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a  b  s  t  r  a  c  t

Monodisperse,  high-quality,  ultra-narrow  PbTe nanorods  were  synthesized  for  the  first  time  in a
one-pot,  hot-injection  reaction  using  trans-2-decenoic  acid  as the  agents  for  lead  precursors  and
tris(diethylamino)phosphine  telluride  together  with  free  tris(diethylamino)phosphine  as  the  telluride
precursors.  High  monomer  reactivity,  rapid  nucleation  and  fast  growth  rate  derived  from  the  new pre-
cursors  led  to  the  anisotropic  growth  of  PbTe  nanocrystals  at low  reaction  temperatures  (<150 ◦C). In
addition,  the  aspect  ratio of PbTe  nanorods  could  be largely  adjusted  from  4  to 15  by tuning  the  Pb to  Te
precursor  molar  ratio  and reaction  temperatures.  Moreover,  the  synthesized  ultra-narrow  PbTe  nanorods
bTe nanorods
ptical properties

exhibited extremely  strong  quantum  confinement  and  presented  unique  optical  properties.  We  revealed
that  the  diameter  and  length  of PbTe  nanorods  could  significantly  affect  their  optical  properties,  which
potentially  offer  them  new  opportunities  in the  application  of  optoelectronic  and  thermoelectric  devices
and make  them  desired  subjects  for  multiple  exciton  generation  and  other  fundamental  physics  studies.

©  2019  Published  by  Elsevier  Ltd on  behalf  of  The  editorial  office  of Journal  of  Materials  Science  &
Technology.
. Introduction

Colloidal semiconductor nanocrystals (NCs) with unique size-
nd shape-dependent electrical and optical properties, which
ntrinsically result from three-dimensional quantum confinement,
ave been exploited extensively in low-cost and solution-
rocessed devices, such as field-effect transistors [1,2], solar cells
3–5], and light-emitting diodes [6]. In particular, one-dimensional
1D) semiconductor nanorods (NRs) and nanowires (NWs) are of
ignificant interest for optoelectronic application owing to their
inearly polarized emission [7], increased multiple exciton gener-
tion (MEG) [8,9] and enhanced carrier transport [10]. Designing
ltra-narrow NRs with well dimensional homogeneity in the strong
onfinement regime is a challenge. Even then, the necessity for
esigning 1D semiconductor NRs of different materials is increas-

ngly growing in order to understand the fundamental properties
f materials and develop various electro-optical devices [11–13].
he increasing interest is particularly true for lead chalcogenides

PbE, E=S, Se and Te), which can cover a very wide spectral range
rom mid-infrared to the visible region, yet have been investigated
n 1D field to a lesser extent compared to cadmium chalcogenides

∗ Corresponding author.
E-mail address: wlma@suda.edu.cn (W.  Ma).

ttps://doi.org/10.1016/j.jmst.2018.10.019
005-0302/© 2019 Published by Elsevier Ltd on behalf of The editorial office of Journal of
[14–16]. Moreover, most of the II-VI and III-V class of NCs have
a small Bohr radius and moderate difference in electron and
hole effective masses, leading to weak quantum confinement and
significant asymmetry between individual charge carriers. In com-
parison, lead chalcogenides have quite large Bohr radius, which
allow one to achieve stronger confinement even with relatively
larger dimensions. It was  reported that ultra-narrow PbS NRs have
the well-defined absorption peak and intense fluorescence in the
visible region [15]. Recently, a maximum external quantum effi-
ciency of 122% has been reported in PbSe NR solar cells, indicating
a strong MEG  effect [9].

Among lead chalcogenide systems, PbTe has a large excitonic
Bohr radius (∼ 46 nm)  and light e− and h+ masses as well as a
large dielectric constant (ε0 ∼ 1000), which make it widely used
in photodetectors [17], solar cells [18], optical switches [19] and
thermoelectrical devices [20]. In addition, the large anisotropy
inherent to the bandstructure of PbTe (aB‖ ∼12 nm, aB⊥ ∼150 nm)
renders PbTe NCs a uniquely interesting subject for optoelec-
tronic investigations and shape engineering of quantum properties.
Synthesizing PbTe NRs with high aspect ratio may provide the pos-
sibility showing quantum-confined effects in three dimensions.

