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Colloidal Ge nanocrystals (NCs) are gaining increased interest because of their potential application in low-
cost optoelectronic and light harvesting devices. However, reliable control of colloidal NC synthesis is often
an issue and a deeper understanding of the key-role parameters governing NC growth is highly required.
Here we report an extended investigation on the growth of colloidal Ge NCs synthesized from a one-pot
solution based approach. A systematic study of the effects of synthesis time, temperature and precursor
concentration is elucidated in detail. X-ray diffraction (XRD) analysis reveals the presence of crystalline
Ge NCs with a mean size (from 5 to 35 nm) decreasing with the increase of precursor concentration.
Such a trend was further confirmed by scanning electron microscopy (SEM) and dynamic light scattering
(DLS) analysis. Moreover, the temporal NC size evolution shows a typical saturating behaviour, where
characteristic time shortens at higher precursor concentration. All these growth features were
satisfactorily simulated by a numerical NC growth model, evidencing that the kinetics of NC growth is
controlled by a reaction-limited regime with typical activation energy of 0.7 eV. Finally, light absorption
in the visible region and the successful realization of a hybrid photodetector, employing colloidal Ge
NCs embedded in PEDOT:PSS polymer, showed the capability of low-cost colloidal Ge to act as light
harvester. These results put new understanding for a reliable control of colloidal NC growth and the
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Introduction

Group IV semiconductor nanostructures gained large interest in
the last two decades because of their fascinating optical prop-
erties and efficient light absorption."* In particular, Ge nano-
structures (NS) demonstrate a large tuning of optical properties
through an optimized exploitation of quantum confinement
effects (QCE) and interface/matrix engineering.*”* Such
evidences make them very promising for a new class of efficient
and tunable optoelectronic devices and light harvesters.

As far as the Ge NS synthesis is concerned, many established
methods are commonly used, such as sputtering, chemical
vapour deposition, molecular beam epitaxy, ion implanta-
tion.®** Although a solid-phase and high-vacuum based
approach is compatible with standard device fabrication route,
a low-cost and controlled method would be highly desired for
real exploitation of Ge NSs. Indeed, some recent reports have
demonstrated successful attempts in the development of
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photodetectors and solar cells using low-cost colloidal nano-
crystals (NCs) as active media.”>** Among low-cost methods,
solution based syntheses, represent a powerful method toward
the development of cost-effective devices based on Ge NCs.
Recently, Vaughn et al. published a comprehensive review out-
lining known methods for the synthesis of colloidal Ge NCs."®
The most common routes include metathesis reactions (double
decomposition) involving Zintl salts,’” ™ hydride reduction of
Ge halides,”** thermal decomposition of organo-germane
precursors,”?® and one pot heat-up method. In the latter,
a Ge salt (GeX, X = Cl, Br, I) is typically dissolved and reduced by
oleylamine, oleic acid, and hexamethyldisilazane based
solutions.?”*

These methods are usually able to generate crystalline Ge
nanoparticles with some control of the size and/or shape.
Despite these successful reports on Ge NC synthesis, a complete
understanding and fully reliable control of Ge NC growth
remain still a challenge. In particular, experimental studies
showed some controversies in the kinetics of Ge NC growth and
their optical properties. For example, Vaughn et al. generated
multi-faceted Ge NCs dissolving Gel, precursor in a mixture
solution of oleylamine, oleic acid and hexamethylsilazane at
260 °C for 30 min.”” By varying the precursor concentration, the
NC size was effectively tuned in the 6-22 nm range. However,
changing the solvent and varying the surfactant concentration
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leads to completely different morphologies of Ge nano-
structures, including cubic-shaped and one dimensional
structures.”” In a similar synthesis process, Muthuswamy et al.
found only slight variations of Ge NC size when the more
reactive Gel, precursor is dissolved in oleylamine, while a better
control with the precursor content occurred when a mixture of
Gel,/Gel, was used.”® Indeed, the Ge NC nucleation and growth
process does not depend on the precursor concentration only. It
was experimentally observed by Codoluto and co-workers that
the amount and type of the reducing agent largely influence
these processes.” In particular, the chemical environment
surrounding Ge NCs plays a key-role also for what concerns the
optical properties, being able to influence QCE in both
absorption and emission processes.***

