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Abstract Thick trioctylphosphine oxide (TOPO) layers
were controllably coated onto CdTe nanowires. The shell
thicknesses were readily tuned by controlling the reaction
temperatures in coordinating TOPO solvent or by varying
amounts of TOPO in noncoordinating ODE solvent. The
shells were coherent and rough if synthesized in the TOPO
solvent, while the shells became very uniform and smooth
if synthesized in the ODE solvent. The electrically insu-
lating effects of TOPO shells were directly confirmed
through nanodevice of individual core/shell nanowire
(NW). The present scheme to overcoat TOPO around
semiconductor NWs could, in principle, be exploited to be
a general approach to encapsulate a variety of colloidal
nanocrystals to form novel core—shell nanohybrids.

Introduction

Cadmium chalcogenide semiconductor nanowires (NWs),
such as CdTe, have attracted increasing attentions due
to their special properties and potential applications in
sensors, optoelectronics, solar cells, and so on [1-6].
Physical properties of such NWs, e.g., size distribution,
crystallinity, morphology, solvent dispersibility, and
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quantum efficiency, are usually determined by their surface
organic ligands. As a representative coordinating solvent
and capping agent, trioctylphosphine oxide (TOPO) has
become the most studied system. Recently, interactions of
TOPO molecules with NWs’ surfaces have been well
characterized through use of such methods as FTIR, NMR,
XPS, etc. It is generally accepted that TOPO molecules,
binding to Cd surface site via its P=0O group, readily form a
self-assembled monolayer [7, 8], which is invisible via a
low-resolution transmission electron microscope (TEM).
Nonetheless, a visible, thick TOPO layer on nanocrystals’
surfaces with controlled thickness remains missing.

In the meanwhile, the high sensitivity of the NW con-
ductivity to surface conditions, which is beneficial for
sensing, however, can cause substantial problems for cir-
cuits that require operational stability under various con-
ditions [9]. It is therefore indispensable to insulate NWs
with a layer of inert materials which reduces/prevents the
strong noise in nanocircuits [10]. Up to date, the insulating
materials to coat NWs are mostly limited to silica [9, 10],
BN [11, 12], and polymers [13, 14]. Further exploration of
new coating materials with chemical inertness and elec-
trical insulation is an important approach to exploiting their
novel applications in nanoelectronics. In addition, the
electrically insulating behavior of TOPO molecules
chemisorbed on nanocrystals used to be indirectly proven
through the nanocrystal ensemble [15, 16]. The direct
demonstration based on the individual nanocrystal capped
with TOPO molecules is still rare.

In this work, the experimental example about coating of
TOPO thick layers on CdTe NWs was realized. The shell
thickness was readily tuned by delicately control the
experimental parameters. The as-prepared CdTe/TOPO
core/shell NWs were carefully characterized by low-reso-
lution TEM, high-resolution TEM, EDAX line-scanning
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and mapping, FTIR, NMR, etc. The electrically insulating
behavior of TOPO coating was demonstrated on the basis
of individual core/shell NW model.

Experimental
Materials

Commercially available chemicals were used without fur-
ther purification. Bismuth NC catalysts and CdTe NWs were
made as described in the previous literatures [17, 18]. The
clear yellow Cd precursor solution (0.5 M) was made by
dissolving CdO (2.58 g 20 mmol) in octanoic acid (24 mL
0.15 mol) and TOP (26 mL 52 mmol) at 240 °C for 30 min.

Synthesis of core/shell NWs in TOPO solvent

An aliquot (ca. 5 umol) of CdTe NWs and 6 g of TOPO
(90 %) were loaded into a round-bottomed flask. The mix-
ture was degassed at 130 °C for 15 min. Once complete, the
vessel was backfilled with N, and the temperature was
raised to the reaction temperature. At this point, an injection
solution consisting of Cd precursor (100 pL, 50 pmol) and
TOP (1.90 mL, 3.8 mmol) was loaded into a syringe inside
a glovebox. When the temperature of the reaction mixture
stabilized, the injection solution was introduced into the
flask at a controlled rate of 2 mL h™" using a syringe pump.
The mixture was then raised to 320 °C and annealed for
30 min before being cooled to room temperature. Once the
solutions reached 60 °C, an excess of toluene was added to
the mixture. Products were then extracted by adding iso-
propanol, followed by centrifuging the resulting suspension.
Recovered products were then re-dispersed in toluene.
Repeat the washing procedure two more times.