However, growing 1D PbTe NCs with a cubic crystal structure
remains a big challenge because of the necessity to achieve a
symmetry-breaking pathway for enabling anisotropic growth. So
far, there are only a few reports regarding 1D PbTe NCs (such as
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Rs and NWs), which include sonoelectrochemical [21], hydrother-
al  [22], template-assisted [23], chemical vapor transport [24] and

park plasma sintering [25] synthesis. Recently, O’Brien et al. first
eported a two-step colloidal method to synthesize PbTe NRs at
emperature above 190 ◦C [26]. Nevertheless, the produced 1D PbTe
Rs utilizing aforementioned methods have large diameters, which

estricted the extent of quantum confinement. In addition, none of
he these reports have shown the optical properties of the 1D PbTe
Cs, likely due to the low solubility and shape nonuniformity of the

ynthesized NCs.
In this work, we report a simple, one-pot hot-injection synthe-

is of high-quality PbTe NRs and their shape-dependent optical
roperties. We  largely improved the size and shape control of
he synthesized PbTe NRs. Monodisperse ultra-narrow NRs with
iameters < 5 nm has been successfully demonstrated by using
rans-decenoic acid (t-2-DA) as the agents for lead precursors, and
ris(diethylamino)phosphine telluride (TDPTe) together with free
DP as the telluride precursors. The new precursors lead to high
onomer reactivity, rapid nucleation and fast growth rate, result-

ng in the anisotropic growth of PbTe NCs at relatively low reaction
emperatures (<150 ◦C). What’s more, tuning the Pb to Te precur-
or molar ratio and reaction temperatures can precisely control
he aspect ratio of NRs, which can be varied from 4 to 15. The
ynthesized ultra-narrow PbTe NRs exhibit very strong quantum
onfinement and unique optical spectroscopy with three distinct
xcitonic absorption peaks, which have not been reported before.
e believe that the interesting properties of these NRs can offer

hem opportunities for widespread application in optoelectronic
evices.

. Experimental

.1. Materials

Lead oxide (99.9%), tellurium lump (99.999%),
ris(diethylamino)phosphine (TDP) (97%), oleic acid (tech., 90%)
ere purchased from Alfa-Aesar; trans-2-decenoic acid (t-2-DA)

>95%), trans-3-decenoic acid (t-3-DA) (>90%) were purchased
rom TCI; diphenylphosphine (DPP) (98%), 1-octadecene (ODE)
90%) were purchased from J&K; trimethyl phosphate (99%) were
urchased from Sigma Aldrich. All chemicals were used without
urther purification unless noted. 1-Octadecene was dried by heat-
ng them to 100 ◦C under vacuum for 24 h and then placing them in

 glovebox. A 1 M phosphine telluride solution was synthesized by
ixing phosphine and Te lump overnight; the solution was stored

n an inert-atmosphere glovebox.

.2. PbTe nanorod synthesis

.2.1. Control of reaction precursors in PbTe NR synthesis
All experiments were performed under a nitrogen atmosphere

sing standard air-free Schlenk line techniques. A solution of
.4 mmol  PbO (89 mg), 1 mmol  carboxylic acid (oleic acid, t-2-DA
nd t-3-DA, respectively) and 8 g dried ODE were heated at 130 ◦C
n a 50 ml  three-neck flask under nitrogen. The solution was  then
egassed for an additional 1 h at 110 ◦C under vacuum before keep-

ng the solution at 120 ◦C under nitrogen. Then a mixture of 1 M
DPTe solution (TDP: 0.12 ml  TDPTe in 1.2 ml  TDP and 1.2 ml  ODE;
PP: 0.12 ml  TDPTe in 1.2 ml  TDP and 10 �l DPP in 1.2 ml  ODE; ODE:
.12 ml  TDPTe in 2.4 ml  ODE, respectively) was injected. The reac-

ion was allowed to continue for 10 min, and then it was  rapidly
uenched by placing the flask in cold water and injecting 5 ml
nhydrous hexane. The NCs were purified by precipitation twice
n hexane/isopropanol (centrifuge at 8000 rpm for 5 min).
 & Technology 35 (2019) 703–710