Besides several reports on successful synthesis of Ge nano-
particles from Ge halides, only fewer systematic investigations
exist on the effects of the main synthesis parameters on the NC
growth. More importantly, a satisfactory interpretation of
experimental results based on a proper modeling is still lacking.
Up to date, only few reports model exhaustively the growth
evolution of colloidal NCs ensembles,**** while a systematic
comparison between experimental results and theoretical
calculation was never strengthen. Thus, major gaps between
experimental results and theoretical modeling still need to be
overcome in order to provide a reliable control of the growth
process of colloidal NCs.

For these reasons, here we report an extended investigation
on the growth kinetics of colloidal Ge NCs. The experimental
results of the effects of synthesis time, temperature and
precursor concentration on the growth of Ge NCs are system-
atically simulated through analytical modelling. These results
give evidences that the kinetic of growth is controlled by
a reaction-limited regime. Finally, a prototype device for light
detection was successfully realized, demonstrating the poten-
tial usage of colloidal Ge NC for low-cost optoelectronic
devices.

Experimental

Germanium(n) bromide (GeBr, 97% pure), oleylamine (70%
technical grade), toluene (99.8%), and poly(3,4-ethylenedio-
xythiophene)-poly(styrenesulfonate) (PEDOT:PSS, 1.3 wt%
dispersion in H,0, conductive grade) were purchased from
Sigma-Aldrich Inc. In our synthesis, 10 ml of oleylamine were
purified in a three neck flask by Ar bubbling and stirring for 30
min at 90 °C. Then, GeBr, salt [from 0.055 g (~24 mM) to 0.22 g
(~95 mM)] was added in the solution as a precursor. GeBr, was
dissolved in oleylamine through stirring and heating at 90 °C
for 30 minute under oxygen-free conditions. After complete
dissolution of GeBr,, the mixture solution was heated up to
230-260 °C in Ar atmosphere. The ramp of the heating
temperature was controlled at 5 °C min~'. The dwell time at the
final temperature was varied between 1 and 30 min. After this
step, the colloidal solution was slowly cooled down to room
temperature (ramp at around 10 °C min~") and 20 ml toluene
was added to the mixture in order to disperse Ge NCs better.
The presence and size distribution of Ge NCs were investigated
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through Scanning Electron Microscopy (SEM) and X-Ray
Diffraction (XRD) analyses on powders obtained from concen-
trated Ge NCs solution dried on glass substrates. High resolu-
tion SEM analysis was performed with a FEG-SEM Supra 25
microscope, operating at 4 kV on concentrated Ge nanoparticle
solution deposited on carbon-coated Cu grids. Nanoparticles
were recognized manually, by locating their boundaries,
through GATAN software. For each sample about one hundred
particles were analysed and the average size and standard
deviation were calculated. XRD analysis was performed using
a Bruker D-500 diffractometer on thin films powders deposited
by dropping small quantities of colloidal solution on glass
substrates. Spectra were acquired in 26 glancing incidence
mode in the 20-60° range and with a step resolution of 0.05°.
The mean grain size, S, of Ge NCs was estimated using the
Scherrer equation,* considering the averaged value extracted
from the FWHM of Ge crystalline XRD peaks. Vis/NIR trans-
mission spectroscopy was performed in the 400-1100 nm range
on colloidal Ge solutions diluted in toluene (1 : 3 ratio) by using
a Varian Cary 500 spectrophotometer and optically transparent
quartz cuvette of 1 cm optical path length.

