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Colloidal germanium (Ge) nanocrystals (NCs) are of i
great interest with possible applications for photovoltaics and near-IR | — (2
detectors. In many examples of colloidal reactions, Ge(Il) precursors %
are employed, and NCs of diameter ~3—10 nm have been prepared. O
Herein, we employed a two-step microwave-assisted reduction of reduction 1 1@
Gel, in oleylamine (OAm) to prepare monodispersed Ge NCs with a %
size of 18.9 + 1.84 nm. More importantly, the as-synthesized Ge NCs
showed high crystallinity with single-crystal nature as indicated by
powder X-ray diffraction, selected area electron diffraction, and high-
resolution transmission electron microscopy. The Tauc plot derived
from photothermal deflection spectroscopy measurement on Ge NCs
thin films shows a decreased bandgap of the Ge NCs obtained from
Gel, compared with that of the Ge NCs from Gel, with a similar
particle size, indicating a higher crystallinity of the samples prepared with the two-step reaction from Gel,. The calculated Urbach
energy indicates less disorder in the larger NCs. This disorder might correlate with the fraction of surface states associated with
decreased particle size or with the increased molar ratio of ligands to germanium. Solutions involved in this two-step reaction were
investigated with 'H NMR spectroscopy and high-resolution mass spectrometry (MS). One possible reaction pathway is proposed to
unveil the details of the reaction involving Gel, and OAm. Overall, this two-step synthesis produces high-quality Ge NCs and
provides new insight on nanoparticle synthesis of covalently bonding semiconductors.
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disadvantage of using strong reducing agents is a loss of the
ease of synthesis and, for those employing a hydride reagent,
toxic byproducts.

Ge NCs have been successfully prepared from Gel, via a
microwave-assisted route that has been shown to be a highly
reproducible method for preparing Ge particles.””"** While

Ge, with its narrow bulk bandgap of 0.67 eV, can be tuned with
the quantum confinement effect by controlling the particle size,
which has been investigated broadly over decades.'™ High
carrier mobilities as well as a large absorption coeflicient and

exciton Bohr radius (~24 nm) make nanostructured Ge a
. . ( ) . 47 size control by employing the mixed halides, Gel, and Gel,, or
promising candidate for solar energy conversion,” " optoelec-

. 10212 . .13 . Gel, and halogens has been demonstrated,”*"** the micro-
tronics, and bioimaging ~ as well as an anode material in . . .
lithium batteries. wave-assisted synthesis of Ge NCs directly from Ge(IV)

Colloidal methods have been developed for the synthesis of halides as the single source has not been reported to date. This
Ge NCs in the past decades. However, a solution-based is largely due to the different reduction potential of Ge(II)

method with precise control on the Ge NC size and compared with Ge(IV). The reduction potential of Ge (II) to

L pr . Ge(0) is +0.247 V and is easily reduced under mild conditions.
morphology is still a challenge compared with noble metal On the other hand, the reduction potential of Ge(IV) to Ge(0)
nanocrystals and Cd- and Pd-based semiconductors because of ’ P

the high crystallization temperature required for the formation
of diamond-structured Ge.'>'*'?
solution routes reported to date produce amorphous particles
or particles with amorphous surfaces that are easily
oxidized.”'® To avoid amorphous products, highly reactive
reducing agents such as LiAlH,, NaBH,, hydrazine, and n-BuLi
can be employed to produce crystalline Ge NPs.'>'”~*° The
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Figure 1. HAADF-STEM images of two-step reactions stopped at different times at the second step: (a) S min, (b) 15 min, and (c) 30 min. Inset
of (c) is the SAED image of Ge NCs; sharp diffractions are assigned to the cubic Ge phase. (d) HRTEM image of the 30 min reaction shows high
crystallinity and the single-crystal nature of as-synthesized Ge NCs; yellow lines indicate the (111) lattice plane fringes.

is +0.124 V, suggesting that it is more difficult to reduce and
requires more extreme conditions.**

Even though great progress has been made on the size
control of Ge NCs, control of crystallinity is not as well-
developed because of the strong covalent nature of the Ge—Ge
bond. The crystallite size calculated from X-ray diffraction
(XRD) is commonly reported to be significantly smaller than
the particle size measured from transmission electron
microscopy (TEM) images.”"”*~> This observation may be
attributed to an amorphous or reconstructed Ge surface giving
rise to a larger particle size in TEM as well as the
polycrystalline nature of the NCs. Ge NCs with high
crystallinity should be well-capped with surface ligands
providing less defects at the surface, and enhancing carrier
mobility and photoluminescence and may be further beneficial
to the application of various electronics.

Herein, a two-step microwave-assisted solution synthesis
route is designed and processed. Pristine Ge NCs with
different sizes were synthesized from Gel, and investigated
with temperature, reaction duration, and concentration. As-
synthesized Ge NCs are characterized by powder XRD, TEM,
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), and selected area electron
diffraction (SAED). NMR spectroscopy, high-resolution mass
spectrometry (HRMS), and gas chromatography (GC) were
applied to analyze and understand the liquid and gas phases of
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the reaction. This work demonstrates a new route synthesizing
single-crystalline Ge NCs with enhanced quality, which could
be further developed for applications. The studies on this two-
step reaction provide insight to improve the nanocrystal
synthesis not only for Ge but also for other covalently bonded
semiconductors or metals.

In this work, we designed a two-step microwave-assisted
colloidal reaction to prepare highly crystallized Ge NCs by the
reaction of OAm with Gel,. In brief, in a typical synthesis of
Ge NCs, a stock solution of Gel, in OAm was heated with a
CEM microwave reactor under Ar(g) at 250 °C for 40 min. A
power of 150 W was applied to provide a moderate ramping
rate. A pressure of 40 psi was detected in the microwave tube
indicating the formation of gases during the synthesis process.
We noticed the pressure produced is correlated with the
process of this step. A light-yellow solution obtained after the
first step indicated the possible formation of a Ge(II) species.
We did not observe a significant Tyndall effect in the resulting
solution nor any observable nucleation of Ge particles under
TEM.