2.2.2. Control of Pb to Te precursor molar ratio in PbTe NR
synthesis

A solution of 0.4 mmol PbO (89 mg), 1 mmol  t-2-DA and 8 g dried
ODE were heated at 130 ◦C in a 50 ml  three-neck flask under nitro-
gen. The solution was  then degassed for an additional 1 h at 110 ◦C
under vacuum before keeping the solution at 120 ◦C under nitro-
gen. The Pb:Te precursor molar ratio was adjusted to specific values
(20:3, 10:3, 10:9, 1:2 and 1:5, respectively) and then the volume
of 1 M TDPTe can be varied from 0.06 to 2 ml.  Then a mixture of
1 M TDPTe solution in 1.2 ml  TDP and 1.2 ml  ODE was injected.
The reaction was allowed to run for 15 min  before quenching the
reaction.

2.2.3. Control of reaction temperature in PbTe NR synthesis
The Pb to Te precursor molar ratio was fixed at 20:3, while the

PbTe NRs were grown at specific temperatures 100 ◦C, 120 ◦C and
140 ◦C. The growth time for PbTe NRs was  allowed to run for 80 min.
Size-selective precipitation could be carried out to obtain better
monodispersity of NRs samples using hexane/isopropanol.

2.3. Characterization

TEM micrographs were taken using a Tecnai G2 F20 S-
Twin transmission electron microsope. UV–vis-NIR spectra were
recorded on a Perkin Elmer model Lambda 750. The second
harmonic (400 nm)  of a Ti:sapphire laser (Coherent, Mira 900, rep-
etition rate 76 MHz) was  used to excite the samples. The crystal
structure of PbTe NCs was confirmed by XRD with an X’Pert-
ProMPD (Holland) D/max-gAX-ray diffractometer with Cu K�
radiation (� = 0.15406 nm). GIWAXS experiments were conducted
at Shanghai Synchrotron Radiation Facility (SSRF) on diffraction
beam line (BL14B1). The schematic diagram in Fig. S1 shows how
to convert 2D GIWAXS to the out-of-plane spectra. For XRD and
GIWAXS measurements, samples were prepared by depositing
PbTe NC or NR solutions in chloroform onto a Si substrate. The
IR spectra were recorded on an HYPERRION spectrometer with
a pressed KBr pellet. 31P-NMR data were performed on Varian
Unity Inova 300 MHz  spectrometer with trimethyl phosphate as
the internal standard.

2.4. Theoretical calculation

All the first-principles calculations based on density func-
tional theory (DFT) were performed with the DMol3 package
in Material Studio 7.0 from Accelrys Inc. The self-consistent all
electron calculations were carried out by adopting a double
numerical basis set including d-polarization functions (DND). The
Perdew–Bruke–Ernzerhof (PBE) generalized gradient approxima-
tion (GGA) exchange-correlation energy term was chosen for all
the structure optimization. The tolerance for energy and electron
density in all the performed self-consistent field (SCF) computa-
tions was set as 10−5 a.u. A convergence criterion of 0.01 eV Å−1

for the forces was  applied and a smearing value of 0.001 Ha in the
orbital occupancy was used to speed up the convergence process.
In order to obtain the total energy of the most stable structures, the
entire related configurations have been fully optimized under the
same conditions. In all the optimized structures at the atomic level,
the energetic parameter (�E), which indicates the binding strength
between the Pb cation and acid radical ion was calculated with the
following expression:

�E  = (E (Pb(XA) ) − E (Pb) − 2E (XA)) /2 (1)
total 2 total total

where Etotal(Pb(XA)2), Etotal(Pb) and Etotal(XA) represents the total
energy of the optimized Pb(XA)2 structures, Pb cation and XA acid
(oleic acid, t-2-DA and t-3-DA) molecules, respectively.
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ig. 1. (a–c) TEM images of PbTe NCs synthesized with oleic acid (OA) trans-2-decen
bsorption spectra of PbTe NCs with different lead precursors; (e) WAXS patterns o