The light harvesting performances of Ge NCs were tested in
hybrid organic-inorganic devices. Firstly, PEDOT:PSS solution
was treated with isopropanol solvation (80% IPA:20% DI
water). Such treatment was demonstrated to enhance
PEDOT:PSS conductivity, as reported in ref. 35. As a result of the
solvation process PEDOT:PSS film resistance decreased of two
order of magnitude, going from 1.6 x 10* Q sq. " to 1.1 x 10> Q
sq.”". Then, concentrated solution of Ge NC was added to
PEDOT:PSS films and spin (1000 rpm, 30 s) on interdigitated
gold electrodes, which were previously fabricated by Au etching
photolithography on glass substrates. The imprinted area of the
mask on our samples is about 1 cm® while the interdigitated
pattern consists of 9 fingers, separated from each other by
a distance of 1 mm. Current vs. time measurements were per-
formed in dark and under illumination with a Keithley 4200
semiconductor characterization system. As light source, we
used a fiber optic ring illuminator connected to a 150 W cold
lamp (Highlight 3001, Olympus).

The evolution of the NC growth was studied with a finite-
element-analysis simulation model through COMSOL Multi-
physics4.3a. Simulations were performed using an extra-fine
complete spatial mesh, considering a single NP with radius r
dispersed in a solution having a monomer concentration Cg,
and a unit volume V (defined by the mean distance between
nanoparticles).

Results and discussion

Fig. 1 describes the synthesis process of Ge nanoparticles
formed through the dissolution of 0.11 g GeBr, (~47 mM) in 10
ml of oleylamine at 260 °C for 10 min. Oleylamine is a solvent
which plays a double role in the reduction process of GeBr,
and in the stabilization of the Ge NCs.'*** During the heating
process, the solution rapidly changes color at about 260 °C,
going from a pale yellow (initial stage) to a dark brown color
(final stage), as shown in Fig. 1(a) and (b) respectively. The
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Fig.1 Color change of colloidal Ge NCs in oleylamine at initial (a) and
final (b) stage of synthesis process. Typical SEM micrograph (c),
showing Ge nanoparticles with mean size of 30 + 5 nm (d).

color of the system is qualitatively related to the amount of
nucleated nanoparticles and to their size. A light-color solution
could be either related to a small amount of absorbing centers
and/or to the presence of very small nanoparticles having
a higher energy absorption onset due to QCE. As soon as the
thermal budget is increased, the color of the solution gets
darker because of the nucleation of a larger amount of nano-
particles and their simultaneous growth, which turns out in
a stronger light absorption capability. A similar behavior was
observed also by Xue et al.** and Muthuswamy et al.*®** They
interpreted this behavior as a result of the key-role of oleyl-
amine in the reduction process of GeBr,. The authors
proposed that the synthesis proceeds firstly with the nucle-
ation of Ge(0) seeds from the low-temperature reduction of
GeBr,, followed by subsequent Ge nanoparticle growth at
higher 7."**” The presence of nanoparticles is verified by the
SEM micrograph in Fig. 1(c) and (d), showing Ge nanoparticles
having a mean size of 30 + 5 nm. Similar values of NC size and
dispersion were further checked on an additional sample
grown under similar experimental conditions, as reported in
Fig. 1S of the ESL}

Indeed, the presence of Ge NCs is also confirmed by XRD
analysis performed on powder films obtained from concen-
trated colloidal solution dried on glass substrates, as shown in
Fig. 2. The diffraction peaks at 27.3°, 45.4° and 54.5° correspond
to the {111}, {220} and {311} lattice planes of diamond-phase
crystalline Ge, respectively. Fig. 2(a) shows the influence of Ge
precursor content, Cge, on the growth process of NCs. The
FWHM of Ge crystalline peaks increases with the increasing of
Ge content, indicating the presence of smaller NCs. The
synthesis time also deeply affects NC growth, as shown in
Fig. 2(b). For a synthesis time longer than 1-2 min, clear
diffraction peaks from crystalline Ge are present. Moreover, the
longer the synthesis time, the sharper FWHM of the peaks is.
This behavior evidences a fast reaction process in the NC size
growth. On the other hand, no Ge-related crystalline peaks can
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be detected for a threshold synthesis time shorter than one
minute. In this case, only a broad background coming from the
glassy substrate is present.

