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ABSTRACT: ZnTe nanorods with controllable aspect
ratios were synthesized using polytellurides a tellurium
precursor. The use of polytellurides which allow nucleation
and growth at relatively low temperature is the key to
formation of wurtzite phase and controlled anisotropic
growth along c-axis. The aspect ratio of the resulting ZnTe
nanorods was controlled by tuning the temperature that in
turn controls the kinetics of the nanocrystal growth. A
diameter dependent quantum confinement effect in ZnTe
nanorods was observed by UV—vis absorption spectroscopy.
Transient absorption measurements show ultrafast charge
injection dynamics from ZnTe nanorods, suggesting their
strong potential for applications in photocatalysis.

ne-dimensional (1D) semiconductor nanocrystals (NCs)
Oare of great interest for both fundamental research and
technical applications, due to their unique optical and electronic
properties.’ * Zinc telluride (ZnTe) is a very attractive semi-
conductor that has applications in blue-green light-emitting
diodes,® electro-optic detectors,® and solar cells.” In particular,
compared to many other semiconductors, ZnTe possesses a
more negative conduction band edge position (—1.7 V vs
NHE),® which leads to a large driving force for interfacial
electron transfer from semiconductor to electron acceptors.®
As aresult, ZnTe can be a very promising candidate for improv-
ing the solar to electric power conversion efficiency in solar cells
and designing novel photocatalysts. Although ZnTe nanostruc-
tures have been prepared through various approaches,” '® it is
still a challenge to achieve synthesis of high-quality ZnTe 1D
NCs with finely tuned aspect ratios. In fact, the major issue in
preparing ZnTe NCs is the lack of suitable precursors for
controlling the thermodynamics and kinetics of the nanocrystal
nucleation stage,ls’19 which is essential for controlling of the size
and shape of the resulting NCs. In addition, crystal symmetry is
known to influence the optoelectronic properties of semicon-
ductor NCs,”**" and it would be of great interest to develop a
kinetically controlled synthesis of unusual metastable crystal
phases.

The precursor injection method, which features the separation
of the nanocrystal nucleation and growth stages, has been widely
used for the preparation of many types of metal telluride
NCs.**?* However, a similar method involving the fast injection
of tellurium-trioctylphosphine (Te(TOP)), which is the most
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Figure 1. (a) TEM image, (b) HRTEM image, (c) X-ray diffraction
pattern of ZnTe NCs synthesized at 300 °C. The standard XRD patterns
of ZB and WZ structured ZnTe are also present in panel (c) for
comparison.

commonly used Te precursor, only provided limited control over
the size and shape of the resulting ZnTe NCs.'>'* In this
communication, we demonstrate a facile strategy in preparation
of ZnTe nanorods (NRs) with controllable aspect ratios, using
polytellurides as a tellurium (Te) precursor. In contrast to
previous reports, this method yields ZnTe NRs with a hexagonal
wurtzite (WZ) structure, which is less thermodynamically stable
than the commonly observed cubic zinc blende (ZB) structure,**
and has rarely been reported for ZnTe in the nanocrystalline
regime.16

Previously, TeH ™ anions which were prepared by reducing
Te(TOP) with superhydride were used to synthesize ZnTe
NCs."> However, this method provided very limited growth
control. In our new strategy, the Te precursor was prepared by
mixing Te(TOP), superhydride and oleylamine under nitrogen
(Figure S1). The UV—vis absorption and mass spectrum
(Figures S2—S3) of the Te precursor confirm the presence of
a mixture of Te”, Te,>, Te;>  and even a small amount of
higher polytellurides.>>*® The freshly prepared Te precursor was
immediately injected into a zinc solution preheated to 160 °C.
After the nucleation stage, the system was heated to high
temperatures (190—300 °C) and kept for a period of time
ranging from 20 to 90 min for crystal growth. The resulting
ZnTe NCs were separated by precipitation and centrifugation
(Supporting Information for details).