. Results and discussion

.1. Effect of different lead precursors on PbTe NC properties

In order to promote anisotropic growth of PbTe NCs, we  used 1 M
DPTe dissolved in the mixture solution of TDP and 1-octadecene
ODE) as the telluride precursor. Here we chose three types of
arboxylic acids including oleic acid (OA), t-2-DA and trans-3-
ecenoic acid (t-3-DA) as the agents for lead precursors (as seen

n Fig. S2). The detailed dimension variations of PbTe NCs are
hown in Fig. 1(a)–(c), with the parameters listed in Table S1.
pparently, spherical PbTe NCs were obtained by using OA, while
ne-dimensional PbTe NCs were synthesized with the use of
hort-chain carboxylic acid. Short ligand leads to fast growth and
longated NCs, which has also been observed in the synthesis of
dSe and PbSe NCs [27,28]. Interestingly, we found that the posi-
ion of C C bond in the decenoic acid can also influence PbTe NR

orphology. Lower aspect ratio and much higher percentage of
ultiple branched NRs were obtained by using t-3-DA instead of

-2-DA. FTIR spectra of three free carboxylic acids and PbTe NCs
oated with corresponding capping ligands are shown in Fig. S3.
he results reveal that the ligands on the surface of PbTe NCs are
he carboxylates, instead of free acids. The characteristic peaks of
COO− group are at 1636 cm-1 and 1560 cm-1 for both OA-PbTe
nd t-3-DA-PbTe samples, while those of −COO− are at 1650 cm-1

nd 1548 cm-1 for t-2-DA-PbTe sample due to its �-� conjugated
tructure between C C and C O bond. In addition, we  calculated
he binding strength between Pb and three carboxylic acids by

sing computational modeling at the atomic level (see details in
he Experimental Methods) and the related energetic parameters

E are listed in Table S2 and shown in Fig. S4. The value of �E  for
b-OA is lower than that for Pb-DA, suggesting a more stable bind-
id (t-2-DA) and trans-3-decenoic acid (t-3-DA), respectively; (d) Normalized optical
sponding PbTe NCs.

ing. Meanwhile, the values of �E  for Pb(t-2-DA) and Pb(t-3-DA) are
equally high, which means that these precursors with similar bond
strength can release more monomers than Pb-OA during nucleation
stage and benefit the anisotropic growth of PbTe NCs.

Fig. 1(d) shows the room-temperature absorption spectra of
PbTe NCs synthesized with three different lead precursors. The
spherical PbTe NCs synthesized with OA shows no characteristic
peak while PbTe NRs synthesized with t-3-DA has a broad exci-
tonic peak around 440 nm.  Surprisingly, PbTe NRs synthesized with
t-2-DA shows a discrete sharp excitonic peak at 459 nm, a shoul-
der at 818 nm and a weak peak at 1276 nm.  The sharp absorption
peak of PbTe NRs is significantly blue-shifted compared to all previ-
ous reports on PbTe NCs [29–31], suggesting the extremely strong
degree of confinement, which was  also observed in ultra-narrow
PbS NRs [15]. In addition, the wide-angle X-ray scattering (WAXS)
spectra of corresponding PbTe NCs are displayed in Fig. 1(e). The
spectra indicate that PbTe NCs using different lead precursors have
the typical rock-salt structure (JCPDS: 38-1435), which are consis-
tent with previously reported spectra for PbTe dots and rods [26].
PbTe NRs synthesized with t-2-DA or t-3-DA has a slightly nar-
rower diffraction peak (200) than the spherical NCs using OA and
the narrowest peak is observed when using t-2-DA. In addition,
other peaks such as (222), (400), (420) and (422) can be observed,
which were also reported in the previous literature [30]. These
peaks are very weak due to the small diameters of our synthe-
sized PbTe NCs, On the flat Si wafer, the elongated PbTe NRs align
parallel to the substrate while the spherical NCs do not exhibit the
preferred crystallographic orientation relative to the substrate (Fig.