Besides the peaks relative to crystalline Ge, there are other
peaks appearing in some of the XRD patterns, in particular for
high amount of Ge precursor. Such peaks are uniquely related
to rutile GeO, (see Fig. 2S in ESI{).*® The presence of GeO, is
probably related to partial oxygen contamination of the
precursor before the synthesis process, since GeBr, is highly air
sensitive.** Such oxygen contamination can lead to the forma-
tion of a GeO, shell around NCs or to GeO, composites
dispersed in the NC solution. Mild annealing pre-treatment of
the GeBr, powder allowed to restore the precursor to its original
condition and removed GeO,-related contamination without
any change of the FWHM of crystalline Ge-peak (see Fig. 3S in
ESIT). This behavior gives evidence that the reaction pathway is
not dramatically influenced by GeO, contaminations in the
precursor.

Fig. 3(a) shows the temporal growth evolution of Ge NCs
synthesized at 260 °C for the case of 47 mM of Ge precursor, as
extracted from XRD data. The NC mean size increases from 10
nm to about 25 nm in a characteristic time scale, tg,, of about
300 s. It is worth noting that the size extracted from XRD is
compatible with the size distribution found by high resolution
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Fig. 3 Evolution of Ge NCs size as a function of synthesis time (a) and
precursor content (b).

SEM analysis. The slightly larger value given by the latter could
be attributed to a thin GeO, shell covering the Ge NC, as evi-
denced by the rutile GeO, diffraction peak shown in Fig. 2. For
synthesis times longer than 5 min NC growth clearly saturates
to a value of almost 30 nm. The experimental values of temporal
NC growth are well fitted by the exponential relationship: S =
Ssat — So €= where S, is the NC size in the saturation regime
and S, is the difference between S, and S¢;*, which represents
the critical size for NC growth. From the fitting we can extract
a critical mean value for NC nucleation of S&;F = 4.4 £ 2.0 nm.

Besides the role of synthesis time on NC growth, another
main parameter is determined by the initial concentration of
precursor, Cg.. As clearly shown in Fig. 3(b) the larger the Ge
content, the smaller mean NCs size is. In particular, given
a synthesis time of 10 min at 260 °C, NC size decreases from
a value of 35 nm for 24 mM to 10 nm for 95 mM of GeBr,. A
similar trend is observed also for a synthesis temperature of 230
°C, where NC size decreases from a value of about 17 nm for 32
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mM to 6 nm for 47 mM of GeBr,. We independently confirmed
the trend of particle size vs. precursor concentration by
Dynamic Light Scattering (DLS) technique. As shown in Fig. 4S
of ESI,f the DLS decay time from scattered photons by Ge
particles decreases with the increase of the amount of dissolved
Ge, indicating the presence of smaller particles in more
concentrated solutions. No significant light scattering signal
was observed for samples with drying pre-treated GeBr,
precursor, ruling out the presence of large GeO, particles
dispersed in solution. These findings reveal that synthesis time,
Ge content and temperature, all are key-role parameters in the
growth kinetic of colloidal NC.

Interpretation and modelling

In order to have a deeper understanding of the reported results,
it is worth to separate the different phenomena taking place
into the mechanisms of nucleation and growth of colloidal
nanocrystals. For the simplified case of one nanoparticle
dispersed in a solution of precursor atoms with concentration
Cge, the growth proceeds by two steps: (1) Ge atoms reach the
nanoparticle surface from the bulk solution at a rate deter-
mined by the diffusion coefficient D; (2) Ge atoms react at the
nanoparticle surface and are incorporated into it with a coeffi-
cient reaction rate k(T) = k, e “/*”, being E, the activation
energy of the reaction.