The head gas from the initial yellow solution was removed
and replaced with Ar(g), and then, the vessel was heated again
by microwave to 260 °C and held for various lengths of time.

https://doi.org/10.1021/acsmaterialsau.1c00072
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Figure 2. (a) Atomic resolution of one as-synthesized Ge NC via the two-step method from Gel,. The image shows high crystallinity and the
single-crystal nature of the NC. Facets of the NC are labeled. (b) Corresponding Fourier transform of the image (a).

After cooling to room temperature, a brown-colored solution
indicated the successful formation of Ge NCs. The product
was isolated by the widely used solvent/nonsolvent method as
described in the Experimental Methods. The precipitated
product was dispersed in toluene for further characterization.

Reactions were stopped at S, 15, and 30 min at 260 °C in
the second step to determine the growth process. Brown-
colored products were obtained in all reactions. Representative
dark-field STEM (DF-STEM) images of different reaction
times are shown in Figure la—c. The particle size becomes
larger, and the size distribution range becomes smaller with a
longer reaction time in the second step. At the early stage (S
min reaction), both small (~6 nm) and large (~18 nm)
particles were observed, which indicates quick nucleation and
growth. The uniformity and size of particles increased as the
reaction proceeds, while the small particles (<10 nm)
disappeared. This indicates an Ostwald ripening process
where the large particles grow at the cost of the small ones.
No small particles were observed after 30 min, indicating the
nucleation process was terminated at a certain point during the
reaction. Over 200 Ge NCs were selected randomly to
calculate the size distribution histograms of these three
different stages of reaction as shown in the Supporting
Information (SI), Figure S1. After 30 min of reaction, the
average particle size is 18.9 + 1.84 nm, with less than 10%
dispersity. The as-synthesized NCs show explicit particle edges
in the DF-STEM image. The quality of these images is
significantly improved compared with our previously published
work where NCs are obtained by reducing Gel, in
OAm.”**>*° Particles prepared with Gel, in OAm showed
vague edges around the particles in the HAADF-STEM
images, which were attributed to the amorphous layer on the
surface of the NCs.”*>*" Similar results are also reported in
several other studies on solution-synthesized Ge NCs,
demonstratin§ the difficulties of making Ge NCs with high
crystallinity.””' The corresponding selected area electron
diffraction (SAED) pattern (inset of Figure 1c) matches the
expected pattern for the crystalline diamond cubic structure of
Ge. The high intensity of the SAED rings further verifies the
high crystallinity of the NCs. High-resolution transmission
electron microscopy (HRTEM) (Figure 1d) shows clear lattice
fringes on several NCs without any interfaces, indicating the
single-crystal nature, and the d-spacing was calculated to be
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0.335 nm, which is consistent with the lattice spacing of the
diamond cubic Ge (111) phase. An atomic-resolution TEM
image with edge identification (Figure 2a) of one Ge NC
demonstrates the high crystallinity and single-crystal nature. A
corresponding FFT image is shown in Figure 2b. Other high-
resolution TEM images are provided in the SI (Figure S2).
Most of the as-synthesized Ge NCs are single-crystal with
some NCs showing lattice interfaces indicating a possible twin
defect in the NC (SI, Figure S2g—i).

The PXRD pattern (Figure 3) shows a pure phase of cubic
diamond-structured Ge NCs. Diffraction peaks at 27.3, 45.4,

—— As-synthesized Ge NCs
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Figure 3. PXRD pattern of the Ge NCs synthesized at 260 °C for 30
min compared to the reference pattern (PDF #04-0545) showing the
(111), (220), (311), (400), and (331) reflections of cubic Ge.

53.8, 66.1, and 72.9° two-theta correspond to the (111), (220),
(311), (400), and (331) lattice planes, respectively. The sharp
peaks and high signal-to-noise ratio indicate the high
crystallinity of the as-synthesized Ge NCs. The crystallite
size was calculated by the Scherrer equation for the peak
broadening of the (220) peak instead of (111) to eliminate
errors from peak asymmetry and background removal.”>*' A
crystallite size of 16.5 nm obtained by the Scherrer equation is
very similar to the particle size calculated by TEM. As the
Scherrer equation tends to underestimate the particle size
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when prominent size dispersions exist, the similar particle sizes
calculated by two different methods indicate the high
crystallinity and monodispersity of the Ge NCs prepared by
this method.”"**

To compare with the two-step reactions, a one-step reaction
of the same amount of Gel, stock solution was carried out by
microwave heating at 250 °C. After 1 h holding at the set
temperature, a dark-brown- to black-colored product was
obtained. This reaction shows that Gel, can be reduced by
OAm without the assistance of any other reducing agents. The
dark color indicates a large particle size of the Ge NCs. The
same isolation process as described above was followed. Rather
than well-dispersed NCs, the TEM images of the product (SI,
Figure S3a) show agglomerates of around 100 nm in diameter.
The as-synthesized sample is unable to form a stable colloidal
solution, which is attributed to the poor ligand capping and
thereby formation of agglomerates. The agglomerates are
formed with many small crystalline nanoparticles as shown in
SI, Figure S3b. This suggests a fast nucleation process as well
as poor ligand capping. While the reaction happens in a short
period with continuous heating, the small Ge NCs formed at
the early stage aggregate together directly rather than
continuing to grow into larger NCs. Similar results were
reported in other work involving Gel,.””” The advantage of
the two-step reaction is that it prevents the uncontrolled
aggregation and provides a homogeneous Ge NCs colloid.

To investigate the relationship between concentration and
particle growth, various concentrated stock solutions (17.5, 35,
and 70 mM) were prepared as described in the Experimental
Section. The same reaction process was carried out on these
different concentrated stock solutions. The reactions were all
held at the set temperature for 30 min for the second step. We
noticed that with higher concentration, it took a shorter time
to reach the set temperature in both steps. The relation of time
required to reach the set temperature versus the solution
concentration of both the first and second steps is plotted in
Figure 4a. Heating profiles of these reactions are plotted in
Figure 4b. It has been shown that the nonpolar OAm is a poor
microwave absorber.”"””* The heating rate of the solution relies
on the type and concentration of precursors and the volume of
solution. Gel, has been observed to be a better microwave
absorber than Gel, due to the formation of ionic and possibly
polar species.”" In this work, the same volume of OAm solvent
is used in all parallel reactions, and Gel, serves as the single Ge
source. Thus, the heating rate is controlled by precursor
concentrations.