Synthesis of core/shell NWs in ODE solvent

An aliquot (ca. 5 pmol) of the core NWs, 1.5 g of TOPO
(90 %), and 6 mL of ODE (90 %) were loaded into a
round-bottomed flask. The mixture was degassed at 110 °C
for 15 min. Upon completion, the vessel was backfilled
with N, and the temperature was raised to 240 °C. The
resulting solution was left for 1 h. Subsequently, the mix-
ture was raised to 300 °C and annealed for 30 min before
being cooled to room temperature. Washing procedures
were identical to the above ones.

Characterization
Morphologies were observed by a 120 kV TEM (FEI

Tecnai G? Spirit), and further detailed observations were
made using a 300 kV HRTEM (FEI Tecnai F30), equipped
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with an X-ray detector (Oxford INCA) to enable energy-
dispersive spectroscopy (EDS) measurements of the ele-
mental composition, line-scanning, and mapping. FTIR
spectra of dried samples in KBr pellets were recorded on a
Thermo Nicolet NEXUS 470 FTIR Spectrum One spec-
trophotometer. "H NMR (121 MHz) spectra were obtained
with a Bruker AC-300 spectrometer.

Electrical measurements

A suspension of NWs in toluene was deposited onto Si
wafers covered by a 500 nm thermal oxide, in order to
prevent current leakage through the substrate. Then, two
parallel 10 nm/70 nm Ti/Au electrodes were defined at
both ends of NWs with standard photolithography and
liftoff techniques. The separation distances between two
probes usually varied between 1.0 and 1.8 pm. To confirm
no current leakage through the substrate, the bias voltage
from —160 to +160 V was applied to the Si substrate and
no breakdown phenomenon was observed. The I-V char-
acteristics were measured at room temperature using
Keithley 4200 semiconductor characterization system.

Results and discussion

To the best of our knowledge, surfaces of semiconductor
NWs synthesized in the coordinating TOPO solvent were
often chemisorbed by a monolayer of TOPO molecules.
However, changes occurred in the experiment on investi-
gating thermal stability of colloidal NWs. The parent NWs
with smooth and clean sidewalls (Fig. 1a) were dispersed
in a molten TOPO solvent, and the resulting suspensions
were heated to 240 °C for a short time, e.g., 10 min. It was
usually observed that these NWs were coated by an
obscure shell of TOPO, which were apparently visible in
the low-resolution TEM images. As shown in Fig. 1b, the
shells were thin, incompact, and very uneven. Meanwhile,
lots of cavities (see arrows) on the sidewall of CdTe NWs,
which may be caused by the strong interaction between
TOPO molecules and surface Cd at elevated temperatures,
were clearly viewed. To resolve this problem, additional
Cd precursor diluted by tri-n-octylphosphine (TOP) (Cd/
TOP) was introduced to compensate the surface Cd loss.
Then, not only the core NWs kept intact but also a thick
and coherent shell was successfully formed (Fig. le). On
contrast, no shell was observed and the core NWs were
seriously etched, even partly dissolved (see arrows), due to
the strong dissolvability of TOP to Te (Fig. 1c) if only the
diluent TOP was introduced. Cd cation, therefore, played
pivot role in the coating of thick TOPO layer. More studies
would be needed to unveil the effect of Cd cation on TOPO
coating since it was still a mystery now.
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Fig. 1 Typical TEM images: a bare CdTe NWs; b CdTe NWs treated in TOPO; ¢ CdTe NWs treated in TOPO after only adding TOP; and CdTe
NWs treated in TOPO after adding Cd/TOP precursor at reaction temperatures of d 200 °C, e 240 °C, and f 280 °C

The shell thickness increased by raising the reaction
temperatures. The shell thicknesses were statistically
8.6 £ 1.5, 26.6 & 3.0, and 32.6 = 9.5 nm when the reac-
tion temperatures were 200, 240, and 280 °C, respectively
(Fig. 1d—f). Meanwhile, the thickness distributions became
much broader at higher reaction temperatures.