Figures 1—3 present overview micrographs of ZnTe NCs
synthesized under different reaction conditions. High-resolution
transmission electron microscopy (HRTEM) observation
(Figure 1b) reveals lattice fringes corresponding to a spacing of
0.355 nm, that matches well with the expected d-spacing of the
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Figure 2. TEM images of ZnTe NCs with dimensions of (a)7.0 &
0.7 nm, (b) 21.5 4.9 nm X 6.8 + 0.4 nm, (c) 31.0 £ 7.0 nm X 6.9 &+
0.6 nm, (d) 40.9 £+ 8.4nmxx 6.9 + 0.5 nm, (e) 88.6 = 33.9nm X 6.8 =
0.7 nm, and (f) 140.1 £ 42.1 nm X 6.8 £ 0.6 nm . Bars are 100 nm.
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Figure 3. TEM images of ZnTe NCs with various sizes grown at
different temperatures: (a) 190 °C (30.9 £ 6.5 nm X 3.5+ 0.3 nm), (b)
220°C (30.2 = 5.8 nm X 4.1 £ 0.45nm), (c) 240 °C (29.9 = 7.2 nm x
52+ 044 nm), (d) 260 °C(30.6 & 8.7 nm x 5.9 + 0.60 nm), (e) 280 °C
(31.6 £ 5.3 nm X 6.4 & 0.67 nm), and (f) 300 °C (31.9 & 5.0 nm X
7.0 & 1.3 nm). Bars are 100 nm.

(002) plane of the WZ structure of ZnTe. According to the
energy-dispersive X-ray (EDX) spectroscopy data (Figure S4),
the Zn/Te atomic ratio is close to a 1:1 stoichiometry. X-ray
powder diffraction (XRD) analysis (Figure 1c) confirms the WZ
structure of ZnTe [space group P63mc] (JCPDS card 19-1482).
Among all reflection peaks, the (002) peak is more intense and
narrower indicating preferential growth of ZnTe along the c-axis.

Many II—VI semiconductors such as ZnS, ZnSe, ZnTe, and
CdTe have both ZB and WZ structures, and the bulk ZB structure is
energetically more favorable than that of WZ.>**”~*° However, due
to low surface energy and small surface stress in the nanocrystalline
regime, WZ phase can be obtained at the nanoscale.”® Despite the
fact that NCs of many II—VI semiconductors such as CdSe, CdTe,
ZnS, and ZnSe have been prepared in both forms, there are only a
few reports of synthesis of WZ ZnTe nanostructures.'® Never-
theless, it has been shown theoretically that the phase transition can
occur in ZnTe smaller than 7.0 nm.** Thus, the ability of poly-
tellurides to initiate nucleation and growth of ZnTe NCs in a
temperature range where the energy difference between phases, ZB
and WZ, is still significant, is a key point of our approach. As
evidence, we conducted a control experiment by injecting the
telluride precursor at an elevated temperature, 230 °C. As expected,
we observed the presence of ZB reflection peaks for the resultant
sample. When the injection temperature was further increased to
250 °C, the majority product of the resulting nanoparticles was of
ZB phase. (Figure SS) Alternatively, a low precursor injection
temperature (160 °C) followed by a high growth temperature

(300 °C) resulted in WZ phase instead of ZB phase, suggesting the
phase of the final ZnTe NCs was determined by the original phase of
nucleates.

