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roup IV nanocrystals (NCs) are a po-

tentially nontoxic class of photolu-

minescent nanomaterials with ap-
plications in solar photoconversion and
related optoelectronic technologies (e.g.,
photodetectors, LEDs, biological
imaging)."? Despite the great potential of
these materials, size- and shape-control is
not nearly as well-developed for group IV
nanoparticles as that for binary Il—=VI, IV—VI,
and llI—=V semiconductors. Fine-tuning of
NC size and shape would facilitate advances
in the study of the photophysical proper-
ties (i.e., absorbance and photolumines-
cence (PL)) associated with group IV NCs.
In particular, development of synthetic pro-
tocols to reliably control sizes in the 2—10
nm range is necessary to understand their
guantum confinement behavior and evalu-
ate their efficacy in potential device
structures.

Although Si and Ge are both of interest
for use in optoelectronics applications, Ge
is particularly attractive due to (i) a narrow
bulk bandgap (0.67 eV at 300 K) that is eas-
ily tuned via quantization to technologically
important wavelengths, (i) a large exciton
Bohr radius (~24 nm), which provides a
strong quantum confinement effect,®~> (i)
potential behavior as a direct or quasidirect
bandgap material on the nanoscale, and
(iv) a large absorption coefficient (~2 X 10°
cm™ " at 2 eV).® Of the strategies for prepar-
ing nanomaterials, colloidal synthesis of
high-quality Ge NCs is a desirable route that
would enable low-cost fabrication, process-
ing, and device assembly.”~'° Over the past
decade a number of publications have ap-
peared detailing solution-phase synthetic
routes to Ge NCs, including (i) reduction of
GeX, salts (X = Cl, Br, ) using Zintl
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ABSTRACT We present a novel colloidal synthesis of alkyl-terminated Ge nanocrystals based on the reduction

of Gel,/Gel, mixtures. The size of the nanocrystals (2.3—11.3 nm) was controlled by adjusting both the Ge(IV)/

Ge(ll) ratio and the temperature ramp rate following reductant injection. The near-infrared absorption (1.6—0.70

eV) and corresponding band-edge emission demonstrate the highly tunable quantum confinement effects in Ge

nanocrystals prepared using this mixed-valence precursor method. A mechanism is proposed for the observed size

control, which relies upon the difference in reduction temperatures for Ge(ll) versus Ge(IV).
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complexes,'"'? sodium,'*'* sodium
naphthalenide,’>'® or metal hydrides;'”~° (ii)
thermolytic reduction of organogermanes®
or Ge[N(SiMe;),], (Me = methyl);??2 and (jii)
reduction of Gel, with hydrides? or butyllith-
ium (BuLi).?* In addition to colloidal ap-
proaches, reports on the preparation of Ge
NCs using physical deposition methods have
yielded both oxide matrix-bound?~34 and
matrix-free particles.3>3°

Despite the extent of these synthetic ef-
forts, significant inconsistencies exist in the
photophysical properties attributed to
these nanoscale semiconductors. For in-
stance, even though the absorption proper-
ties of Ge NCs have been demonstrated by
experiments?>34 and theory®”38 to show
strong quantum size effects, early reports
found that emission was relatively insensi-
tive to particle size. The PL emission of Ge
NCs prepared by physical deposition tech-
niques was initially reported to be centered
from 2.1—2.4 eV for particles having diam-
eters from 2—15 nm,2°~3% which would be
inconsistent with emission from carrier con-
finement in quantum dots, as a larger PL en-
ergy range would be expected. Later, the
high energy PL (>2.0 eV) previously attrib-
uted to Ge NC emission was instead found
to result from surface oxide impurities.3' 33

infrared emission
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The latter of these papers> demonstrated the first ex-
ample of near-infrared (NIR) emission by Ge NCs, exhib-
iting PL peaks of 0.88—1.54 eV (1400—800 nm) for
5.3—0.9 nm diameter particles, which is more consis-
tent with quantum confinement from the 0.69 eV band-
edge emission observed for bulk germanium.* Further-
more, in all but one case,?* Ge nanoparticles prepared
via solution-phase colloidal routes have exhibited
(when reported) emission in the near-UV to blue-visible,
from 340—500 nm (3.6—2.5 eV). Similar to the physical
deposition literature, the near-UV to blue-visible emis-
sion in Ge NCs prepared by solution-phase routes has
been attributed to uncontrolled amounts of lumines-
cent GeO, impurities.?*