We noticed that to obtain a yellow solution after the first
step, a much longer holding time is required for stock solutions
with lower concentration, which is consistent with the ramping
profile shown in Figure 4b. A standard (35 mM) stock solution
turned yellowish after 40 min of reaction, while a double-
concentrated solution (70 mM) became darker yellow after
only 20 min. For comparison, a half-concentrated solution
(17.5 mM) could only achieve a pale-yellow color even after 80
min of reaction, which might be due to an insufficient
microwave energy absorber in the solution. Those different
colors were shown in the SI, Figure S4. A freshly prepared Ge
stock solution and pure OAm were also provided as a
reference. All the three yellow solutions after the first step were
transferred into the glovebox, and 2 mL of each was reloaded
into a new microwave tube with a rubber cap and PTFE liner
and transferred out from the glovebox for the next reaction
step.
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Figure 4. (a) Time required to reach 250 °C for the first step and 260
°C for the second step versus different concentrations of Gel, OAm
solution. (b) Temperature profiles for microwave heating of reactions
with different concentrations of Gel,.

The three microwave tubes were heated and held at 260 °C
for 30 min sequentially in the microwave reactor, and products
were isolated from all three different concentrations. Figure 5
displays the HADDF-STEM images of Ge NCs synthesized
with different Gel, concentration stock solutions after the
second step. Statistic histograms are reported in the SI, Figure
SS. Half-concentrated stock solution (17.5 mM) gave an NC
average size of 11.9 + 1.89 nm, much smaller than that of
standard concentrated (35 mM) solution (18.9 + 1.84 nm).
This suggests that the less concentrated solution contains less
molecular precursors, which reduces the growth rate and in
turn limits the particle size. With the same reaction time of the
second step, the particle size distribution range of the sample
prepared from the half-concentrated solution is wider than that
from the standard concentration solution. This observation on
the sample prepared from the half-concentrated solution
indicates that the growth process is slow and not finished
after 30 min due to the low concentration of the Ge precursors.
We extended the reaction time to 45 min for the second step
of the half-concentrated sample. The NCs size increased to
14.5 nm, and the size dispersity also improved to a narrower
range indicating an Ostwald ripening process in this step. The
HADDF-STEM image and corresponding histogram are
shown in the SI, Figure S6. Interestingly, the particles from
the double-concentrated (70 mM) solution were aggregated
together (Figure Sc) and show a similar structure and
morphology to that of the particles synthesized by a one-step
reaction (SI, Figure S3a). High-concentration stock solution
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Figure 5. HADDF-STEM images of Ge NCs synthesized with different Gel, concentration stock solutions after the second step at 260 °C for 30
min. Stock solutions with Gel, concentrations of (a) 17.5 mM, (b) 35 mM, and (c) 70 mM.

16.1+ 2.78 nm b

9.44 +1.77 nm

220 °C

Figure 6. DF-STEM images of Ge NCs synthesized at different reaction temperatures of the second step: (a) 240 °C, (b) 220 °C, (c) 200 °C, and

(d) 180 °C.

kinetically improved the reaction rate. However, the particles
are formed with poor lattice alignment and ligand capping due
to the fast nucleation and growth rate. The small particles
aggregated to make large agglomerates with sizes over
hundreds of nanometers.

Reactions with different times and concentrations were
explored and discussed above. Increasing the reaction time for
a solution with a suitable concentration moderated the growth
and ripening of the Ge NCs. Another factor that may affect the
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growth of the nanoparticles is the temperature. Here, different
reaction temperatures for the second step were investigated to
further understand the nucleation and growth processes.
Besides 260 °C, reactions were also carried out at 240, 220,
200, 180, and 160 °C for the second step. To provide enough
reaction time for particle ripening at lower temperatures,
samples were all held 45 min at these temperatures. Brown-
colored products were all successfully obtained, indicating the
nucleation and growth could happen at temperatures as low as
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160 °C. However, the yield of Ge NCs after 45 min at 160 °C
is very low. A low-temperature synthesis of Ge NCs was also
recently reported for the thermolysis of a bis(amidinato)-
germylene(II) complex and suggests that these species might
be present in the reaction mixture after the initial heat
treatment.”> To the best of our knowledge, this is the first
example of high-quality colloidal Ge NCs being prepared at a
temperature lower than 200 °C in organic solvent media
without any additional reducing agents and suggests further
research to determine whether small Ge-contained molecular
clusters may be participating in this reaction as is noted for
othegr4semiconductor nanoparticle growth, such as the case of
InP.-

Figure 6 displays Ge NCs synthesized at different temper-
atures with the corresponding size histograms shown in SI,
Figure S7. As expected, the particle size decreased with a lower
heating temperature. When the temperature is lower than 220
°C, aggregation occurs as shown in Figure 6¢,d, which is
attributed to the poor surface capping of OAm. The role of
OAm as a capping ligand on the surface of Ge has been
previously studied by NMR.>* This study showed that OAm
on the surface of Ge can be transformed from an L-type amine
ligand to a much stronger X-type ligand of oleylamide, the
fraction of which increased with increasing temperatures.*®
The stronger binding X-type of ligands result in more stable
capped NCs and colloidal suspensions. The particle boundaries
became indistinct with low temperatures indicating that either
insufficient heating produced an amorphous Ge surface or
possibly that the dative bonding of the L-type ligand allows for
surface reconstruction by reaction with oxygen/water and
thereby amorphization. The NCs synthesized at 240 and 220
°C show high crystallinity and a single-crystal nature as shown
in the inset images of Figure 6a,b. With a different reaction
temperature for the second step, we can tune and control the
size of the synthesized particles.

