decay through surface
traps. In summary, carrier relaxation pathways at 15 K include primarily non-radiative and
radiative recombination at the surface traps. At 295 K, carrier de-trapping from the surface
and activation of bright exciton recombination take place, with non-radiative surface

recombination being dominant.
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Figure 5.8. Temporal dependence of room temperature PL spectra (along with their
corresponding Gaussian fitting) for Ge1-xSnx QD samples with (a) x = 0.055 and (b)

0.071. Other QD samples exhibit similar behavior.

Figure 5.9 summarizes the PL mechanisms identified in ultra-small Ge1-xSnx alloy
QDs. The discrete excitonic states in the core of the QD (on the left) are adjacent to the
surface states, i.e. shallow electron traps and hole traps with densities of states N(E)
below the excitonic transitions. The theoretically estimated dark-bright exciton splitting is
20 meV. Experimentally measured blue shift of the PL peak with temperature suggests
that the shallow electron traps are at 35-110 meV below the band edge. At low

temperature, following the above the gap excitation, the lowest energy excitonic state

for the electron-hole pair is the neutral dark exciton X? . In addition, the electron and
hole can be trapped at the localized spatially separated electron and hole traps. In both
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cases the radiative recombination has low probability, resulting in the long low
temperature lifetimes. At room temperature, bright exciton recombination leads to
significantly shorter lifetimes. Surface state radiative recombination also occurs faster;
however, this effect is less pronounced compared to switching on the bright excitons
and due to detrapping. With the admixing of Sn to Ge1-xSnhx quantum dots, the radiative
lifetime is expected to decrease, due to the introduction of dark-bright exciton mixing

and effective reduction of electron-hole exchange splitting.
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Figure 5.9. Schematic diagram of the radiative recombination pathways in Ge1-xSnx alloy

QDs.

According to the Y-band theory, it is not possible to tune the emission energy in Si
QDs beyond 2.1 eV, which corresponds to the energy of the yellow emission band, by
decreasing the size of the QDs."3* We have not observed any evidence for the emission

energy tunability limit due to presence of high energy surface states (so-called Y-band in
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the case of Si QDs) with reduction of the size of QDs. Instead, the surface states we have
reported are at energies lower than those corresponding to the bright exciton states in the
QD cores, and both energies can be tuned by changing the Sn content. However, we do
not rule out any similarities between the two models, and further studies with different

sizes of QDs are required for a better comparison.
5.4 Conclusions

In conclusion, we reported, for the first time, on the tunability of energy gap and carrier
dynamics in colloidally synthesized 2.0 £ 0.8 nm Ge1-xSnx QDs (x = 0.055 - 0.236) having
visible luminescence and developed a model for their radiative recombination pathways.
Energy gaps at 15 K, as deduced from steady-state PL measurements, were confirmed
to reach the visible spectral range, varying from 1.88 eV to 1.61 eV by changing Sn
content from x = 0.055 to x = 0.236, respectively. Taking the size and compositional
variation of these QDs into account, experimental energy gap values were fairly
consistent with theoretically calculated ones. PL decay times were found to be 3 — 27 us
at 15 K due to the slow recombination of spin-forbidden dark excitons and recombination
of carriers trapped at surface states. They dramatically decreased to 9 — 28 ns at room
temperature owing to the thermal activation of spin-allowed bright excitons and carrier

de-trapping from surface states.
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CHAPTER 6

CONCLUSIONS AND PROSPECTUS

The content of this dissertation has successfully laid the appropriate groundwork
for the motivation behind pursing the development of Ge1-xShx nanocrystals, set defined
goals for the development of a synthetic method (Goal 1), exploration of size dependent
optical properties (Goal 1 and Goal 2), and advanced spectroscopic studies to guide
future device development (Goal 3). Each of these three goals has been achieved

thoroughly and explored in detail.