Of the known colloidal methods, two significant ad-
vancements in the solution-phase synthesis of Ge
NCs—both based on high temperature reduction of
Gel,—were recently reported.>**4° Korgel and co-
workers showed that Ge NC size may be tuned from
3—11 nm by adjusting the Gel, concentration.”> How-
ever, no characterization of the nanoparticle photo-
physics was performed. In the more recent communica-
tion, Klimov and co-workers confirmed that Ge
precursor concentration does have some effect on par-
ticle size, but good size control was still lacking.?* More
importantly, this work demonstrated the first NIR emis-
sion from colloidally synthesized Ge NCs with PL peaks
ranging from 980—1140 nm (1.26—1.09 eV) for 3.2—4.0
nm diameter particles, consistent with the lone report
of NIR emission from physically deposited particles.>?
While these two recent communications on the reduc-
tion of Gel, represent progress toward size-control of
Ge NGs, both have drawbacks from a synthetic stand-
point. The Gel, precursor exhibits limited solubility in
the long alkyl-chain solvents employed in NC synthe-
ses (i.e., trioctylphosphine (TOP) and hexadecylamine
(HDA)). This necessitates long stirring times (12—24 h)
or elevated temperatures to achieve the high concen-
trations necessary for larger particle growth, ultimately
limiting the NC size range available with these methods.

Here, we report a colloidal synthesis method that of-
fers reproducible control of Ge NC size from 2.3—11.3
nm by the reduction of Gel,/Gel, mixtures at a constant
Ge concentration. This strategy eliminates the need for
high Ge precursor and reductant concentrations to syn-
thesize larger particles. Instead, the NC size is con-
trolled by the Ge(IV)/Ge(ll) ratio and the temperature
ramp rate following reductant injection. The photo-
physical properties of the Ge NCs, including bandgap
and NIR emission energies, are found to increase with
decreasing particle size as would be expected from
strong quantum confinement. In addition, we propose
a mechanism for the observed size control, which relies
upon the difference in reduction temperature (and
rate) for Ge(ll) versus Ge(lV). Our data suggest that Ge
NCs form via an initial low-temperature reduction of
Ge(ll), followed by controlled growth of the NCs
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through the slower reduction of Ge(lV) at higher
temperatures.

RESULTS AND DISCUSSION

The synthetic protocol developed here employs a
long alkyl-chain amine (HDA or oleylamine) as solvent
and the soluble reductant BulLi, similar to that reported
by Lee et al?* Our method is distinguished in that the
Ge NC source is a Gel,/Gel, mixture with a defined stoi-
chiometry at a constant total Ge concentration, which
is essential in controlling the final NC size. We label our
samples Ge-NC(Ge(IV)/Ge(ll)), where Ge(IV)/Ge(ll) rep-
resents the respective molar percentage ratio of Ge pre-
cursors in the reaction. In a typical synthesis, the de-
sired amount of Gel, and/or Gel, was dissolved in HDA
while heating under flowing nitrogen. When the reac-
tion temperature reached 200 °C, a solution of BuLi (1.1
equiv vs total iodide) in 1-octadecene (ODE) was rap-
idly injected, causing an immediate drop in tempera-
ture to ca. 150 °C. After recovery to 200 °C, the temper-
ature was then increased to 300 °C (ramp rate ~ 2.5 °C
min~" for all experiments except for Ge-NC(100/0)s,s;,
where it was 15 °C min~") and held for 1 h at 300 °C. The
reaction undergoes characteristic color changes from
yellow to orange to brown associated with the forma-
tion and growth of Ge NCs. Presumably, octadecyl sur-
face groups form via well-known hydrogermylation be-
tween a transiently formed Ge—H surface species and
octadecene.?**! The dark brown solid product was iso-
lated via the commonly used solvent/nonsolvent pre-
cipitation technique and was stored in a glovebox. No
attempts were made to focus the size regime using size-
selective precipitation.