Photothermal deflection spectroscopy (PDS) is used as a
sensitive measurement of band-to-band absorbance. In brief|
the thin film is placed securely in a quartz cuvette filled with
Fluorinert FC-72 (3M).”**° The sample’s surface is then
aligned with the probing beam of a 2 mW He—Ne laser.
Normal to the surface, the sample is pumped by mono-
chromatic light modulated at S Hz. This modulation allows the
sample’s optically excited charge carriers to nonradiatively relax
and release heat. This heat is absorbed by the Fluorinert, which
is known for having an index of refraction that is sensitive to
temperature. Therefore, the heat released by increased
absorbance leads to the probing beam’s path through the
cuvette deviating further from a straight line, and this deviation
is measured by a position-sensitive light detector. This allows
for an indirect measurement of absorption, without interfer-
ence from reflected or scattered light.

To investigate how improved crystallinity affects the
optoelectronic properties of the Ge NCs, neat thin-films of
Gel,-reduced NCs and Gel,-reduced NCs were prepared for
PDS, as shown in Figure 7. The Gel,-reduced NCs with an
average size of 9.76 + 1.98 nm were synthesized following
published work and described in detail in the Experimental
Section.”"** The Gel,-reduced NCs were synthesized via the
two-step reaction reported in this work. Two samples of Gel,-
reduced NCs were measured to be 10.2 & 2.21 and 18.1 =+
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Figure 7. PDS measurements of 10 nm Gel,-reduced, 10 nm Gel,-
reduced, and 18 nm Gel,-reduced Ge NCs. Inset is the Tauc plot with
the estimation of indirect bandgaps of these three Ge NC samples.

1.78 nm, respectively. The HADDF-STEM images of Ge NCs
measured with PDS are shown in Figure 8. Corresponding
XRD patterns of these three samples are presented in the SI,
Figure S8, and the crystal sizes were calculated with the
Scherrer equation. While the 10 nm Ge NCs from Gel, and
Gel, had a similar particle size, the broader peaks in the XRD
pattern of Gel,-reduced NC sample indicate a smaller overall
crystal size. This could be attributed to a higher degree of the
amorphization of the Ge NCs surface of Gel,-reduced sample.

Bandgap estimates were made through linear fits of a Tauc
plot by (a - E)"/* for indirect semiconductors. The x-intercept
of the linear fit of the midgap region provides an estimate of
the bandgap energy. Fits to Tauc plots indicate the energetic
bandgap to be 0.89 + 0.05 eV for Gel, NCs and 0.73 + 0.03
eV for Gel, NCs with similar particle sizes around 10 nm
(Figure 7, inset). The simulated bandgap of Ge NCs from Gel,
matches well with the reported data of Ge NCs with similar
sizes.””** While the particle sizes in each sample were similar,
the Gel,-reduced NCs have a smaller crystalline core, which is
attributed to the lesser crystallinity and amorphous layer on the
surface, decreasing the effective confined space an electron
experiences and thus increasing the bandgap in the material.
The more bulk-like bandgap of the Gel,-reduced NCs
indicates that the quantum confinement effects associated
with NCs is strongly dependent on the crystallite size, as
measured by XRD, rather than the particle size measured in
TEM. Tauc fits to the larger 18 nm Gel,-reduced NC samples
show a more bulk-like bandgap of 0.67 + 0.02 eV. The
increased accuracy for our larger-sized samples is likely due to
the narrower size distribution, as described above. Ruddy et al.
showed similar bandgap trends with increasing particle size,
though direct comparisons are difficult, as they did not
estimate the size of their crystalline core.’

The Urbach energy of a sample is a measure of disorder and
may be due to surface states, structural disorder, or doping.
Additional disorder in NC and quantum dot systems is
consequent from the increased surface area and size dispersion.
For reference, crystalline silicon has been measured to have
Eumbach < 20 meV, amorphous silicon has Eyy,, g, & 45 meV, and
CdSe QDs have an Ey,,, of up to 200 meV.””*® This disorder
results in energy states available below the band edge,
represented by an exponentially decreasing absorption
coefficient @ ~ @, exp(E/Eypacn) below the bandgap edge.
As shown in SI, Figure S9, Urbach energies for the similarly
sized Gel,-reduced and Gel,reduced Ge NCs were both 145
+ 5 meV, while the 18 nm Gel, sample has a smaller Urbach
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Figure 8. HADDF-STEM images of (a) 10 nm Gel,-reduced Ge NCs from a modified one-step reaction and (b) 10 nm Gel,-reduced and (c) 18
nm Gel,-reduced Ge NCs synthesized by the two-step reaction reported in this work.

energy of 95 + 5 meV. This indicates that disorder might
correlate with the fraction of surface states associated with
decreased particle size or perhaps the increased molar ratio of
ligands to germanium, rather than the crystallinity of the
individual nanocrystal.

To investigate our synthesis method’s impact on con-
ductivity, we fabricated heterojunction thin-film optoelectronic
devices, using Ge NCs that were made from either Gel, or
Gel, solutions as the active layer. To control for interparticle
spacing, both NC samples were prepared to have an average
particle size of about 10 nm. All devices used a compact
blocking TiO, layer (c-TiO,), followed by a mesoporous TiO,
layer (m-TiO,) that aids in electron extraction. NC solutions
were spin-coated atop these layers, with Ag capping the devices
(Figure 9, inset). Figure 9 shows average photocurrents for a
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Figure 9. Average photocurrents for a set of devices prepared from
Gel,-reduced and Gel,-reduced Ge NCs with similar average sizes.
The inset displays the semilog plots of both photocurrent and dark
currents. And a scheme image of the as-fabricated device is presented
as the right inset.

set of Gel, and Gel, devices, with the inset displaying semilog
plots of both photocurrent and dark currents. The actual
photocurrents plots are shown in SI, Figure S10. A comparison
of the average photocurrents extracted from our devices
suggests increased performance in conductivity. It has been
shown in perovskite heterojunction planar devices that
increased crystallinity of the active layer leads to increases in
photocurrent.”” Similarly, the improved crystallinity in the
Gel,reduced Ge NC samples likely leads to a reduction in trap
states and an overall improvement in charge extraction.
Photocurrents showed a five-decade change in magnitude in
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comparison to dark currents, a favorable characteristic for
photodetectors.