S5(a)). By using synchrotron-based grazing-incidence wide-angle
X-ray scattering (GIWAXS), we further investigated and compared
the difference of spherical NC and NR orientations on the sub-
strates. As shown in the scattering spectra of PbTe QD and NR films
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Fig. 2. TEM images of PbTe NCs synthesized with (a) 1 M TDPTe in the mixture solution of TDP and ODE, (b) trace DPP in the mixture solution of TDP and ODE, (c) as well
as  the ODE solution without TDP; (d) Normalized absorption spectra of the three PbTe NCs synthesized from the mixture solution of TDP and ODE (black line), trace DPP in
t he am
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he  mixture solution (blue line), and ODE only solution (orange line); (e) Plot for t
epresents the mixture solution of TDP and ODE; blue line represents trace DPP in t

Fig. S5(b)–(d)), the (100) peak is more pronounced in the out-of-
lane direction, which suggests NR growth in a favored direction
nd well-alignment on the substrate [32,33]. The finding confirms
he anisotropy of PbTe NRs with t-2-DA. It also implies that NR
rowth is mainly in the [100] direction because the enhanced peak
esults from an increased number of lattice planes under the Bragg
ondition for diffraction, as Murray et al. reported the similar phe-
omenon in PbSe NRs [32].

.2. Effect of different telluride precursors on PbTe NC morphology

Previously Christopher B. Murray et al. reported the role of dif-
erent selenide precursors for PbSe NR synthesis and found that
he presence of amine-based free phosphine in the Se precursor
ffected the morphology of PbSe NRs dramatically[34]. Here we
lso included amine-based phosphine in the telluride precursor for
bTe NR synthesis. The lead to telluride precursor molar ratio was
et to 20:3 with 60 �l 1 M TDPTe (see more details in the Exper-
mental Section). To obtain the optimal synthetic parameters for
he control of PbTe NR morphology, we deliberately adjusted the
omposition of telluride precursor. TEM images show that using

 M TDPTe dissolved in the mixture solution of TDP and ODE can
roduce PbTe NR (as seen in Fig. 2(a)–(c)). The synthesis without
xtra free TDP in telluride precursor forms only spherical products
nstead of NRs. According to previous reports, trace DPP added in
he phosphine can greatly increase reactivity and promote the nar-

ow rod growth [28]. However, in this work trace DPP added in
he mixture solution results in uncontrollable reaction and irregu-
ar shapes of PbTe NCs. Given the above results, we conclude that
ree phosphine TDP has an important role in the morphology con-
ount of free TDP for two different telluride precursors during reaction: black line
xture solution. Data was  obtained from integration of 31P{1H} NMR  peaks.

trol of PbTe NRs. Meanwhile, the effect of trace DPP in telluride
precursor works in a different way from that in PbSe NC synthe-
sis. Absorption spectra also confirm the morphology-shaping effect
of different telluride precursors. PbTe NRs synthesized using free
TDP show absorption spectra with apparent peaks, while spherical
NCs obtained by using trace DPP or ODE only solution exhibit no
characteristic absorption peaks (as shown in Fig. 2(d)).

We  performed 31P{1H} NMR  to quantitatively detect the
amount of free phosphine in different telluride precursors during
PbTe synthesis. The molecular structure formulas of TDP, DPP and
TDPTe present in Figs. S6 and S7 gives the reference 31P{1H} NMR
data of 97% TDP, DPP as well as 1 M TDPTe. The chemical shift of free
TDP is observed at around 118 ppm. Therefore, the chemical shift
of reaction products at around 118 ppm can be recognized as the
signal from free TDP while those at 125 ppm should be the signal
from TDPTe (Fig. S8(a) and (b)). Then we used trimethyl phosphate
(TMP) as the internal standard (chemical shift is around 3.0 ppm) to
calculate the amount of free TDP under different conditions of PbTe
synthesis. In the first synthesis scheme, only TDPTe was dissolved in
the ODE solution as the telluride precursor. We  observed no signal
of free TDP released from TDPTe during reaction (Fig. S8(c)). In the
second scheme, TDPTe and free TDP are both used in the telluride
precursor, as shown in Fig. 2(e), the PbTe NR synthesis gradually
consumes the free TDP which indicate that the anisotropic growth
of PbTe NCs requires certain amount of free DPP. In the third synthe-
sis scheme, with the addition of trace DPP in the mixture of TDPTe