Representative TEM images of the Ge-NC(Ge(IV)/
Ge(ll)) series are given in Figure TA—E, and Table 1
summarizes the Ge(IV)/Ge(ll) ratios investigated and re-
sulting average NC diameters. Although in some cases
particles appear to be nonspherical in shape (particu-
larly in Figure 1D,E), in most cases this is due to overlay-
ing particles. High-resolution images (Figure 1F—G) re-
vealed that particles are quasi-spherical with low aspect
ratios. In addition to the Ge(IV)/Ge(ll) ratio, it was found
that a slow ramp rate of ~2.5 °C min~' from 200—300
°C was essential to reproducibly control the NC size.
When a fast ramp rate of 15 °C min~" was employed,
the average NC size at a given Ge(IV)/Ge(ll) value var-
ied widely from batch to batch. The lone exception was
when only Gel, was used as the Ge source, Ge-NC(100/
0). In this case, the extremes of NC size could be
achieved by employing either the fast or slow tempera-
ture ramp rate. A fast ramp rate produced small 2.3 =
0.4 diameter NCs, Ge-NC(100/0);,5¢, and a slow ramp
rate produced large 11.3 = 2.4 nm diameter NCs, Ge-
NC(100/0)0w- When only Gel, was employed as the Ge
source, Ge-NC(0/100), the reduction yielded NCs with
an average diameter of 3.8 = 0.8 nm consistent with the
report of Klimov and co-workers.?* The NC diameter
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could be increased to 4.7 = 1.0 nm using a 50/50 ratio,
Ge-NC(50/50), and further increased to 6.6 = 1.5 nm
with a 75/25 ratio, Ge-NC(75/25). This series demon-
strates that the Ge—NC size can be tuned over a 9 nm
range to have average diameters of 2.3, 3.8, 4.7, 6.6, and
11.3 nm using this synthetic methodology.

Further characterization of the Ge-NC(Ge(IV)/Ge(ll))
materials was carried out by high-resolution TEM (HR-
TEM). In addition to the expected single crystal lattice
fringes observed for the majority of particles in all Ge-
NC(Ge(IV)/Ge(ll)) samples (Figure 1F), it was found that
some NCs in each sample displayed polycrystallinity
(i.e., visible grain boundaries) and a small number dis-
played regions that appeared amorphous (Figure 1G).
The fraction of NCs in these samples that possess poly-
crystalline/amorphous structure is difficult, if not impos-
sible, to accurately estimate, although we stress that
the majority of nanoparticles examined by HRTEM were
single crystals. The incomplete crystallization of a small
proportion of the NCs is attributed to the inherently
high crystallization temperature of Ge that, similar to
Si, has been identified as a major reason progress in the
synthetic preparation of group IV semiconductor nano-
materials has lagged behind that of groups II-VI, V=V,
and llI—-V."** X-ray diffraction patterns of the Ge NCs
were broad, with overlapping (220) and (311) peaks, re-
flecting the expected peak broadening due to small
crystallite size and, to some degree, polycrystallinity,
consistent with previous reports of similarly sized NCs
(Supporting Information, Figure S2)."8%2 As an addi-
tional check of material composition, energy disper-
sive X-ray spectra (EDS) were recorded, and characteris-
tic Ge peaks were observed (not shown).