The size evolution of colloidal nanoparticles for different
reaction and diffusion conditions were studied in detail in the
works of Talapin et al. and Embden et al.**** They developed
a model based on the size dependence of the activation energies
for the growth and dissolution processes, which takes into
account the reaction and diffusion rates. According to this
model, the growth rate of a spherical particle with radius, r,
immersed in a solution of atoms with concentration Cg. can be
written as:**

Coe(x,3,0) o (2Vm
o rRT

dr
r+ D/k, (1)

a =DVn Cgat

at

where V,, is the molar volume of Ge, CQ,. is the solubility of Ge
atoms in equilibrium with a flat interface and v is the specific
surface energy of the growing nanoparticle (see Table 1). For
the critical nucleation size, S, the rate of desorption is equal
to the growth rate (dr/d¢ = 0 in eqn (1)) and S, can be written
as:*?

sieor = 2T @

As Cge increases the critical size for NC nucleation reduces.
This means that an increased concentration of Ge precursor
dissolved in solution leads to a larger amount of smaller NCs.
Such a prediction is confirmed by our experimental trend of NC
size reported in Fig. 3(b). By substituting the experimental
values of Cg. used in the synthesis of our Ge NC, we can

determine values of S ranging from 1.6 nm to 3.2 nm for 95
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Table 1 Values of boundary parameters used in the simulation of Ge NC growth

Parameter Symbol Value

Initial mean particle size Stheor. 1.6-3.2 nm

Mean NC concentration Cne 1.5 x 10" to 2.5 x 10" NC per cm
Unit volume of the colloidal solution Vv 5.0 X 107> t0 7.3 x 107> m®

Molar volume Ge*? Vin 13.36 cm?® mol !

Specific surface energy®? v 1.5]m~?

Solubility of monomer** Clat 10> mol m™

mM or 24 mM of GeBr,, respectively. Indeed, such values of
stheor- find a reasonable agreement, within the experimental
error, with the value of Sg;P extracted from the fitting of NC
temporal growth evolution reported in Fig. 3(a).

In order to discern the type of growth regime, finite-element-
analysis calculations on NC growth evolution were computed
by COMSOL software. We considered the simplified case of the
growth of a single NC dispersed in a solution with a concen-
tration of Ge atoms Cg, and unit volume V. We imposed that at
the initial stage (¢ = 0 s) the NC has the critical size determined
by eqn (2). Then, we made two fundamental assumptions only:
(1) the whole amount of Ge precursor is involved in the
formation of Ge NCs, i.e., at the end of the process no dissolved
Ge will remain in solution; (2) no significant Ostwald ripening
or coalescence effects take place during the growth process.
Both these assumptions find conceptual agreement with
theoretical studies on NC growth evolution in colloidal solu-
tion,**** allowing to describe this process through two param-
eters only: amount of Ge precursor and synthesis temperature.
Indeed, both the above assumptions are compatible also with
our experimental results. The first one is justified by the time-
scale used in the synthesis process. This was chosen long
enough to allow the complete dissolution and incorporation of
all Ge atoms toward the growing NCs, as also confirmed by the
saturation of NC size reported in Fig. 3(a). Our latter assump-
tion can be justified by the relatively sparse distribution of Ge
NCs existing in our experimental conditions. In fact, the
average NC concentration in the whole colloidal solution can

-1
. 4
be estimated through the formula Cnc = Cge (gTCr3pGe)

(where pge is the Ge atomic density). In this way, it is possible to
estimate a mean NC concentration going from 1.5 x 10" NC
per cm for 24 mM to 2.5 x 10"> NC per cm > for 95 mM of
GeBr,. The corresponding mean distance between two NC, d [d
(Cnc) ™Y — 2r, defining the unit volume V of solution for each
NC], increases from around 60 nm to 370 nm as Cy¢ goes from
2.5 x 10" NC per cm > to 1.5 x 10" NC per cm >, as listed in
Table 1.