and free TDP, we observed a rapid increase in the amount of free TDP
at the beginning and then the TDP signal decreased with elongated
reaction time. The increased amount of free TDP may  be from the
decomposition of TDPTe due to the addition of DPP, which suggest
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Fig. 3. (a–e) TEM images of PbTe NRs synthesized with the molar ratio of Pb:Te precursor of 20:3, 10:3, 10:9, 1:2 and 1:5, respectively; (f) Average diameter and length of
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he  corresponding PbTe NRs synthesized with according Pb to Te precursor molar ra
atios; (h) WAXS patterns of PbTe NRs synthesized with various Pb:Te molar ratios.

argely increased monomer concentration. As a result, the spherical
bTe NCs were obtained due to the great impact of DPP on enhanc-
ng NC nucleation and accelerating reaction rate [28,35–37]. Thus,

e can conclude that the presence of free TDP truly participate
n the nucleation and plays a critical role in morphology control of
bTe NR synthesis, which is consistent with the similar phenomena
bserved in PbSe NR synthesis [34].

.3. Effect of precursor Pb to Te molar ratio on PbTe NR
orphology

We  investigated the effect of precursor Pb to Te molar ratio on
bTe NR morphology. In this experiment, we used t-2-DA as the
gents for Pb precursor and 1 M TDPTe dissolved in the mixture
olution of TDP and ODE as the Te precursor. Fig. 3(a)–(e) shows that
he molar ratio of Pb/Te precursor can largely affect the morphol-
gy of the synthesized PbTe NRs at the same growth temperature.
e  chose five different molar ratio of 20:3, 10:3, 10:9, 1:2 and 1:5.
ith the molar ratio of 20:3, the NRs have an average diameter

f 2.7 ± 0.2 nm and a length of 23 ± 4 nm.  With further increasing
e precursor ratio, the diameter of PbTe NRs gradually increases
o 3.9 ± 0.7 nm and the length decreases to 16 ± 3 nm, as shown in
ig. 3(f) and summarized in Table S3. The general trend is that the
spect ratio of NRs decreases as the Pb to Te precursor molar ratio
ecreases as listed in Table S3. These experimental data reveal that
he telluride precursor, TDPTe, is more active than the lead precur-
or, Pb-(t-2-DA). As a result, the more telluride precursor exists in
he initial stage of reaction, the faster the nucleation process occurs
nd the more the nuclei are generated in the nucleation stage. Con-
equently, the remaining amount of precursor monomers after the
ucleation stage in the solution decreases significantly resulting in
bTe NRs with a lower aspect ratio.

The room-temperature absorption spectra of PbTe NRs synthe-
ized with different molar ratios of Pb/Te precursor are given in
ig. 3(g). PbTe NRs with the largest Pb/Te molar ratio displays a
ell-defined excitonic absorption peak at around 496 nm,  a shoul-

er at 824 nm and a weak peak at 1260 nm.  When the molar ratio
f Pb/Te precursor decreases from 10:3 to 10:9, the well-resolved
xcitonic absorption peak in the visible light region shifts from 476
o 470 nm.  However, that discrete absorption peak vanishes as the
) Normalized absorption spectra of PbTe NRs synthesized with various Pb:Te molar

Pb/Te molar ratio is below 10:9. Traditionally, the first excitonic
absorption peak changes with size of NCs and most of the confine-
ment is along the diameter in a rod or in a multipod-shaped NC,
which has been demonstrated in previous literatures [14,32,38,39].
We also found that the smaller the diameters of PbTe NRs wre
obtained, the more the discrete excitonic absorption peaks the NRs
have. Up to now, studies of well-resolved optical absorption spec-
tra from PbTe NRs have been still limited because of difficulties
associated with preparing monodisperse PbTe NR samples and the
more broadened excitonic transitions peaks of PbTe compared to
other lead chalcogenides [29,30]. Nevertheless, our synthetic meth-
ods for PbTe NRs verify the hypothesis that PbTe NCs with a high
aspect ratio has the possibility showing quantum-confined effects
in three dimensions [30].