The photophysical properties of the Ge-NC(Ge(IV)/
Ge(ll)) materials were investigated via UV—vis—NIR ab-
sorbance and PL spectroscopies (405 nm excitation).
Simple quantum confinement effects suggest that
smaller NCs should exhibit an absorption onset at
higher energy than larger NCs. The Ge-NC(Ge(IV)/
Ge(ll)) materials followed this trend extremely well,
with an absorption onset of the small 2.3 nm NCs, Ge-
NC(100/0)s.s, Near 780 nm (1.6 eV), and that of the larg-
est 11.3 nm NCs extending to 1800 nm (0.70 eV) (Fig-
ure 2A, Table 1). Similarly, the PL spectra for the Ge NCs
demonstrated that the PL peak correlates with the ef-
fective bandgap, shifting from 860 nm (1.44 eV) for 2.3
nm NCs (bandgap 1.6 eV) to 1230 nm (1.01 eV) for 4.7
nm NCs (bandgap 1.1 eV) (Figure 2B, Table 1). The broad
luminescence (fwhm = 250—425 nm) is indicative of
emission from particle size ranges (+20%) within the
samples. Notably, the fact that absorption energies
were slightly higher (by ~0.1 eV) than emission ener-
gies indicates a Stokes-like shift that is consistent with
vibrationally coupled emission from band-edge transi-
tions. It is also important to highlight the absence of a
direct, allowed exciton peak in any of the absorption
spectra, suggesting that transition from an indirect to
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Figure 1. Representative TEM images for (A) Ge-NC(100/0);,s, (B) Ge-
NC(0/100), (C) Ge-NC(50/50), (D) Ge-NC(75/25), (E) Ge-NC(100/0)5;0u,
and HRTEM images showing (F) single crystal Ge NCs and (G) partially
amorphous and polycrystalline Ge NCs. Lattice fringes correspond to

the cubic Ge (111) reflection (d-spacing = 3.3 A).

a direct or quasi-direct bandgap does not occur with
these particle sizes. Our experiments also showed that
the PL intensity significantly decreased for NCs having
an absorption onset at or below 1.0 eV (~6 nm and
larger), for which only extremely weak NIR PL (not
shown) was detected, as has been observed
previously.2#3340 |nterestingly, this phenomenon of de-
creasing PL intensity with decreasing effective bandgap
appears to be a general phenomenon for quantum-
confined nanomaterials and has been attributed to
nonradiative multiphonon transitions into dark trap
states as well as energy transfer to ligand vibrations.*344
As described above, PL emission from solutions of
Ge-NC(Ge(IV)/Ge(ll)) prepared under rigorously air-
free conditions was observed as a broad peak in the
NIR. However, after open solutions were exposed to air
for extended periods of time (i.e., =1 week), the band-
edge NIR emission was completely quenched, a blue
shift to visible wavelengths occurred, and a second
weak visible peak was detected at 525 nm (Figure 3A).
These emission changes are attributed to surface oxida-
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TABLE 1. Average diameters (+ 1 standard deviation) for the Ge-NC(Ge(IV)/Ge(ll)) materials prepared in this study, with

absorption onsets and PL peak maxima for each size?

Ge(IV)/Ge(ll) 100/0¢,¢ 0/100
NCsize (nm) 23104 38+08
absorption onset eV (nm) 1.6 (780) 1.3 (950)
PL peak maximum eV (nm) 1.44 (860) 1.24 (1000)

50/50 75/25 100/0,0,
47 +1.0 6.6 = 1.5 113+24
1.1(1100) 1.0 (1200) 0.70 (1800)
1.01(1230) n/a n/a

“Average diameters represent at least three independent preparations of the NCs at each Ge(IV)/Ge(ll) value. Absorption onset was determined by extrapolation of the lin-
ear portion of the Tauc plots to the x-axis (Figure 2A). NCs with PL emission below a meaningful intensity are represented by n/a.