To better understand TOPO coating, CdTe/TOPO core/
shell NWs were synthesized in the noncoordinating ODE
solvent too. Akin to TOPO/toluene reverse micelle [19], the
TOPO/ODE reverse microemulsion system was thought to
be thermodynamically stable. When dispersed in TOPO/
ODE reverse microemulsion, CdTe NWs, as polar cores of
reverse micelles, were encapsulated by the coordinating
TOPO molecules. Coating of TOPO thick layers was real-
ized when TOPO concentrations increased (Fig. 2). More-
over, the shells were uniform and smooth across their whole
lengths. The shell thicknesses increased from 5.0 & 1.3,
9.9 £+ 1.4 to 16.0 &+ 2.1 nm with increasing the amounts of
TOPO from 0.5, 1.5 to 2.5 g. Meanwhile, the thickness
distributions remained narrow yet.

According to the above investigations, a possible for-
mation process of CdTe/TOPO core/shell NWs can be
proposed, as shown in Fig. 3. During the thermal treatment,
TOPO always acts as a coordinating agent with metal
cation. If TOPO is excessive to Cd cation in the vicinity of
CdTe NW surfaces, etching is superior to coating, and vice

versa. In the scheme one or two, CdTe NWs are dominated
by etching owing to the strong coordination of TOPO or
TOP with NW surface Cd cation, respectively. In the
scheme three, CdTe NWs in the coordinating TOPO sol-
vent, protected by excessive Cd cation from the injected Cd
precursors, are dominated by coating. In the scheme four,
the deficient TOPO forms uniform shells around CdTe
NWs in the noncoordinating ODE solvent.

For studying micro-structure and compositions, CdTe/
TOPO core/shell NWs were characterized by the high-
resolution TEM, spatially resolved EDAX, and FTIR.

As shown in Fig. 4a, CdTe/TOPO core/shell NWs
synthesized in TOPO solvent display a thick, coherent but
rough shell with a thickness of 20-25 nm, which is com-
posed of C, O, P, Cd, and Te elements (see inset). The
lattice-resolved TEM image (Fig. 4b) demonstrates that the
crystal NW core is coated by a layer of amorphous mate-
rials. The scanning TEM (STEM) image and the corre-
sponding false color images of EDX elemental
distributions (Fig. 4c) indicate that Cd exists in both core
and shell regions. Moreover, its content in the shell region
is relatively large because of the weak bright/dark contrast
between the core and shell region. Te only lies in the core
region along the NWs because Te signal in the shell region
becomes as weak as the vacant region. A similar result is
also proved by a plot of the EDX line-scanning signal
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Fig. 2 Typical TEM images of CdTe/TOPO core/shell NWs synthesized in ODE solvent after adding a 0.5 g, b 1.5 g, and ¢ 2.5 g of TOPO

Fig. 3 Schematic illustration of
the formation process of CdTe/
TOPO core/shell NWs, which
can be supported by TEM
studies as shown in Figs. 1

and 2
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versus the distance across the core/shell NW diameter
(Fig. 4d). Meanwhile, the EDX line-scanning suggests that
P is enriched in the shell, though the bright/dark contrast of
P is weak in the EDX mapping. The residual, lower signal
of P in the core region in the EDX line-scanning generally
stems from the cylindrical geometry of the shells.

Figure 4e shows a typical TEM image of CdTe/TOPO
core/shell NWs synthesized in ODE solvent. Its shell is
thick, coherent, and uniform, and the thickness is ca.
20 nm, composed of C, O, P, Cd, and Te elements (see
inset). The lattice-resolved TEM image in Fig. 4f demon-
strates the crystal core NW and the amorphous shell. Often,
some amorphous dark areas (indicated by a dotted black
circle) are found within the shells along the whole nanoc-
ables. The EDX line-scanning signals in Fig. 4g reveal that
the shells formed in ODE solvent have extremely low Cd
content. It, hence, can be deduced that the amorphous dark
areas in Fig. 4f may be the agglomerated TOPO micelles.