OAm is a widely employed capping ligand that prevents
aggregation, coalescence, and termination of particle
growth.”*"?»3%% A5 mentioned previously, Smock et al.
systematically studied the surface of solution-synthesized Ge
NCs by NMR and concluded that the strongly bound native
ligands are X-type Ge—NHR covalent bonds whose fraction
increased with higher reaction temperature.”> When it comes
to redox mechanisms involving OAm, different viable pathways
have been proposed.”*'~** It has been reported that when
OAm is the only reducing agent in the reaction, the lone pair
of electrons in the amine group is necessary for the reduction
process*’ and the carbon double bond in OAm is not playing a
significant role in the reactions.*® In some syntheses of metal
nanoparticles involving OAm and metal oxide precursor, a
catalytic hydrodenitrogenation reaction occurs and results in a
cleavage of C—N bond of the amine.”* Amino radicals formed
at a relatively high temperature could transform to imine or
nitrile through deprotonation reaction.”' Tabatabaei et al.
proposed a different pathway for the reducing process to form
Ge NCs by OAm with the formation of hydrogen gas.
Supported with FT-IR and NMR, there was no evidence for
the existence of imine nor nitrile groups to serve as capping
ligands on the surface of Ge NCs.”

Ruddy et al. reduced mixed valence Ge precursors, Gel, and
Gel,, to synthesize Ge NCs with the assistance of a reducing
agent, BuLi.” It was proposed Ge(IV) could also be reduced to
Ge at a relatively high temperature (>250 °C).” In this work,
another pathway is discovered showing that Ge(IV) can be
reduced to Ge(II), which is then further reduced to Ge®. We
investigated possible mechanisms behind the reactions of
germanium precursors with OAm employing MS, GC, and
NMR.

High-resolution mass spectrometry (HRMS) in the SI,
Figure S11, shows OAm, the Gel, stock solution and the Gel,
stock solution as well as these solutions after the first
microwave heating, the Gel, stock solution after the second
heating, along with an OAm + I, solution after heating. Table 1
summarized the major HRMS peaks and possible species. The
OAm solution shows a typical mass spectrum with the main
peak at 268.30 m/z. The Gel, stock solution shows the OAm
peak and two new peaks: an exact mass of 663.5 amu, which
could be assigned to an ammonium—iodide complex
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Table 1. High-Resolution Mass Spectrometry Peaks and
Possible Species”

empirical formula change from
m/z; z =1 formula parent possible species
2682998  CHagN OAm R'—CH,—NH,
516.5506 CyeHoN 2OAM — NH; —  R'—CH=N-CH,—
2*H R’
518.5617 Ciy6H,,N 2%0AM — NH, R'—CH,—NH-
CH,—R/
663.5053  CyHyNoI  2%OAM + I + 2%H ((RNH,),I)*
“Here, R’ is CH;(CH,),CH=CH(CH,), .

((RNH,),I)", and $16.55 amu, which could be assigned to an
imine group R'—CH=N-CH,—R’. Here, R’ is
CH,(CH,),CH=CH(CH,),” as the same carbon chain in
OAm without the NH,CH,— group. These two peaks are also
seen in a Gel, stock solution at room temperature in SI, Figure
Sllc. It is unexpected that an imine formed at room
temperature in the Gel, stock solution. The possibility should
be considered that the imine could be produced in the MS via
an intense gas phase process.”” However, after the first heating
of the Gel, stock solution, a peak with 518.56 m/z arises,
indicating the presence of the product of the dimerization of
OAm, ((CH,;(CH,),CH=CH(CH,),CH,),NH). During the
heating reaction, ammonia gas is produced, identified by GC;
see below. The peak intensity of the 518.56 m/z increased

dramatically after the second heating process (SI, Figure Sl1e)
demonstrating a higher degree of dimerization. The same MS
peak (518.56 m/z) was reported for a Gel, microwave
reaction.”” The MS signal provides evidence that the Ge(IV)/
I” ions might play an important role in the formation of an
imine group at room temperature, and the I” ion triggers the
dimerization reaction of amines.

Gas chromatography (GC) was also used to qualitatively
determine the gases produced during both steps of the reaction
by injecting the gas taken from the headspace of the sealed
microwave tubes. In both steps, H, and NH; gas were
detected, confirmed by the pure gas injection as a comparison
(SI, Figure S12). The formation of NHj is consistent with the
MS data of the formation of the OAm dimer. The pathway of
the production of H, gas during the reaction is still unsolved.
One possible hypothesis is that H, is released from the
deprotonation reaction of OAm induced by I".>* Another
possible pathway is that the amine could undergo a
nucleophilic substitution reaction with protonated amine
(ammonium), followed with a dehydrogenation reaction.”’
Both NH; and H, gases were produced in this process.

The function of H, gas in the reaction was investigated by
running a reaction with conventional heating. The yellow
solution obtained after the first-step microwave heating was
transferred into a flask. The flask was heated by a heating
mantle and assembled with argon gas flow to remove the
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Figure 10. (a) Overall NMR spectra of degassed OAm, Gel, stock solution, Gel, fresh solution and stock solution, and the supernatant of Gel,/
OAm after first and second steps of the reaction. (b) Enlarged spectra with the range of 0.75—1.75 ppm. (c) Enlarged spectra with the range of

2.55-2.7S ppm.
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produced gases. After 30 min holding at 260 °C, a brown
solution was obtained, demonstrating the formation of Ge
NCs. As indicated previously, while GC shows the production
of H,(g), it is not the reducing agent for the formation of Ge
nanoparticles.””