tion, presumably resulting from the reaction of water/
oxygen with surface hydrides not passivated by octa-
decene. Additionally, varying the excitation wavelength
from 405 (3.06) to 750 nm (1.65 eV) had virtually no ef-
fect on the PL spectrum (Figure 3B) or the PL quantum
yield, in contrast to reports for colloidally grown Ge NCs
exhibiting near-UV to blue-visible PL.'"121517.1921 These
data provide further evidence that, for the NCs pre-
pared here, emission occurs from the optical bandgap,
which is quantized but still in the NIR for all samples.
The PL quantum yield (QY) was determined for Ge-
NC(100/0);,s;, Ge-NC(50/50), and Ge-NC(0/100) (Fig-
ure 2B). The PL QY for the 6.6 nm Ge-NC(75/25) was
also investigated, and due to the low PL intensity ap-
proaching the detection limit, it was estimated to be
less than 0.01%. The PL QY values for the 2.3, 3.8, and
4.7 nm NCs were less than 0.1% in all cases, which is
somewhat lower than the values of up to 8% reported
previously for alkyl-passivated Ge NCs.?* However, these
values were based on the use of the reference dye IR-
26; a recent study finds that the generally accepted QY
of this dye has been overestimated by close to an order
of magnitude,*® which suggests that the correct QY for
the Ge NCs of ref 24 is closer to 0.5—1%.2* One poten-
tial explanation for the low QY values of the Ge-
NC(Ge(IV)/Ge(ll)) materials is unpassivated surface
states. For example, germanium hydrides or unsatur-
ated germanium species (i.e., Ge=Ge) may exist at the
nanocrystal surface and could serve as trap states re-
sulting in thermalized energy loss. A second possibility
is the presence of HDA or other impuirities (i.e., trace Lil
byproduct, unreduced Ge iodides). Notably, residual

A 1

surfactant was occasionally observed by XRD for drop-
cast NC films, and even trace amounts of amines have
been shown to quench PL in Ge nanostructures.* Given
the small proportion of polycrystalline NCs and amor-
phous regions (observed by TEM) in some particles, it is
unlikely that this factor would contribute substantially
to the low PL QY. Thus, minor impurities, along with the
unpassivated surface states and vibrational energy loss
processes noted previously,*#* are likely causes for the
low PL QY values observed here. We are currently work-
ing on strategies to improve the purity, surface passiva-
tion, and crystallinity of these nanomaterials to deter-
mine the degree to which these factors affect the PL QY.

Given the successful size control achieved using
this mixed-valence precursor method, it is interesting
to consider the mechanism of this reaction. It is impor-
tant to initially note that the Ge precursors are not ex-
pected to be solely iodides upon dissolution in stoichi-
ometric excess of primary amines at elevated
temperatures. Rather, ligand exchange would occur to
produce germanium amides or amide-iodide mixed-
ligand Ge complexes, as shown ineqs 1and 2 (R =
hexadecyl or oleyl).*647

Gely + xNHR ——  Gelp_(NHR), + xRNHgl (1)
[Ge(IN]

Gely + xNHR ———  Geljg(NHR), + xRNHgl  (2)
[Ge(IV)]

2[Ge(l)] =—= Ge&® + [Ge(IV)] ®)

Additionally, it has been demonstrated that Ge crystal-
lite nucleation occurs from the thermally activated dis-
proportionation reaction of Ge(ll) amides and iodides to

ve]

—(a) 2.3 nm — (a) 2.3 nm
—(b) 3.8 nm = ] — (b) 3.8 nm
0.8 1 o (c) 4.7 nm
—(c) 4.7 nm ;’
—(d) 6.6 nm 5
o5 {_@ g
& —(e)11.3 nm =
% E
0.4 A Z -
o’ [
/ XN
s | 0.048%
02 1 Ll £ 0.045%
- £ =z
0 —_—— T T T T T T T T T T T T T
0.5 1 15 2 25 3 600 800 1000 1200 1400 1600 1800

Energy (eV) Wavelength (nm)