The development of a colloidal synthesis for Ge1-xSnx nanocrystals was
previously unexplored, despite the high potential of Ge1-xShx alloys in optoelectronic
applications. The method reported herein is the first to successfully gain control over a
wide range of sizes and compositions without any undesired side products. This was
accomplished by co-reduction of metal-salts (Gel2 and SnClz) through a hot injection of
a strong reducing agent (n-butyllithium) in a strongly coordinating solvent (oleylamine).
While hot-injection methods are well known for the production of high quality
semiconducting nanocrystals, the inherent instability of Ge1xSnx as a bulk system and
preferential growth of 3-Sn over a-Sn at high temperature introduces many complicating
factors. As such, fine control over the nucleation stage was found to be of the utmost
importance in preventing the separate growth of Ge and Sn nuclei. Heterostructure
nucleation was eliminated by limiting the ability of Sn to self-nucleate with a two-fold

strategy. First a relatively large volume of solvent was utilized (10-20 mL), minimizing
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the chance of Sn-Sn collisions. The second was by determining a nucleation
temperature (210-230 °C) that would destabilize any Sn nuclei that might still form while
still allowing Gei-xSnx alloy nuclei to coalesce. Growth of size, shape, and composition
controlled Ge1xSnx alloy nanocrystals permitted in-depth studies into structure-property

relationships.

Three different size sets of homogeneous Ge1-xSnx nanocrystals were studied.
The largest set, 15-23 nm, played a crucial role in understanding the nucleation and
growth stages of the synthesis. At this size range composition control was realized up to
28% Sn content, demonstrating systematic lattice expansion key to altering the energy
gap. XPS analysis indicates proportional amounts of Ge and Sn both on the surface and
in the core of the nanocrystals. Deconvolution of the Ge (3d) and Sn (3d) suggests
multiple bonding modes of surface atoms related to metal-amine and metal-akyl bonds.
Elemental line scans and maps acquired through STEM-EDS confirmed a
homogeneous distribution of Ge and Sn throughout the nanocrystals supporting the
XRD and XPS results. Diffuse reflectance measurements confirmed the reduction in
energy gap in Ge1-xSnx nanocrystals (0.26 eV @ 28% Sn) with respect to pure Ge (0.67

eV) suggesting minimal to no quantum confinement in 15-23 nm size regime.

To induce significant confinement effects, it was necessary to study even
smaller Ge1xSnx nanocrystals. Ge1xSnx hanocrystals in the range of 3.4 - 4.6 nm were
prepared with compositions ranging from 0-12% Sn. Cubic alloy structure was
confirmed with XRD and narrow size distribution determined through TEM. Both solution
and solid state absorption spectra show a significant increase in energy gap with

respect to that of pure bulk Ge. Full analysis of the energy-gaps revealed that even in
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the confinement size regime, the effect of Sn alloying still caused pronounced red
shifting of absorption onset. Gap energies of the 3.4 - 4.6 nm nanocrystals (0.75-1.29
eV for 0- 9 %Sn) were determined by Kubelka-Munk converted diffuse reflectance.
Further analysis was performed by applying the Tauc equations for both direct and
indirect bandgaps resulting in energy gaps of 0.95-1.4eV and 0.75-1.31eV, respectively.
Tauc analysis is not truly appropriate for determining between indirect and direct
bandgaps, especially in the case of quantized energy levels in quantum confined
nanocrystals. However, an interesting cross over is noted from the indirect equation
predicting lower energy gaps from 0-5.6 %Sn to the direct gap equation predicting lower
gaps when the composition exceeded 7.7 %Sn. The significance of this trend change is
that, even if just coincidental, it occurs in at the same composition range that theoretical
and experimental studies on Ge1-xSnx alloy thin films undergo a transition from indirect
to direct bandgap. Unfortunately, little success was made in determining the
luminescent properties of the 3.4-4.6 nm Ge1xSnx nanocrystals. This can be attributed

to a combination of low success rates of luminescence and fairly low quantum yields.

To further explore the effects of quantum confinement an even smaller set of
Ge1-xSnx hanocrystals was produced. Narrowly dispersed ultra-small Ge1-xSnx
nanocrystals (1.5-2.2 nm) with compositions in the range of 1.8-23 %Sn, exhibiting
absorption and emission in the visible region for the first-time. Kubelka-Munk analysis
predicted energy gaps of 2.16-1.5 eV (x = 0.018-0.23), however Sn induced red-shifting
was only seen in the nanocrystals with 23 %Sn by this method. Photoluminescence is a
far more reliable method to determine energy-gaps and indicate that there is still

systematic red-shifting even in such a strong confinement region. The PL
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measurements indicate gaps of 1.72-2.05 eV for x = 0.018-0.23 at room temperature
with incremental red-shifting as Sn concentration increases. These measurements were
in close agreement with energy-gaps calculated through theoretical calculations. To
better understand the fine structure of the energy-gaps and probe the carrier dynamic
further spectroscopic studies were conducted. In addition to the room temperature
measurements, steady state PL was conducted at 15 K. At low temperatures, the PL
range was 1.61-1.88 eV with decay lifetimes of 3-27 us. The decay times at 15 K are 3
orders of magnitude slower than those at room temperature (9-28 ns). The temperature
dependence on PL lifetimes is likely due to spin forbidden dark states which are

overcome by thermal activation of bright excitons at room temperature.