"H NMR spectra (Figure 10a) was obtained from different
solutions to study the chemical changes during the reaction.
The spectra of the Gel, and Gel, stock solutions as well as
freshly prepared Gel, solution and Gel, solution after first and
second reaction steps are compared with OAm in Figure 10b.
In the order of OAm to Gel, stock solution to Gel, stock
solution, the peak corresponding to the amine proton (labeled
with *) moves downfield. Shifting of the amine protons with
protonation has been previously observed, for example, in a
mixture of sulfur and octylamine assigned to the formation of
(RNH;")(RNH-S;").* The amine group of OAm has been
reported to serve as an electron donor (L-type) ligand and
coordinates with transition metal ions to form a reactive
precursor.””*® Ge(IV) is a hard Lewis acid according to the
hard and soft acid and base (HSAB) theory. lodide, I,
compared with an amine group, is soft. Thus, when Gel,
dissolved in OAm, I" ligands are partially substituted by OAm,
and [Ge(OAm)J, ,]*" forms. In the presence of I_, the
amines could undergo a protonation process and form
oleylammonium iodide as indicated by the shifting of amine
proton peak in the NMR. Gel, in OAm undergoes the same
process. However, compared with Ge(IV), Ge(Il) is
comparatively soft due to the larger atomic radius and only
possesses two coordinative positions and hence a lower degree
of protonation. The peak shift in 'H NMR also correlates with
the existence and intensity of the protonated amine peak
observed in the MS (SI, Figure S11b). Compared with the
OAm reference, the amine proton peak is sharper in precursor
stock solutions and attributed to the coordination between
Ge(IV) and OAm that reduces the amine—amine interaction.
The protonation is a fast process as the amine proton peak of a
freshly prepared Gel, solution shows the same chemical shift
as that of the Gel, stock solution.

An extra peak with small upfield shift from the original
position of OAm is clearly exhibited in the enlarged range of
2.5—2.8 ppm in the NMR (Figure 10c). The new peak with a
upfield shift that is smaller than 0.1 ppm is likely from a
derivative product of OAm such as the dioleylamine that is
identified by MS. The increasing intensity of this NMR peak
correlates with the increasing amount of dioleylamine after the
two-step reaction. The proton peaks of the amine broaden and
shift slightly upfield after the two-step heating. The broadening
is caused by multiple environments of amine. The shifting is
attributed to the formation of dioleylamine, which has a more
shielded amine group. Detected and presumed species are
summarized in Table 2 according to MS, GC, and NMR.

Table 2. Summary of Detected and Presumed Complexes
and Species from NMR, MS, and GC

NMR MS GC
Gel,, stock [Ge(OAm),I,_.]*"; R'—~CH=N-CH,—
solution RNH," R’; ((RNH;),1)*
Gel,/OAm after dioleylamine dioleylamine NH;;
first step H,
Gel,/OAm after dioleylamine dioleylamine NH;;
second step H,
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Based on the summarized species, we propose a possible
mechanism for the reduction of Ge(IV) to Ge(Il) in OAm. It
was reported decades ago that Ge(IV) can be easily reduced by
different amines such as ethylamine and aniline.’' ™ The
reaction pathways are listed below in egs 1 and 2. Followed by
the disproportion reaction (eq 3), Ge undergoes nucleation
and growth under the control of the concentration of Ge(IV).

[Ge(NH,CH,R),]*" + 4NH,CH,R’
2 2 4 2 2

— Ge(NHCH,R'), + 4(NH,CH,R')* (1)
Ge(NHCH,R); — Ge(N=CHR), + 2NH,CH,R'  (2)
Ge(Il) = Ge® + Ge(IV) (3)

The proposed reduction mechanism is similar to that reported
in Nam’s work on the synthesis of cobalt nanoparticles.** The
possible reaction pathways are shown in Scheme 1. The OAm
deprotonates to form a stronger coordinating ligand,
oleylamide. The a-carbon atom of the coordinated oleylamide
ligand on Ge(IV) interacts with the relatively electronegative
nitrogen atom in another oleylamide ligand binding on the
same center Ge atom. This results in the cleavage of the N—C
bond, also known as the denitrogenation reaction. The
subsequent reaction undergoes a p-hydride elimination,
which forms an imine and Ge hydride bond. The Ge(IV)—
amine—hydride complex will be quickly reduced to Ge(Il)
with the formation of NH; gas, which is observed in GC. While
the imine could react with the observed H, gas and form the
dioleylamine (R—NH—R) observed in the MS, the Ge(Il)
species undergoes a disproportion reaction and gives Ge’ and
Ge(IV) as shown in eq 3. In this proposed mechanism, the
surface ligand change from OAm to oleylamide is necessary,
which reduces the overall reaction rate and prevents
aggregation of small Ge nucleus. The NH; gas is formed
from the fast reductive elimination reaction. Several
germanium—amine—hydride complexes have been successfully
prepared and stabilized by bulky coordinates.”* These Ge—
amine—hydride complexes are confirmed by single-crystal X-
ray diffraction, and further efforts on short chain amines might
provide further insight.”*

In this work, a two-step reaction was carried out to
synthesize Ge NCs from Gel,. In the Synthesis and
Characterization section, different reactions demonstrate that
the reaction rate is responsible for the nucleation, growth, and
dispersion of the as-synthesized Ge NCs. In a prepared Gel,/
OAm solution, the ligands exchange and form [Ge-
(OAm),I,_,]*". When the solution is heated, binding ligands
change from L-type oleylamine to stronger X-type oleylamide
(Ge—NHR). Oleylamide is a long chain bulky ligand with
strong binding affinity.”> These two factors decelerate the
reaction rate of the center atom, Ge(IV) and control the
nucleation and growth of Ge NCs.*»*%¢

Mixed-valent Ge precursors have been employed to control
the size and improve the crystallinity of Ge NCs. It was
believed that Ge’ nucleated from Ge(II) reduction and grew
from Ge(IV) reduction at a high temperature.3 However, in
our work, we confirmed that Ge(IV) can be reduced to Ge(II)
and then undergo the well-documented disproportion reaction
at microwave temperatures of 260 °C and lower, providing Ge"
and presumably Ge(IV) as shown in eq 3. A high
concentration of Ge(IV) in the solution further slows down
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Scheme 1. Proposed Reaction Pathways for the Reduction of Ge(IV) to Ge(II) by OAm”

NH,-R
| 'i| < : Heating y I I
—Ge —NH-CH, R’ —Ge" —NH-CHyR' —Gel FN-CHR’
| -2 [NH;-R]* | i
NH-CH,-R’ NH-CH,-R NH -CH»-R’
|
H C-N bond
B NH,-R cleavage l sl
N-CHxR’ BH
| - NH; —Gle"’—H I % elimination —Ge!V —\lN-CHz-R'
—Ge' Reductive * CH '
elimination NH, R slow NH,\ _CH-R’
fast H
LT
Ge(IV) + Ge®

R'-CH,-NH-CH,-R’
(Dioleylamine)

R’ is CHa(CH,);CH=CH(CH,),-
R is CHg(CH,);CH=CH(CH,)g-

“Ge(IV) is reduced to Ge(Il) by oleylamide from the deprotonation of OAm, with the formation of NH; and dioleylamine.

the disproportional reaction and results in the highly crystalline
nature of Ge NCs.