The boundary conditions in Table 1 were used as starting
values to describe NC size evolution in our system. Our model
calculates the time-dependent evolution of Cg. in each point
defined by the applied spatial mesh. After each time step, the
spatial concentration of monomer still present in the solution is
analytically calculated in our model and is substituted into the
time dependent equation of the radius, which is written as:

38458 | RSC Adv., 2016, 6, 38454-38462

d
r(t) = (1) + d—;m
CGe(xuyu tt’—l) 2’YVm
. o P\t RT
:}"(ti,l)‘f*DVmC‘ﬂa1 r([-71)+D/k

(3)

We studied the growth process within a time range between

0 and 1800 seconds, with time-step, At, of 0.01 s. The concen-
tration of Ge in the solution was calculated after each time step
and was substituted into eqn (1) and (3) to calculate the growth
rate in the next step. In this regard, the only free parameter in
RT D
29V k'
which gives information on the growth regime. If K < 1, the
growth kinetic is limited by the low diffusivity of Ge atoms
towards the nanoparticle surface. On the contrary, if K > 1,
then the growth kinetic is limited by the reaction of atoms at the
nanoparticle surface (low incorporation rate). The numerical

our simulation is the a-dimensional quantity K =

parameters used in our simulations are presented in Table 2.

Fig. 4 shows the simulation of size evolution of a single
nanoparticle as a function of the synthesis time, in the case of
an initial precursor content of 47 mM and a temperature of 260
°C. Note that at the initial stage (¢ = 0 s) the nanoparticle is
represented as a (white) circular dot having a critical size of 2.6
nm, according to eqn (2). At this stage, the largest part of Ge
precursor is still dissolved in the solution, while only a small
fraction is used to form the initial Ge nuclei. When the growth
starts, NC size gets bigger because of diffusion and incorpora-
tion of Ge atoms. In this regard, NC can be imagined as a sink
for the diffusing Ge atoms. As the NC growth proceeds, the
concentration of Ge atoms in the solutions is lowered, as shown
in Fig. 4. This leads to a saturation of the NC growth, since after
a certain time no more atoms are available in the solution for
sustaining a further NC growth. This is exactly what we experi-
mentally observed in the case of 47 mM GeBr, as reported in
Fig. 3(a).

The simulation results of the NC growth versus time are re-
ported in Fig. 5. By varying the ratio D/k, is possible to satis-
factorily fit the experimental values of the NC growth. As shown
in Fig. 5(a) for the case of Cg. = 47 mM at 260 °C, a very good
agreement between the NC growth simulation and the experi-
mental results is found for a growth parameter of K = 10.
Noticeably, maintaining the same value of K allows getting
areasonable agreement with experiments whatever is the initial

This journal is © The Royal Society of Chemistry 2016



Paper

RSC Advances

Table 2 Range of the values of the growth parameters used in the simulation of Ge NC growth

-
(&}

Parameter Symbol Value
Initial monomer over saturation CaelCllat 2350-9500
Reaction coefficient ke 8.0x10 " t09.8 x 10 ¥ ms*
Diffusion coefficient D 8.0x 1077 t09.2 x 107 m?*s™*
Growth parameter K- RT D 1-200
2y Vi ke
F i T synthesis 260°C
CG.? 401 24 mM 1
F —— 47 mM R
Q
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Fig.4 Simulation of NC growth evolution for a colloidal solution of Ge
atoms dissolved in oleylamine in the case of initial precursor content of
47 mM and 260 °C synthesis temperature.