While significant progress has been made in the field of Ge1xSnx nanostructure
research since the onset of this project, these studies are still in their infancy. The
synthetic methodology should be improved with a focus on reducing size dispersity at all
size ranges. Narrower size dispersity will enable more precise analysis of both size and
composition relationships for better understanding of energy-gaps and carrier dynamics.
Developing strategies for enhanced surface functionality are already underway. Better
surface passivation will help improve emission efficiency and elucidate PL properties for
not only the ultra-small nanocrystals but also the larger nanocrystals. One of the most
prolific ways of improving surface passivation is through core-shelling with a compatible
material to eliminate dangling bonds. However, selecting a shell material for Ge1xSnx
alloy nanocrystals is not trivial. Many common shell materials include Group VI anions,

which are highly reactive with both Ge and Sn and will likely etch the particles instead of
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depositing on the surface. Oxide based shells such as SiO2 can be applied for

fundamental studies but their insulating properties will not prevent use in devices.

Since the ultimate goal of studying Gei1-xSnx nanocrystal is for application in
semiconducting devices, all current methods for film assembly should be considered
and explored. All inorganic ligand systems are one of the more recent developments in
semiconductor nanocrystal research. They have been shown to improve carrier
transport in thin film devices by providing a conductive cross linking between particles.
By adapting this technique early in the development of Ge1xShx nanocrystals it will

greatly expedite our understanding of the system and application into devices.

To further explore the effects of quantum confinement an even smaller set of
Ge1xShx nanocrystals was produced. Narrowly dispersed ultra-small Ge1-xShx
nanocrystals (1.5-2.2 nm) with compositions in the range of 1.8-23 %Sn exhibited for
the first-time absorption and emission in the visible region. Kubelka-Munk analysis
predicted energy gaps of 2.16-1.5 eV, however Sn induced red-shifting was only seen in
the nanocrystals with 23 %Sn by this method. Photoluminescence is a far more reliable
method to determine energy-gaps and indicate that there is still systematic red-shifting
even in such a strong confinement region. The PL measurements indicate gaps of 1.72-
2.05 eV at room temperature with incremental red-shifting as Sn concentration
increases. These measurements were in close agreement with energy-gaps calculated
through theoretical calculations. To better understand the fine structure of the energy-
gaps and probe the carrier dynamic further spectroscopic studies were conducted. In
addition to the room temperature measurements, steady state PL was conducted at

15K. At low temperatures, the PL range was 1.61-1.88 eV with decay lifetimes of 3-27
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ps. The decay times at 15 K are 3 orders of magnitude slower than those at room
temperature (9-28 ns). The temperature dependence on PL lifetimes is likely due to spin

forbidden dark states which are overcome by thermal activation at room temperature.

While significant progress has been made in the field of Ge1xSnx hanostructure
research since the onset of this project, these studies are still in their infancy. The
synthetic methodology should be improved with a focus on reducing size dispersity at all
size ranges. Narrower size dispersity will enable more precise analysis of both size and
composition relationships for a better understanding energy-gaps and carrier dynamics.
Developing strategies for enhanced surface functionality are already underway. Better
surface passivation will help improve emission efficiency and help elucidate PL
properties for not only the ultra-small nanocrystals but also the larger nanocrystals. One
of the most prolific ways of improving surface passivation is through core-shelling with a
compatible material to eliminate dangling bonds. However, selecting a shell material for
Ge1xSnx alloy nanocrystals is not trivial.4% 144 Many common shell materials include
Group VI anions, which are highly reactive with both Ge and Sn and will likely etch the
particles instead of depositing on the surface. Oxide based shells such as SiO2 can be
applied for fundamental studies but their insulating properties will not prevent use in

devices.

Since the ultimate goal of studying Ge1xSnx nanocrystal is for application in
semiconducting devices, all current methods for film assembly should be considered
and explored. All inorganic ligand systems are one of the more recent developments in
semiconductor nanocrystal research.'®> They have been shown to improve carrier

transport in thin film devices by providing a conductive cross linking between particles.
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By adapting this technique early in the development of Ge1xSnx nanocrystals it will

greatly expedite our understanding of the system and application into devices.
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