Figure 2. (A) Tauc plots of (a) Ge-NC(100/0)s.s, (b) Ge-NC(0/100), (c) Ge-NC(50/50), (d) Ge-NC(75/25), and (e) Ge-NC(100/
0).10w calculated from the absorption data in Supporting Information, Figure S3. (B) PL spectra (405 nm excitation) of tetra-
chloroethylene solutions of (a) Ge-NC(100/0);,, (b) Ge-NC(0/100), and (c) Ge-NC(50/50). The color-coded numbers in panel
B are the respective PL QY values.
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Figure 3. (A) PL emission of (a) air-free 4.7 = 1.0 nm Ge-NC(50/50) in tetrachloroethylene (excited at 405 nm) and (b) the
same sample after exposure to air for 7 days (excited at 300 nm). The intensity of the oxidized sample is increased by a fac-
tor of 20 to be on a comparable scale to the fresh sample spectrum. (B) PL emission of Ge-NC(50/50) in tetrachloroethylene
as a function of excitation wavelength. QY values were found to be 0.048% with 405 nm excitation and 0.040% with 750

nm excitation.

Ge® and Ge(IV) at high temperature (i.e.,, =300 °C) with-
out the addition of reductant as shown in eq 3.2%348 |n-
dependent experiments within the system described
here verified that this disproportionation reaction oc-
curs at even lower temperatures in HDA or oleylamine.
When Gel, was employed as the sole Ge source (Ge-
NC(0/100)), a characteristic color change from yellow
to orange-brown occurred between 190 and 200 °C
prior to reductant injection. Although the color
changed to brown within minutes after the reductant
was injected, attempts to isolate or image NCs from this
solution—cooled to room temperature minutes after
the addition of BuLi—were unsuccessful, suggesting
that the brown color resulted from formation of clus-
ters or small NC seeds (<1 nm). In contrast, reduction
of solely Gel, (Ge-NC(100/0)) was observed at higher
temperatures (250—260 °C) as evidenced by the same
color change sequence. Notably, no color change oc-
curred in solutions containing only [Ge(IV)] without ad-
dition of BuLi, demonstrating that the Ge(IV)
amide—iodide complexes in eq 2 are stable up to 300
°C in the absence of a reductant. For reactions employ-
ing both Gel, and Gely, the characteristic dark brown
color was observed below 220 °C, consistent with nucle-
ation occurring from the [Ge(ll)] precursor. The slightly
higher temperature (=220 °C) required for nucleation
with solutions containing both [Ge(IV)] and [Ge(Il)] ver-
sus the 190—200 °C required for solutions containing
solely [Ge(Il)] is attributed to the equilibrium reaction
shown in eq 3, which would disfavor Ge° seed forma-
tion in the presence of [Ge(IV)]. These observations
suggest that the nucleation and growth phenomena
acting on Ge NC formation involve a relatively fast re-
duction of [Ge(ll)] species to produce Ge® seeds, fol-
lowed by a slower reduction of [Ge(IV)] complexes re-
sulting in growth of the NCs (Scheme 1). The difference
in [Ge(IV)] and [Ge(ll)] concentrations at different
Ge(IV)/Ge(ll) ratios changes the seed concentration (via
the equilibrium reaction in eq 3), which ultimately leads
to different-sized NCs. It is also likely that competing
nucleation and growth occurs during reduction of
[Ge(IV)]. Multiple nucleation events owing to [Ge(IV)]
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reduction (from Gel, or produced via the equilibrium re-
action in eq 3) during the higher-temperature phase
would account for the size distribution (ca. 20%) ob-
served for all particle sizes.