A control experiment revealed that the ZnTe NCs could only
form at high temperatures (e.g. >250 °C) when a Te(TOP)
solution without superhydride was injected into a zinc precursor
solution, yielding ZnTe (ZB phase) nanoparticles with poorly
defined morphologies (Figure S6). However, the adoption of
polytellurides as a Te precursor allows a much lower nucleation
temperature (~160 °C), leading to the separation of successive
NC growth at higher temperatures from the initial nucleation
stage. In contrast, the high chemical reactivity of the precursor
also leads to extremely high concentration of monomer, which
favors the kinetic growth, as required for the anisotropic growth
of NCs with WZ structures.>" To investigate the growth mecha-
nism of ZnTe NCs, aliquots were taken for TEM observation
(Figure S7), as the reaction temperature was steadily increased to
300 °C at a rate of 10 °C/min after Te precursor injection at
160 °C. It was found that the NC growth was sustained during the
entire process as the temperature was increased from 160 to 300 °C.
The anisotropic 1D growth trend was observed for samples taken at
180 °C and above. Previous studies show the significantly higher
surface energy of the (001) of the WZ crystal structure in CdSe
systems, compared to the other facets, resulting in the formation of
1D structures.”' * In our synthesis, the particular reaction condi-
tions combined with active Te precursor ensured the selective
growth on the high energy (001) facet," leading to successful
anisotropic growth. As a characteristic of the anisotropic growth
mechanism, a relatively high concentration of the precursor is
required for nanorod formation.>* Indeed, reagent concentration
plays an important role in the 1D ZnTe NC growth. When the
amount of reactants was decreased by one-half while maintaining all
other conditions, quasi-spherical ZnTe NCs (Figure 2a) were
obtained instead of the anisotropic 1D structure.

Further studies revealed that the molar ratio between Te-
(TOP) and superhydride significantly affects the shape of the
resulting ZnTe NCs, suggesting the presence of several active Te
species formed upon reduction of Te(TOP) by superhydride
that participate in the growth of ZnTe NRs (Figure S8). When
pure Te(TOP) was introduced into a zinc solution at 190 °C, no
NCs were formed indicating that Te(TOP) is not active at this
temperature. Similarly, when a mixture of Te(TOP) with a small
amount (0.1 mL) of superhydride was added to the Zn solution
at the same temperature, a small amount of irregular shaped NCs
were obtained. However, when Te(TOP) was converted into the
highly reactive polytelluride species using approximately equi-
molar amounts of superhydride in the presence of oleylamine,
well-defined ZnTe NRs with a diameter of 3.5 nm formed at
190 °C. Further increase of the amount of superhydride resulted
in complete conversion of polytelluride into monomeric Te*”,
and consequently, we observe formation of the mixture of small
aspect ratio NRs and NCs with diameters of ~3.5 nm. On the
basis of the above observations, we believe that at low tempera-
tures (160—190 °C), polytellurides and Te” are both active
tellurium species that participate in the NC growth at low
temperatures; however, their activity®> and, consequently, the
mechanism of particle growth they support are very different.
While monomeric Te> is highly active, it promotes growth with
little selectivity of facets, polytellurides react much more slowly and
are able to react only with the highly active (001) facet, promoting
the growth of the 1D structure. When the temperature is increased
(=300 °C), less active elemental Te starts to participate in growth,
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Figure 4. (a) Absorption spectra of ZnTe nanorods of various dia-
meters with similar lengths (~30 nm). (b) Absorption spectra of 7 nm
diameter ZnTe nanorods with various lengths. (c) TA spectra of ZnTe
nanorods at several delay times (on a picosecond time scale) following
410 nm excitation (~30 nJ/pulse). (d) TA kinetics of ZnTe nanorods

probed at the exciton bleach at 465 nm. The inset shows the kinetics at
early delay times.

leading to the increase of the length of ZnTe NCs, due to the
selective growth of the high energy facet (001). By simply increasing
the growth time at 300 °C, ZnTe NCs were found to increase in
length from approximately 20—80 nm (Figure 2b—e) indicating a
direct correlation between length and time. The average length of
ZnTe NCs could be further elongated to about 140 nm (Figure 2f)
by increasing the Zn/Te precursor input ratio to 2:1, in addition to
a 60 min growth time at 300 °C.(Supporting Information) Despite
the various lengths, those NCs grown at 300 °C have a similar width
of ~7 nm.