Fig. 3(h) displays the WAXS spectra of the corresponding PbTe
NRs with specific Pb/Te precursor molar ratio. The spectra demon-
strate that PbTe NRs with different aspect ratios share the same
rock-salt structure (JCPDS: 38-1435). As the Pb/Te molar ratio
decreases from 20:3 to 1:5, the corresponding (200) diffraction
peak slowly broadens. The NRs with a large aspect ratio can easily
align parallelly to the substrate. As a result, the larger aspect ratio
PbTe NRs has, the narrower diffraction peak (200) of PbTe NRs is
observed [28].

3.4. Impact of growth temperature on PbTe NRs

We explored the influence of growth temperature on the
morphology of PbTe NRs with the optimized synthetic method.
The TEM analysis of monodisperse PbTe NRs synthesized at
growth temperatures of 100 ◦C, 120 ◦C and 140 ◦C are shown
in Fig. 4. Low-magnification TEM images (Fig. 4(a)–(c)), which
shows the uniformity of size and shape of NRs synthesized at
various temperatures, reveal that the growth temperature has
a great impact on PbTe NR morphology. Meanwhile, the single
crystallinity and structural integrity of synthesized PbTe NRs at
different growth temperatures are demonstrated by the high-

resolution TEM (HRTEM) images (Fig. 4(d)–(f)). All the three PbTe
NRs have the fringe spacing of 0.32 nm,  which corresponds to the
(200) lattice planes for the cubic rock salt structure of PbTe, as
also reflected in the Fourier transform (insets). HRTEM images also
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ig. 4. (a–c) TEM and (d–f) HRTEM images of PbTe NRs synthesized at three different
istograms of corresponding PbTe NRs.

ndicate that the [100] crystallographic axis is parallel to the long
xis of the rods as previously described in anisotropic PbS and
bSe NCs [28,40]. Additionally, size statistics were measured from
EM images using NanoMeasurer software. For each samples, the
iameters and lengths of more than 100 NRs were measured. The
iameter distributions are shown in Fig. 4(g)–(i), which exhibits
hat the diameters of PbTe NRs increase with raising growth tem-
erature. And the NRs with the highest uniformity have an average
iameter of 3.8 ± 0.4 nm at the growth temperature of 120 ◦C. Nev-
rtheless, the average NR length follows a more complex trend and
he longest NRs are achieved at the median growth temperature
f 120 ◦C (Fig. S9). The detailed dimensions of PbTe NRs are listed
n Table S4. The shortest PbTe NRs are obtained at 140 ◦C, which

ay  be derived from the rapid consumption of precursors and the
ormation of more nuclei at nucleation stage. Then subsequently

swald ripening happens in the later reaction stage as a result of
xhaustion of the precursors. In brief, we can fine control the diam-
ters, lengths and thereby aspect ratios of PbTe NRs by adjusting
he growth temperature.
th temperatures: 100 ◦C, 120 ◦C and 140 ◦C, respectively; (g–i) Diameter distribution

Comparing the optical properties of above PbTe NRs with high
uniformity may  provide insight into their electronic structure and
properties. Fig. 5(a) compares the room-temperature absorption
spectra of PbTe NRs synthesized at different growth temperatures.
All NR colloidal solutions have three excitonic peaks from visible
to near infrared absorption region. It is known that bulk PbTe has
a direct band gap of 0.23 eV and a very large average excitonic
Bohr radius (∼ 46 nm), leading to extremely strong quantum con-
finement. In addition, Murphy et al. reported the large anisotropy
inherent to the bandstructure of PbTe (aB‖ ∼ 12 nm, aB⊥ ∼ 152 nm),
which is most pronounced among the lead chalcogenide systems,
compared to 66 nm for PbSe and 23.5 nm for PbS [29]. There-
fore, our synthesized PbTe NRs with different lengths may  present
quantum-confinement effects in three dimensions and reveal how
their anisotropic properties affect the optoelectronic properties