For the extreme sizes produced using solely Gely,
the degree of nucleation appears to be controlled by
the temperature ramp rate above 250 °C rather than at
the lower temperatures in the presence of [Ge(ll)]. The
observations above suggest that a slower ramp rate
(~2.5 °C min~") allows nucleation and growth from
[Ge(IV)] to occur in parallel. Following initial seed for-
mation starting at 250 °C, the Ge® resulting from further
[Ge(IV)] decomposition must compete between form-
ing additional seeds or growing existing nuclei via con-
densation. Since this slower ramp rate is a more ther-
modynamically controlled process that would favor
large particles (owing to their lower surface energy),
[Ge(IV)] reduction preferentially adds to existing par-
ticles, yielding 11.3 = 2.4 nm NCs (Ge-NC(100/0);ow).
In contrast, a faster ramp rate (15 °C min~") rapidly de-
composes [Ge(IV)] and consumes most of the available
germanium, generating a supersaturated solution that
precipitates many small Ge® seeds. This rapid nucleation
is then followed by a limited nucleation and growth
stage, owing to the lack of available [Ge(IV)], and yields
2.3 = 0.4 nm NCs (Ge-NC(100/0)s,s,). Finally, we rule
out a mechanism based on oriented attachment or fu-
sion of small crystals, which cannot account for the
drastically different sizes observed for Ge-NC(100/0);st
versus the Ge-NC(100/0)gj0w. If this mechanism were
dominant, the 1 h solution annealing at 300 °C would
be expected to generate similar particle sizes for both
samples.

ODE

220°C 250-300 °C
m\e@ + [Ge(V)] ———= CigHar

Scheme 1. Proposed mechanism of Ge® nucleation from [Ge(ll)] and
growth from [Ge(IV)]. [Ge(ll)] and [Ge(IV)] represent germanium
amides or amide—iodide mixed-ligand Ge complexes, as defined in
eqgs 1 and 2.

[Ge(I)]
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In summary, this mixed-valence precursor method
is the first solution-phase procedure to provide a high
degree of control over both the size and absorption/
emission properties of NIR-emitting Ge NCs. The data
confirm the two prior reports that quantum-confined
Ge bandgap emission is observed in the NIR, not the
near-UV to blue-visible. We additionally note that our
preliminary investigations have shown that a film of Ge-
NC(0/100) exhibits solid-state PL emission centered
near 900 nm, demonstrating that these NCs hold prom-

METHODS

General. Germanium diiodide (>97%, Gelest GEG5200), ger-
manium tetraiodide (>97%, Gelest GEG5800), and n-butyllithium
in hexanes (1.6 M, Aldrich) were stored under nitrogen inert at-
mosphere in a Vacuum Atmospheres glovebox and used as re-
ceived. 1-Octadecene (ODE, 90%, Aldrich) was distilled under
vacuum (5 X 1073 Torr) from molten sodium prior to storage
and use in the glovebox. Hexadecylamine (HDA, 98%, Aldrich)
and oleylamine (90%, Aldrich) were degassed and dehydrated
under vacuum (5 X 1073 Torr) at 120 °C prior to storage and use
in the glovebox. Common solvents (i.e., toluene, methanol, ac-
etone) used in the nanocrystal purifications were used as re-
ceived (Aldrich or Fisher, ACS grade) under ambient conditions.
Tetrachloroethylene was dried over calcium chloride and dis-
tilled under nitrogen prior to storage and use in the glovebox.
Hexane was dried through an alumina column prior to use in
TEM sample preparation.

