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We present the first colloidal synthesis of Ge-doped ZnO nanocrystals,
which are produced by a scalable method that uses only air and
moisture stable precursors. The incorporation of tetravalent Ge ions
within ZnO nanocrystals generates a surface plasmon resonance in the
near-mid infrared, and induces a change in morphology, from isotropic
spheroidal nanocrystals to rod-like, elongated structures with a dis-
tinctive c-axis orientation.

The ability to precisely incorporate dopants into colloidal ZnO
nanocrystals (NCs) has created a reliable pathway to tailoring
the optical and electronic properties of ZnO. As a consequence,
doped ZnO has application in electrochemistry, photocatalysis,
optoelectronics, magnetism and sensing.'” In particular,
doped ZnO NCs displaying a localized surface plasmon resonance
(LSPR) have recently become an attractive alternative to expensive
indium tin oxide (ITO).°" Plasmonic ZnO NCs have typically been
doped with trivalent cations via substitution at the zinc site, with the
dopant providing free charge carriers that give rise to a plasmonic
resonance centered in the near or mid infrared. Due to the similarity
in valence and cation size between trivalent substituents (typically Al,
Ga or In) and zinc ions, such dopants can be incorporated within
ZnO at relatively high concentrations.””'" In contrast, investigations
into doping ZnO with tetravalent p-block elements by solution-based
routes have been limited,'* presumably owing to the challenges
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associated with the disparity in the physical and electronic
properties between the dopant and host cations.

In light of this, germanium is the most suitable candidate
among the Group IV elements to act as a 4+ dopant in ZnO, as it
is closer in size to Zn than Si, and has a more stable tetravalent
oxidation state than Sn. Ge-doped ZnO (ZnO:Ge) has been
examined for its potential use as a photoluminescent material and
a transparent conducting oxide (TCO). To date, its synthesis has
been limited to the use of expensive vacuum-based deposition
techniques, such as sputtering,"® evaporation,"* and ALD," or high
temperature liquid phase epitaxy,'® with no solution-based methods
amenable to cheap, large scale synthesis available.

In this work, we overcome this barrier by presenting the first
synthesis of Ge-doped ZnO colloidal NCs. The synthetic method
developed here utilizes a scalable heat-up technique instead of
the commonly adopted hot-injection protocol.'” It employs only
air and moisture stable precursors, and provides ready access to
large quantities of ZnO:Ge NCs across a range of doping levels.
We examine in detail the effect of the dopant concentration on
the optical properties and the morphology of the NCs. Further-
more, we demonstrate the general applicability of this method
by synthesizing ZnO NCs doped with Si and Sn.

ZnO:Ge NCs were synthesized by an adapted colloidal heat-up
method previously developed for the formation of Al, Ga, and
In-doped ZnO NCs."" Briefly, an air stable Ge precursor solution
was first formed by heating [Ge(0,0'-glycolate),(H,0),] in oleyl-
amine at 120 °C under vacuum.'® Upon cooling, the Ge precursor
was added to zinc stearate suspended in oleic acid, 1-dodecanol
and octadecene. The solution was then heated at 230 °C for 2 hours
to give ZnO:Ge NCs (see ESIt for experimental procedures). The
samples have been labeled ZGeX where X is the nominal Ge/Zn
ratio in atomic %. The reaction proceeds via esterification between
the carboxylate groups coordinating the metals and the hydroxyl
moieties of the alcohol, which results in the formation of metal
hydroxide species that ultimately condense to give doped ZnO
NCs.!!

Optical characterization of the as-prepared colloids is pre-
sented in Fig. 1. A distinctive IR feature was observed in the
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Fig. 1 (a) Optical absorption spectra of equimolar colloidal solutions of

ZnO:Ge in tetrachloroethylene (TCE). The inset shows a digital picture of
the prepared colloidal solutions. (b) Tauc plot (exponent = 2, direct band
gap) of the ZnO:Ge colloidal solutions. The dashed lines are the linear fits
used to identify the band gap. (c) Optical band gap and real Ge/Zn amount
evaluated from XRF as a function of the nominal Ge/Zn ratio.

optical absorption spectra of all Ge-doped NC colloidal solutions
(Fig. 1a and Fig. S1, ESIT). Examination of Fig. 1a reveals that the
magnitude of the absorption in this region increased concomitantly
with Ge doping levels. We ascribe this feature to a LSPR peak
arising from dopant-induced generation of free electrons.®*"°
Consequently, the doped solutions have a pale green color, in
comparison to the colorless undoped ZnO (inset of Fig. 1a).
This distinctive coloring has also been observed previously for
Al-, Ga- and In-doped ZnO NCs, and it is ascribed to the
presence of aliovalent dopants.>'" Concurrent with higher Ge
doping levels, the optical band gap of ZnO increased as
predicted by the Burstein-Moss effect (Fig. 1b and c). Fig. 1c
shows that as the nominal Ge doping level is raised from 0 to
20% the band gap increases from ~3.31 eV to 3.4 eV.