In FTIR spectra, the P=0 stretching mode at 1147 cm ™!
(Fig. 5a) shows its shift toward low wavenumbers (ca.
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1100 cm™") (Fig. 5b) [20]. This red shift suggests that the
TOPO molecules are relatively strongly coordinated to Cd
surface sites via its P=0O group. The broadening of this
contribution toward lower wavenumbers is possibly due to
multidentate coordination of TOPO ligand on Cd surface
sites [20]. The weak presence or invisible in the broadened
peak of characteristic-free P=O mode absorption in the NW
samples shows that most of TOPO are bound to the NW
surfaces. Meanwhile, the v(CH3) bend mode at 1465 cm ™!
is characteristic of neat TOPO and is assigned to the pre-
sence of the passivating ligand [21]. The additional features
of neat TOPO observed at 2955, 2923, and 2853 cm ™ !in
the spectra are associated with the v(CH) stretching mode
of the CH; group. These TOPO contributions are clearly
visible in the FTIR spectra of core/shell NWs (Fig. 5c, d),
indicating the presence of TOPO in the shells. Moreover,
the apparent shifts to low energy with different wave-
numbers in the characteristic P=0O stretching mode illus-
trate the coordination-type TOPO. From these data, it can
be inferred that coating of TOPO may stem from a
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Fig. 4 Microstructural analysis of CdTe/TOPO core/shell NWs
synthesized in TOPO. a Typical TEM image and EDX spectrum
(inset). b Lattice-resolved TEM image. ¢ STEM image and the
corresponding EDX elemental mapping of P, Cd, and Te, respec-
tively. d EDX line-scanning across the core/shell NW diameter. The
red line on the STEM image indicates the path of electron beam
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Fig. 5 FTIR spectra of a neat TOPO, b parent CdTe NWs, and CdTe/
TOPO core/shell NWs synthesized in ¢ TOPO and d ODE solvent,
respectively
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scanning. The white dashed lines show CdTe/TOPO interface.
Microstructural analysis of CdTe/TOPO core/shell NWs synthesized
in ODE. e Typical TEM image and EDX spectrum (inset). (Cu is due
to the grid.) f Lattice-resolved TEM image. g EDX line-scanning
across the core/shell NW diameter (Color figure online)

cadmium cation coordination process [7, 22, 23]. The
broadened peaks and variety of shifts, however, make it
difficult to quantitative evaluate the percentage of free
TOPO and coordinating TOPO. In addition, adjacent to
1147 cm™" in Fig. 5a, a weak shoulder peak appeared at
1118 cm™', which was assigned to P=0 stretching mode in
dimers of TOPO [24]. Although the similar shoulder peak
was not seen in the core/shell NWs, the possibility of
TOPO dimers existed in the shell cannot be excluded
because it may be covered by the broadened peaks. In brief,
the results from TEM, EDAX, and FTIR analyses illustrate
the TOPO shells.

To test the potential of TOPO shell working as an
electrically insulating barrier, conductivity measurements
are performed on individual core/shell NW. Figure 6a, b
shows the schematic diagram of a two-probe nanodevice
and a typical SEM image. In Fig. 6¢c, a nonlinear I-V curve
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Fig. 6 a Schematic diagram of
a two-probe device. b A typical
SEM image of the test structure.
¢ Typical I-V characteristic of
the bare CdTe NWs with the
mean diameter of ~45 nm.

d Typical I-V characteristics of
CdTe/TOPO core/shell NWs
synthesized in either ODE or
TOPO solvent with the same
shell thickness of ~10 nm
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and a high room temperature resistance are observed for
the bare CdTe NWs. Such high electrical resistivity may
result from the lack of carriers at room temperature in the
intrinsic CdTe NWs, the effects from the surface adsorbent
[25, 26], and the nanocontact of high resistance at the Ti/
CdTe or Au/CdTe interface [27]. Figure 6d displays the
typical I-V curves of CdTe/TOPO core/shell NWs. Various
magnitudes of breakdown voltages demonstrate that TOPO
shells are strongly insulating. The CdTe/TOPO core/shell
NWs synthesized in TOPO solvent display the much larger
breakdown voltages (—83 and +114 V) than the counter-
parts synthesized in ODE solvent (—65 and +70 V). The
asymmetry of I-V curves with respect to voltage may be
caused by the different effective contact areas, which are
very difficult to control, between the metal electrodes and
the NW [28]. In brief, the insulation effects of TOPO shells
are directly demonstrated on the nanodevice.

Conclusion

To summarize, thick TOPO layers were successfully
coated around CdTe NWs. The shells were coherent and
rough if synthesized in coordinating TOPO solvent, while
the shells became very uniform and smooth if synthesized
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in noncoordinating ODE solvent. The shell thicknesses
were readily tuned by controlling the reaction temperatures
in TOPO solvent or by varying amounts of TOPO in ODE
solvent. According to TEM, EDAX, and FTIR analyses,
the shells were comprised TOPO molecules. Electrical
conductivity measurements of individual core/shell NW
directly revealed the electrically insulating behavior of
TOPO shells. The present strategy to overcoat TOPO
around semiconductor NWs may open a novel route to
surface passivation, insulation, as well as their potential
application in nanoelectronic devices.
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