The solid/liquid ratios (mg/mL) of aliquots corresponding to
these NCs were also calculated (Table S1). By comparison, it was
found that solid/liquid ratios have a roughly linear dependence
on the average volume of a single nanorod. This provides a strong
hint that increasing the nanorod dimension resulted from con-
tinuous crystal growth, instead of digestion of the smaller NCs
present in the reaction solution.

Tuning the width of ZnTe NRs was realized by controlling the
growth kinetics, in which the growth temperature was increased
from 160 to 300 °C in a stepwise mode (Supporting Information).
For instance, a growth at 190 °C for 60 min led to the formation of
ZnTe NCs with an average dimension of 30.9 nm long and 3.5 nm
wide (Figure 3a). After the initial 60 °C growth at 190 °C, the
reaction temperature was elevated (220, 240, 260, 280, and 300 °C
respectively) and kept at each temperature for an additional 60 min,
where ZnTe NCs with average width of 4.1,5.2, 5.9, 6.4, and 7.0 nm
could be obtained with no obvious increase in length.(Figure 3b—f)
We believe that the control of NR diameter is obtained by altering
dissociation equilibrium of polytellurides (Te,” and Tes™) at
different temperatures. Raising the temperature (190 °C < T <
300 °C) shifts the equilibrium toward dissociated Te” and ele-
mental Te, increasing the concentration of highly reactive Te> that
enables growth of less active facets and therefore NR diameter.

To characterize the optical properties of the NCs, we mea-
sured their absorption and photoluminescence features. Figure 4a
shows UV—vis absorption spectra of ZnTe nanorod samples
with various diameters. As displayed, all the samples show a
distinguishable absorption peak which progressively shifts to
longer wavelength as the nanorod diameter increases. Compared
with the position of the 548 nm (2.26 €V)*® absorption band
edge of bulk ZnTe, an obvious confinement effect was observed
for all ZnTe nanorod samples. The absorption spectra of ZnTe
NCs of the same width (7 nm), but with various lengths (shown
in Figure 2a—e), were also studied. As presented in Figure 4b, all
the samples show absorption peaks at almost the same position
(~480 nm), regardless of the different lengths. These findings
suggested that the blue shift of absorption peaks of these
ZnTe NCs was attributed to the quantum confinement resulting
from the small diameters of the ZnTe NCs rather than their
length.*"*” Consistent with many previous reports,'>*** no
photoluminescence was observed from ZnTe NCs.

To further corroborate the lack of photoluminescence, the
exciton dynamics of one set of ZnTe nanorod samples (30 nm x
5.2 nm) was examined by ultrafast transient absorption (TA)
spectroscopy. The TA spectra (Figure 4c) and kinetics (Figure 4d)
show that the excitons in the ZnTe nanorods monitored at
465 nm are very short-lived, on the order of a few picoseconds.
The longer-lived kinetic components (after 4 ps) are likely due to
charge-separated states.** The broad spectral feature on the red
side of the exciton is assigned to the creation of long-lived holes
in semiconductor NCs,* offering further evidence for the
presence of a longer-lived charge separated state. The short
exciton lifetime is probably due to electron injection into sur-
rounding accepting states, as a consequence of the high reducing
power of ZnTe.*® Further studies on the transient absorption of
ZnTe NCs are underway.

In summary, we developed a facile synthetic approach for
producing high-quality WZ ZnTe NCs with controlled aspect
ratio by adoption of active polytellurides as a tellurium precursor
in conjunction with varying precursor concentration, reaction
temperature, and/or reaction time. UV—vis absorption spectra
confirm that the NCs possess obvious quantum confinement
effects. TA measurements show ultrafast charge injection dy-
namics from ZnTe nanorods, suggesting their strong potential
for applications in photocatalysis.
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© Supporting Information. Experimental details about the
synthesis and characterization of ZnTe nanorods; photograph,
UV—vis absorption and MS spectrum of tellurium precursor.
XRD and EDS spectrum of ZnTe nanorods; TEM images of
ZnTe NCs synthesized under different conditions. This material
is available free of charge via the Internet at http://pubs.acs.org.
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