Confirmation of the extent of doping was achieved by X-ray
fluorescence (XRF) analysis, which was used to evaluate the real
Ge/Zn ratio (Fig. 1c and Table S1, ESIT). The doping efficiency,
evaluated as the ratio of Ge incorporated within the NCs with
respect to the amount of precursor used, was approximately
75% for all Ge precursor concentrations examined in this study,
excluding the highest, which gave a doping efficiency of ~50%.
The decrease in doping efficiency at higher dopant precursor
loadings has been observed previously.""*°

X-ray diffraction (XRD) analyses confirmed that all of the
prepared materials were in the wurtzite crystalline phase (ICDD
No. 34-1451) with no secondary or contaminating phases (e.g.,
GeO,, ZnGeO3, Zn,Ge0,) observed (Fig. 2a). A slight shift in
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Fig. 2 (a) XRD patterns of ZnO:Ge powders. The diffraction patterns are
offset vertically for clarity and the peaks are indexed according to the ICDD
No. 34-1451 reference. (b) Zoomed view of the (100), (002) and (101)
diffraction peaks. (c) Crystallite size of the prepared NCs as a function of
Ge doping. The error bars are plus or minus one standard deviation. By
excluding the (002) diffraction peak in the estimation of the crystallite size,
smaller sizes with lower standard deviations are observed.

diffraction peaks towards higher angles was observed with
increasing Ge doping levels, consistent with a reduction in
the crystal lattice parameters following the substitution of Zn**
with smaller Ge*" ions (Fig. S2, ESIT)."> The broadening of the
diffraction peaks is consistent with the crystalline domains
being in the nanometer size regime (Fig. S3, ESIT). The crystallite
size evaluated with the Scherrer relationship was ~15 nm for the
undoped NCs, and slightly smaller (10-12 nm) for the doped NCs,
regardless of the level of doping. This is possibly due to the stress-
induced reduction in crystal growth caused by the incorporation of
dopants within the ZnO lattice.**" In addition to the dopant-induced
decrease in crystallite size, a progressive increase in intensity and
reduction in width of the (002) diffraction peak with increasing Ge
doping levels was observed (Fig. 2b and c). This phenomenon is
usually ascribed to the formation of elongated structures oriented
along the c-axis of the hexagonal wurtzite cell, which is the most
energetically favourable growth direction.?*** This is in agreement
with the morphology of the as-prepared ZnO:Ge NCs synthesised
here (vide infra).

Collectively, these analyses confirmed the successful incorpora-
tion of Ge ions within the ZnO NCs, proving the efficacy of our
optimized synthetic protocol. While Ge dopants were responsible
for the LSPR in the infrared spectrum, their presence inside the

This journal is © The Royal Society of Chemistry 2015
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Fig. 3

(a—f) Low-resolution TEM images of (a) ZnO, (b) ZGel, (c) ZGe2.5, (d
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) ZGe5, (e) ZGe8 and (f) ZGe20 NCs. (g-1) High resolution TEM images of (g, h)

ZGe2.5, (i, j) ZGe5 and (k, |) ZGe20. The red arrows highlight the c-axis direction. Fast Fourier transforms obtained from the circular regions in g, i and k
indicated good crystallinity and preferred growth along [001] for ZGe2.5 and ZGe5. The insets in h, j and | show enlarged views of the boxed area together
with the unit cell of the ZnO crystal structure, where c is the ¢ lattice parameter (c = 5.20 A).?”

ZnO lattice also affected the size and the morphology of the NCs.
Without any dopants, isotropic, almost spherical ZnO NCs, with
diameters in the 15-20 nm range, were formed (Fig. 3a and Fig. S4,
ESIt). The introduction of only 1% of the Ge precursor into the
reaction solution caused the formation of substantially smaller,
slightly elongated particles, composed of a pod extruding from a
slightly bigger center (Fig. 3b and Fig. S5, ESIT). This transforma-
tion became more pronounced when additional Ge was incorpo-
rated (Fig. 3c and Fig. S6, ESIY).