A two-step microwave-assisted solution method was designed
to synthesize Ge NCs from Gel, as the single Ge precursor.
The process was investigated with different reaction times,
temperatures, and concentrations. Monodispersed Ge NCs
with a large average particle size of 18.9 + 1.84 nm have been
successfully produced through this two-step reaction. Both
XRD and HRTEM images showed the high crystallinities of
the as-synthesized Ge NCs. A high concentration of Gel,
precursor or a low temperature of reaction results in large
aggregations of small Ge nuclei. Urbach energies and
optoelectronic properties of 10 nm Ge NCs prepared from
Gel, by this two-step method were compared with that
synthesized from Gel, by a reported method and showed
higher crystallinities and better electrical conductivity. The
reaction process was investigated by NMR, MS, and GC. A
possible mechanism was proposed based on the detected
species by these characterizations.

Overall, a new synthetic route to Ge NCs was studied and
provided improved qualities of as-made Ge NCs. The synthesis
could be further modified and applied not only to Ge-based
nanostructures but to other metal and semimetal nanocrystals.
The investigation of the possible mechanisms involved in this
reaction provides new insights on nanoparticle synthesis of
covalently bonding semiconductors.

Germanium(IV) and (II) iodides, Gel, and Gel,, were purchased
from Prof. Richard Blair’s laboratory (University of Central Florida)
and confirmed to be phase-pure from powder X-ray diffraction.
Oleylamine (OAm, (Z)-octadec-9-enylamine, technical grade, >50%,
TCI America) was degassed under vacuum for longer than 2 h at 150
°C before use. Methanol, toluene (HPLC grade, Fisher Scientific)
were purified using a solvent purification system and stored in a
glovebox under argon.

Microwave heating was applied to all Ge NC reactions by employing a
CEM microwave reactor (Discover SP) under dynamic mode. Gel,
stock solution (35 mM) was prepared by dissolving 1.2 g (2.1 mmol)
of Gel, in 60 mL of OAm and stirring in an Ar-filled glovebox for a
few days. The as-made colorless solution was kept in the glovebox
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until used in reactions. Different concentration stock solutions were
prepared following the same process.

In a typical synthesis of OAm-capped Ge NCs, 6 mL of the
prepared Gel, stock solution was transferred into a 35 mL borosilicate
microwave tube (purchased from CEM Corporation). In the first step
of a reaction, the microwave tube with the solution, sealed with a
CEM Teflon cap, was removed from the glovebox and heated to 250
°C in the microwave reactor with a maximum heating power of 150
W. After 40 min at 250 °C, the microwave tube was automatically
cooled to 60 °C by the reactor, and a clear light-yellow solution was
observed. Since the microwave cap is not fully airtight, to avoid any
contamination with the air, the tube with the as-made yellow solution
was parafilmed and transferred into the glovebox. Parafilm is moisture
resistant but gas permeable. Thus, during the vacuum, the gases in the
headspace should be removed. The microwave tube cap was removed,
and 2 mL of the as-prepared yellow solution was transferred to a clean
and dry microwave tube. The 2 mL yellow solution was then
transferred out and heated to 260 °C for 30 min also with a maximum
power of 150 W to finish the synthesis. A caramel brown-colored
solution was obtained. Samples for device fabrication were
synthesized slightly differently as described in the following section.
To isolate the Ge NCs, the microwave tube containing the final
product was transferred to an argon-filled glovebox.

In the glovebox, the brown-colored solution was transferred into a
50 mL centrifuge tube, and 2 mL of anhydrous toluene and 3 mL of
anhydrous methanol as an antisolvent were added. For the samples
with smaller particle size, a total of 10 mL of anhydrous methanol is
required for the isolation. The solution in the centrifuge tube was
taken out and centrifuged at S000 rpm (~3500 rcf) at room
temperature for 3 min, and then, the tube was transferred back into
the glovebox, and the pale-yellow or pale-brown supernatant was
discarded. This wash process was carried out two more times in order
to fully remove extra free OAm ligands and other impurities. The final
precipitation was well-dispersed in 1 mL of toluene and kept in the
glovebox for further characterizations. For some characterization, the
supernatant after the second step was acquired. After reacting at 260
°C, the as-prepared brown-colored solution was directly transferred
into centrifuge tube in the glovebox and then transferred out and
centrifuged at S000 rpm (~3500 rcf) for S min. The Ge NCs could be
precipitated, and a pale-yellow solution was obtained for further
characterization.

The method is modified from previous works.”>** Gel, (0.2 mmol)
was dissolved in 6 mL of degassed OAm by stirring in the glovebox
overnight. A yellow solution was obtained once the Gel, fully
dissolved. The obtained solution was then microwave heated to 260
°C with 150 W of applied power. After a 60 min reaction, the
obtained dark brown-colored solution was isolated by the method
described above.
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A 6 mL aliquot of the as-prepared 35 mM Gel,/OAm stock solution
was transferred into a 35 mL microwave tube. The solution went
through a two-step reaction as described above, except a set
temperature of 240 °C was applied for the second step. A selective
isolation was carried out. In the glovebox, the as-obtained brown
solution was transferred to a centrifuge tube without adding any
solvents. The centrifuge tube was pumped out and centrifuged at
3000 rpm for 3 min followed with the same isolation as described
above.

A 6 mL aliquot of the as-prepared 35 mM Gel,/OAm stock solution
followed the procedure above for the two-step reaction. We kept the
volume as 6 mL for the second step at 260 °C for 30 min. The same
isolation process was carried out.

Ge NC products were characterized by X-ray diffraction, transmission
electron microscopy (TEM), scanning transmission electron micros-
copy (STEM), selected area electron diffraction (SAED), NMR
spectroscopy, and gas chromatography (GC).