Ge concentration used in the 24-95 mM range. This important
result highlights that Ge NC growth kinetics, under the inves-
tigated conditions, are always in a regime controlled by the
incorporation reaction at the NC surface. Moreover, both
simulation and experimental values evidence that NC size
decreases with the increase of the Ge concentration. Finally, it is
possible to observe that the temporal evolution of NC growth
saturation is highly dependent on the Ge content. While for
a low amount of precursor the NC size starts to saturate for ¢ >
600 s, a characteristic saturation time <100 s is found for the
higher concentrations. This behaviour is compatible with
a reaction-limited regime. In fact, the higher density of nuclei
induces a quicker consumption of dissolved Ge atoms and
consequently a faster saturation time of the NC growth. GeO,
contamination arising from a partial contamination of GeBr,
precursor can still have some influences in the final pathway of
Ge NCs growth. In the worst scenario of a large oxidized
precursor, only a lower amount of Ge atoms would be involved
in the growth of Ge NC, since oxidized Ge atoms will probably
not contribute to Ge NC growth. Since we did not include
oxidation effects in our model, and we assumed all the Ge
atoms participating to NC growth, the results of our simulations
would give an underestimated value of NC size. This is actually
what happens in our simulations for the case of 77 mM and 95
mM of Ge, as shown in Fig. 5(a). This behavior remarks the
general validity of our model in describing the growth kinetics
of Ge NCs. Besides this underestimation of NC size, the main
trends and conclusions on the effects of Ge amount and growth
parameter remain still valid.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Simulation of the temporal size evolution of colloidal Ge NC
growth. The effects of Ge content (a) and synthesis temperature (b) are
evidenced.

Moreover, both diffusion and reaction processes can be
highly dependent on the temperature. This means that a change
of the synthesis temperature can lead to a different growth
regime for NC. Fig. 5(b) elucidates this behaviour. As already
shown in Fig. 3(b), a decrease of the temperature from 260 °C to
230 °C results in the formation of smaller NCs. In this case

RSC Adv., 2016, 6, 38454-38462 | 38459
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a good agreement between experimental results and NC growth
simulation is found for a growth parameter condition K = 175.
Again, it is worth to note that for the same value of K, the
simulation model nicely describes the experimental results for
two different values of Ge content at 230 °C. More importantly,
this parameter increases of almost a factor 20 when the
synthesis temperature decreases from 260 °C to 230 °C. This
means that for a lower synthesis temperature the NC growth
becomes strongly limited by the reaction process. In other
words, the process of Ge incorporation into the NC is highly
dependent on the synthesis temperature and by decreasing the
temperature it decreases at a rate much faster than the atom
diffusion process. By considering the values of k; extracted from
the simulation at 230 °C (k, = 8.7 x 10~ m s~ ') and at 260 °C
(k. = 9.8 x 107 m s "), together with its temperature depen-
dence k(T) = k, e “/*7, we determined an activation energy of
the reaction E; ~ 0.7 eV. Such a quantity, which represents the
energy barrier to the incorporation of Ge atoms into the NC
surface, is comparable with the typical bonding energy of atoms
onto the surface of a Ge NC.* Therefore, synthesis temperature
intimately controls the NC growth process regime through the
reaction processes at the NC surface. These results add further
understanding of the key-role parameters in the synthesis of
colloidal Ge NCs.

Light harvesting performances

After the fundamental studies performed on the synthesis of
colloidal Ge NCs, we tested their light harvesting performances.
Transmission (Iy) spectra in the 400-1100 nm range for Ge NC
dispersed (1 : 3) in toluene are reported in Fig. 6(a). The pres-
ence of Ge NCs induces a clear decrease of I in the visible
range, which is attributable to direct light absorption from Ge
NC.*>* This decrease is not related to absorption from toluene
and oleylamine reference solution, being optically transparent
in the investigated spectral range (see Fig. 5S in ESIY).