At 5% nominal doping, faceted, slightly irregular nanorods
that do not display a distinct center were formed (Fig. 3d and
Fig. S7, ESIt). Concurrent with this morphological transformation,
a reduction in the lateral size (width) and an increase in the length
of the NCs with respect to the undoped ZnO particles occurred.
Such nanorods appeared to be composed of small NCs merged
together, a phenomenon that has been previously observed in
chain-like rods of ZnO** or other semiconducting NCs.>*?¢

High-resolution transmission electron microscopy (HRTEM)
images showed that ZGe2.5 and ZGe5 contained highly crystalline
particles that are strongly aligned along the c-axis (red arrows in

This journal is © The Royal Society of Chemistry 2015

Fig. 3g and i), which explains the narrower and more intense (002)
diffraction peaks at higher doping levels. ZGe8 NCs had a very
similar morphology to ZGe5 NCs, although the rods are somewhat
shorter on average (Fig. 3e and Fig. S8, ESIY).

Interestingly, the very high Ge doping levels achieved in
ZGe20 caused the NCs to lose their distinctive elongated
morphology and become clusters of randomly merged NCs
(Fig. 3f and Fig. S9, ESIT). The stress on the ZnO lattice induced
by the excessive level of doping may have limited preferential
growth along the c-axis of the hexagonal wurtzite cell. This may
also be the cause of the shorter rods observed in ZGe8 in
comparison to ZGe5. To support this hypothesis, the lattice
spacings were measured from the Fourier transforms of the
HRTEM images. The lattice parameter along the [00/] direction
was found to be significantly reduced in ZGe2.5 and ZGe5 NCs
(typically by 2%, well above the measurement uncertainty of
0.7%), while the other directions were hardly affected (Fig. S10,
ESI). Interestingly, ZGe20 NCs have a wider spread of lattice
parameters in all directions, originating from their highly
disordered structure, indicating some degradation of the
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crystal lattice due to excessive doping. From HRTEM it can be
concluded that lattice shrinkage started along the [00/] direction,
which corresponds to the family of lattice planes with the highest
surface energy,”® and then spread to the other [uv0] directions as
doping increases, eventually compromising the structural integrity
of the NCs. The preferential shrinkage along the c-axis at low
doping levels has been previously observed in Al-doped ZnO NCs,
and it has been ascribed to a possible preferential site occupation
by AI** ions.®

The evolution of the NCs as a function of the reaction time
was investigated using optical absorption spectroscopy and
TEM; Ge dopants were found to be continuously incorporated
within the ZnO NCs over the duration of the 2 h reaction, with
the rate of incorporation decreasing with time (Fig. S12, ESIT).
Such a decrease is more evident when the initial amount of Ge
precursor was low (ZGe5), because the dopant source is rapidly
depleted from the solution during the initial stages of the
reaction. Conversely, at high Ge loadings (ZGe20), there was
sufficient Ge precursor available to promote a higher rate of
doping during the later stages of the 2 h reaction. The heavily
doped ZnO NCs required more time to nucleate, with no ZGe20
NCs isolatable 5 minutes after the reaction solution reached
230 °C, while ZGe5 NCs were already fully formed in that period
of time, which is additional evidence that the Ge precursor
plays a key role in the nucleation, growth and consequent
morphology of the Ge-doped ZnO NCs. Interestingly, the NCs
do not change morphology during the course of the reaction
(see Fig. S13 and S14, ESIt), while as discussed before, the
doping is found to constantly increase over time.

As a proof-of-concept study, the versatile reaction method
presented here was also applied to the synthesis of ZnO NCs
doped with other p-block elements, namely Si and Sn (Fig. S15-
S18 and Table S1, see ESIt for details), confirming its wider
applicability towards the preparation of a variety of doped NCs.

Ge-doped ZnO NCs can be dispersed in various organic
solvents (e.g. octane, toluene) at concentrations of up to
200 mg mL~". These could be used to prepare high quality
thin films through several deposition methods, such as spin
coating, spray coating, drop casting, and printing (see Fig. S19
for SEM and optical characterization of spin coated films, ESIT).
The ability to fabricate functional thin films from NC inks
makes doped ZnO colloids attractive for a variety of applica-
tions in optoelectronics, sensing and catalysis.

In conclusion, we have developed the first synthesis of Ge-doped
ZnO colloidal NCs with plasmonic resonances in the infrared
spectrum. The synthesis is based on a scalable, heat-up protocol
which utilizes only air and moisture stable reagents. Ge dopants
were found to strongly affect not just the functional properties of
the ZnO NCs, but also their morphology, with a progressive
transformation from isotropic nanoparticles to elongated
nanorods, and eventually at very high concentrations (>10%
atomic) to clusters of merged NCs. This work constitutes a
significant step forward towards further investigations on ZnO
doped with Group IV elements.
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