XRD patterns were obtained by drop-casting and drying the toluene
dispersion of prepared Ge NCs on a quartz substrate holder. The
obtained dark brown thin film was then scanned using a Bruker D8
Advance diffractometer (Cu Ka, 40 kV, 40 mA, 1 = 1.5418 A) with a
range of 10—80°.

Both TEM and DF-STEM samples were prepared by drop-casting the
dilute dispersion of Ge NCs in toluene onto lacey carbon supported
by a 400 mesh copper grid (Ted Pella). The grids were dried
completely to avoid carbon contamination of the vacuum chamber
during electron beam irradiation. TEM/DF-STEM images were
acquired using a FEI ThemlIS 60—300 STEM/TEM (Thermo Fisher
Scientific, US) operated at 300 kV at the National Center for Electron
Microscopy within the Molecular Foundry in Lawrence Berkeley
National Laboratory. The ThemlIS is equipped with image aberration
corrector optics and a Ceta2 camera (4k X 4k pixels, and 14-bit
dynamic range).

Samples for 'H NMR were prepared by transferring 50 uL of sample
solution and mixing with 600 uL of CDClI; solvent under an inert
atmosphere. "H NMR spectra were obtained at room temperature on
a 400 MHz Bruker Advance IITHD Nanobay Spectrometer. Chemical
shifts were referenced to residual undertreated CHCl; (7.26 ppm).

A Varian 3800 GC was used to identify the gases produced during the
reaction. The instrument is equipped with a thermal conductivity
detector and a Carboxen 1010 PLOT fused silica column (30 m X
0.53 mm) (Supelco) using nitrogen (99.999%, Praxair) as the carrier
gas. The microwave tubes were parafilmed. A 2 yL volume of gas was
taken and injected into the GC by a borosilicate glass syringe.

As-prepared solvents or solutions were analyzed by flow-injection
analysis into a Q Exactive HF Orbitrap (Bremen, Germany) operated
in the centroid mode. Samples were injected into a mixture of 50%
methanol and 0.1% formic acid/H,O at a flow of 200 ¢L/min. Source
parameters were a 4.5 kV spray voltage, a capillary temperature of 275
°C, and a sheath gas setting of 20. Spectral data were acquired at a
resolution setting of 100 000 fwhm with the lock mass feature, which
typically results in a mass accuracy <2 ppm.
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Samples were prepared in a nitrogen glovebox. Thin-film samples
were prepared by spin-coating our Ge NC colloidal solution on a glass
substrate, at 400—1000 rpm for 60 s. While details of this system are
similar to previously reported work,>**® what follows is a brief
description of this spectroscopy technique. The thin film is placed
securely in a quartz cuvette filled with Fluorinert FC-72 (3M). Light
from a tungsten halogen arc lamp was used to pump the sample. The
light was chopped at S Hz and scanned from 2.1 to 0.6 €V, in steps of
0.01 eV, by using a Princeton Instruments Acton monochromator,
resulting in a pumping signal with a full-width-half-maximum of 15
nm. Using a beam splitter, this pumping light is partially sent into a
reference detector, for signal scaling purposes, and partially made to
be incident on the sample, normal to the substrate. A 2 mW He—Ne
633 nm laser (JDSU) was aligned parallel to the surface of the sample
and used as a probe beam. As the modulated pump beam excites the
sample, heat from nonradiative relaxation causes the probe beam to
be deflected. The deflection is registered with a Thorlabs PDP90
position-sensitive detector, whose signal is read by a lock-in amplifier
to reduce noise and allow for high-sensitivity absorption measure-
ments. The absorbance is given by the expression:

_ _1 _ Veig
a= dln(l

Vet
is the sample thickness, V, is the signal amplitude from the PSD, V.
is the signal from the reference detector, and C,,, is a normalization
constant. Bandgap estimates were made through linear fits on the
Tauc plot (a - E)V" vs E, where E is the photon energy and 7 is a
constant that is 1/2 for direct semiconductors and 2 for indirect
semiconductors. The x-intercept of the linear fit of the midgap region
provides an estimate of the bandgap energy. Urbach energy, a
characterization of the collective disorder in the system, was found by
fitting to the relation @ ~ exp(E/Ey,q) in the midgap region. In
practice, the Urbach energy is obtained through a linear fit of In(a) vs
E, where the best-fit slope is 1/Ey,q.

mrm), where a is the absorption coeflicient, d

All devices were prepared indium-tin-oxide-patterned glass substrates
(Thin Film Devices, inc.). Substrates were cleaned with Alconox
detergent and deionized water before being placed in 15 min
sonication baths of first acetone and then isopropyl alcohol. The
compact blocking-layer TiO, layer (Solaronix, Ti-nanoxide BL150/
SP) was doctor-bladed onto the ITO. It was then dried on a 115 °C
hot plate for S min before being sintered in an oven at 500 °C for 30
min. Next, the mesoporous TiO, layer (Solaronix, Ti-nanoxide T165/
SP) was applied, dried, and sintered in the same manner. Next, the Ge
NC solutions were spin-coated atop the TiO, layers in a nitrogen-
filled glovebox at 400 rpm for 45 s. After being dried on a hot plate at
60—80 C for S min, the devices were placed in a thermal evaporation
chamber built into the glovebox to avoid oxygen exposure.
Approximately 60—80 nm of Ag (Kurt J. Lesker) was patterned on
our devices at a rate of 1 A/s. Current density—voltage measurements
were made using a Keithley 2400 source meter. During light
measurements, devices were exposed to light from a solar simulator
(Oriel) passing through an AML.S filter. All device measurements
were made in the glovebox.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00072.

Histograms of size distribution of Ge NCs reported in
this work; HRTEM images of Ge NCs by a two-step
reaction; TEM and HRTEM of a one-step reaction with
Gel, and OAm; picture shows the different color of the
Gel,/OAm reaction after the first step; XRD patterns of
10 nm Ge NCs reduced from Gel, and Gel, and 18 nm
Ge NCs reduced from Gel,; Urbach energy fitting;
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actual photocurrent plots; HRMS spectra and GC
spectra (PDF)
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