Finally, we tested the potential capability of photo-carrier
collection in prototypal devices with colloidal Ge NCs. Till
now, there have been some attempts of colloidal Ge-NC for
photovoltaic or transistor devices by spinning solutions of
colloidal Ge NC to grow a porous Ge-NC film.'***** This
approach is typically limited by a poor conductivity of the
absorbing media and also suffers from the loss of quantum
effects in NCs assembly film. In order to improve the charge
carrier transport performance, we mixed Ge NCs in PEDOT:PSS
polymer to form a hybrid conductive film. Such a film was spin
on interdigitated Au electrodes, as shown in the schematic of
Fig. 6(b). More remarkably, Fig. 6(b) shows the current of the
device during repetitive ON/OFF switching of light illumination.
A clear increase and decrease of the photo-current is observed
for the device with Ge NCs as a response of the ON/OFF illu-
mination, respectively. Control device without Ge NCs
immersed in the PEDOT:PSS film does not show any response to
the light excitation. A photoelectric device, based on the
conjunction of colloidal Ge NCs with a conjugated poly(3-
hexylthiophene) polymer (P3HT), was recently developed by
Xue and co-workers."* However, P3HT is an expensive polymer,
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Fig. 6 Transmittance spectra of colloidal Ge NC solution (dispersed
1: 3 in toluene) (a). Light ON/OFF switching characteristics of a hybrid
device with Ge NC immersed in PEDOT:PSS film (b). A schematic of the
device is reported in the figure.

which also strongly absorbs light in the VIS region, as reported
in Fig. 6(a) for a 78 nm P3HT thin film.* This effect hides the
contribution of Ge NCs in the light harvesting process. In our
case, PEDOT:PSS is intentionally used for its lower cost and
transparency in the whole VIS-NIR range. As shown in Fig. 6(a),
the bare PEDOT:PSS film (~200 nm thickness) does not
contribute to any photo-charge generation upon illumination,
being its absorption negligible with respect to Ge NCs. These
results definitively highlight the key-role of Ge NCs as light
absorbing centers. The carriers photo-generated into the Ge
NCs are then transported within the conductive polymer layer
reaching the device contacts. While it was previously demon-
strated that Ge NCs (produced by UHV techniques) can be
profitably used as efficient photo-sensitizer in light detection
devices,** here we show that solution synthesized Ge NCs have
similar potentiality for light detection. Indeed, through a proper
control of size and growth parameters, it would be possible to
effectively exploit QCE and develop tunable, efficient and low-
cost photodetectors compatible with Si technology.

This journal is © The Royal Society of Chemistry 2016
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Conclusions

In conclusion, we reported a wide investigation on the role of
growth parameters in the synthesis process of colloidal Ge NCs.
Colloidal Ge NCs were synthesized through one-pot heat up
method from the reduction of GeBr, precursor dissolved in
oleylamine at 230-260 °C. Through variation of synthesis time,
temperature and precursor concentration, it is possible to
effectively tune the NC size in the 5-35 nm range. We experi-
mentally verified that NC size increases with the synthesis time,
saturating after a characteristic time of about 300 s. Moreover,
NC growth strongly depends on the precursor content, resulting
in the production of a larger amount of smaller NC when the
initial precursor content is increased. Basing on our experi-
mental data, we simulated the growth process of Ge NCs in
solution as a function of the precursor content and synthesis
temperature. We demonstrated that in the investigated condi-
tions, the kinetics of NC growth is controlled by a reaction-
limited regime. In particular, the temperature of synthesis
process strongly controls the NC growth regime, resulting in
a strongly-limited reaction regime for a synthesis temperature
of 230 °C. Finally, we proved the light detection capability of our
colloidal Ge NCs. Transmittance spectroscopy demonstrated
the light absorption features in the VIS region of Ge NCs. Then,
we exploited the light absorption from colloidal Ge NCs in
a hybrid photoelectric device with Ge NCs embedded in
PEDOT:PSS conductive polymer. The clear current increase and
decrease during ON/OFF switching of light illumination proves
the chance to use colloidal Ge NCs for light detection purposes.
These results put new understanding for a more reliable control
of colloidal NC growth and the development of low-cost devices.
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