of PbTe NCs [41]. In the near infrared region, the first excitonic
absorption peak of PbTe NRs red-shifts from 1182 to 1713 nm as
the average diameter of corresponding NRs increases from 2.8 to
5.4 nm (Fig. 5(b)), which is commonly observed in colloidal semi-
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ig. 5. (a) Normalized absorption spectra of PbTe NRs synthesized at 100 C, 120 C,
pectra; (d) Absorption (red solid curves) and PL (blue solid curves, excitation wave

onductor NCs [14,28,38,39]. But the first exciton absorption peaks
f monodisperse PbTe NRs are much broader compared with those
eported in spherical NCs [29,30]. The slightly larger size disper-
ion of PbTe NRs may  not be the only reason for the observed
eak broadening. Whereas in visible region, the discrete excitonic
bsorption peak of NRs at 487 nm (synthesized at 140 ◦C) gradually
ed shifts from 500 nm (100 ◦C) to 540 nm (120 ◦C) with increas-
ng length of the NRs but smaller diameters, as shown in Fig. 5(c).
t can be explained by that the anisotropy of the PbTe bandstruc-
ure prones to perturb the higher-energy state more so than the
owest-energy state, which has been demonstrated by Tudury et al.
42]. Currently, we speculate that these unique physical proper-
ies of PbTe NRs originate in both band mixing and the extreme
nisotropy of the PbTe bandstructure near its 4-fold degenerate L
oint, which spread out the oscillator strengths over a wide energy
ange [42,43]. However, it has proven difficult to treat with great
recision theoretically and is still not entirely understood.

Fig. 5(d) exhibits the room temperature absorption and PL spec-
ra of PbTe NRs with the highest aspect ratio of ∼15, which are
ynthesized at the growth temperature of 120 ◦C. The absorption
pectra show discrete sharp excitonic bands at 540 nm (2.30 eV)
ith a narrow FWFM of 125 nm,  a shoulder at 860 nm (1.44 eV)

nd a weak first exciton band at 1462 nm (0.85 eV). The PL spec-
rum shows strong and sharp emissions at 923 nm,  1139 nm
nd 1468 nm,  respectively. According to the former report on
ltra-narrow PbS NRs with only 1.7 nm diameter, their PL pho-

oluminescence exhibit discrete sharp excitonic bands at 278 nm,
15 nm and 365 nm [15]. Our similar observation in ultra-narrow
bTe NRs is consistent with their results [44]. To the best of our
nowledge, this study presents the first optical characterization
 respectively; (b) Near infrared region and (c) visible region in PbTe NR absorption
 400 nm)  spectra for PbTe NRs synthesized at 120 ◦C.

of monodisperse PbTe NRs with the highest aspect ratio ∼15 and
thus provides the opportunity to show the well-resolved excitonic
transitions in PbTe material.

4. Conclusion

We report for the first time a low-temperature, hot-injection
synthesis of high-quality ultra-narrow PbTe NRs by introducing
t-2-DA as the capping agents for lead precursors and TDPTe dis-
solved in excess TDP as the telluride precursors. The new synthesis
scheme results in high monomer reactivity, rapid nucleation and
fast growth rate, leading to the anisotropic growth of PbTe NCs at
very low reaction temperature (< 150 ◦C). The control of PbTe NR
aspect ratio can be implemented by tuning the Pb to Te precursor
molar ratio or changing growth temperature. As a consequence,
PbTe NRs ranging in small diameter from 2.7 to 5.4 nm and high
aspect ratio from ∼ 4 to ∼15 are reported. Due to the large Bohr
radius and electronic band anisotropy of PbTe, these NRs exhibit
very strong quantum confinement confirmed by their rich features
in optical spectroscopy. We  believe that these ultra-narrow PbTe
NRs may  find new opportunities in the application of optoelectronic
and thermoelectric devices and become a desired subject for mul-
tiple exciton generation and other fundamental physics studies.
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