Synthesis of Ge-NC(Ge(IV)/Ge(Il)) Materials. In a glovebox, a quartz
50-mL three-neck round-bottom flask fitted with a reflux con-
denser was charged with 3 g of HDA (or oleylamine) and the ap-
propriate amount of Gel, and/or Gel, to obtain the desired
Ge(IV)/Ge(ll) ratio. The total Ge content of each reaction was 6.1
X 107* mol. The other two inlets of the reaction flask were
capped with septa. Also in the glovebox, BuLi (1.1 equiv vs total
iodide) was diluted with 3 mL of ODE and sealed in a gastight sy-
ringe for transfer to the fume hood. The reaction flask was con-
nected to an inert gas-vacuum (Schlenk) manifold and heated
under nitrogen flow to 200 at 5 °C min~". At 200 °C, the BuLi/
ODE solution was rapidly injected, and the temperature de-
creased to ca. 150 °C. After 5 min, the temperature had recov-
ered to 200 °C, and was then increased to 300 °C (ramp rate ~2.5
°C min~" for all experiments except for Ge-NC(100/0);,s;, where
it was 15 °C min~") and held for 1 h. The reaction undergoes
characteristic color changes from yellow to orange to brown as-
sociated with the formation of Ge NCs. After 1 h at 300 °C, the
dark brown reaction solution was cooled to 100 °C and trans-
ferred to a centrifuge tube with 10 mL of toluene. The nanocryst-
als were precipitated by adding 25 mL of methanol, and sepa-
rated by centrifugation (10000 g). After decanting the
supernatant, the precipitate was resuspended in 10 mL of tolu-
ene, and 30 mL of 1:1 (v/v) acetone/methanol was added as non-
solvent. The nanocrystals were again separated by centrifuga-
tion. The dissolution—precipitation—centrifugation step was
repeated twice using toluene as solvent and 1:1 acetone/metha-
nol as nonsolvent. This procedure yielded 100—150 mg of a
brown solid product that was stored in the glovebox.

Characterization. Samples for transmission electron micros-
copy (TEM) were prepared in a glovebox by drop-casting a solu-
tion of Ge nanocrystals in dry hexane onto lacey-carbon-coated
copper grids (Ted Pella, part no. 01824). Imaging was performed
on an FEI Tecnai T30 electron microscope operating at 300 kV
and energy dispersive X-ray spectroscopy (EDS) was recorded in
situ with an EDAX detector. Average particle diameters and stan-
dard deviations were determined by counting >300 particles
for each preparation and applying standard statistical analysis.
X-ray diffraction (XRD) was performed using a Bruker D8 Discov-
ery system with CCD camera on Ge NC films drop-cast from tolu-
ene solutions on a glass slide. Samples of the Ge NCs for absorp-
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ise for application in solid-state optoelectronic devices.
The mixed-valence reduction synthesis is proposed to
occur via a mechanism involving Ge® seed nucleation
from [Ge(ll)] reduction at moderate temperatures
(=220 °C), and growth from reduction of [Ge(IV)] at
higher temperatures (250—300 °C). Current research is
focused on obtaining greater control over Ge nanopar-
ticle purity, surface passivation, and crystallinity, as well
as expanding this synthetic method to other group IV
NCs.

tion and PL emission spectroscopies were prepared as dilute
solutions in dry tetrachloroethylene (absorbance ~1.0 at 400
nm with 1.0 cm path length). Absorption spectra were recorded
using a Shimadzu UV-3600 spectrophotometer. Absorption on-
sets in Tauc plots were determined from best fits to the linear re-
gion in each plot, from ~0.1 to ~0.01 absorbance units. The ab-
solute PL quantum yield was measured in a LabSphere
integrating sphere, with excitation provided either by a Hg—Xe
lamp (404.6 nm line) passed through a monochromator and a
band-pass filter, or a Ti:sapphire laser (Spectra Physics Tsunami)
centered at 750 nm. Optical density at the excitation wavelength
was kept between 0.2—0.4. The excitation and emitted light
were coupled into a light guide and routed to a monochroma-
tor. Depending on the spectral range of interest, either a CCD
(400—1000 nm) or a cooled InGaAs photodiode (800—2100 nm)
was used for detection. The resulting InGaAs signal was ampli-
fied using a lock-in amplifier referenced to a chopper driver, and
spectra were collected by scanning the wavelength range using
a monochromator. The CCD signal was collected with 0.5 s expo-
sure and 10—30 accumulations. Background and scatter were ac-
counted for by subtracting a spectrum obtained under identical
conditions but with only solvent present in the cuvette. Spectra
were then corrected for grating, fiber, sphere, and detector effi-
ciencies using a calibrated lamp. For samples with emission that
spanned the ranges of the two detectors, the spectra were cor-
related at 900 nm. Further details of the procedure for determin-
ing PL QY were recently reported.*®
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