Angewandte o
Communications

DOI: 10.1002/anie.201201608
Nanotechnology /

Macroscale Ordered Ultrathin Telluride Nanowire
Films, and Tellurium/Telluride Hetero-Nanowire
Films**

Jian-Wei Liu, Jie Xu, Hai-Wei Liang, Kai Wang, and Shu-Hong Yu*

Potential

Current/m

Potential

Angewandte
Chemie

7420 %X}ELLIIEBYRAE? © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 7420 —7425



Within the past few decades, considerable attention has been
paid to one-dimensional semiconductor nanowires because of
their fundamental significance in basic scientific research and
their potential applications; this has led to exciting develop-
ments in the field.! Recently, research has been gradually
shifted from synthetic techniques to constructing well-
defined, ordered superstructures. Assembling nanowires
from a disordered to an ordered state within a desired
system will provide insights into how the unique electrical,
optical, magnetic, and spectroscopic properties of the nano-
wire assemblies can be exploited for potential applications.*]
The ability to control the self-assembly of ultrathin nanowires
with ultrahigh aspect ratios will play an important role in the
design of next-generation optoelectronic devices and other
nanotechnologies. Various methods have been designed for
the assembly of nanowires, including electric and dielectro-
phoresis,”) magnetic-field-assisted alignment,'’! interface
induced assembly,"! microflow,"” Langmuir Blodgett (LB)
technique,'*'* and others.">®! However, major efforts are
still needed to further develop nanowire assembly
approaches, especially for long and thin nanowires.

Elemental tellurium and telluride are well-known semi-
conductors with a narrow band-gap energy at room temper-
ature that exhibit intriguing properties, such as unique
photoconductivity, nonlinear optical response, high thermo-
electric and piezoelectric responses; They have potential
applications in gas sensors, optoelectronic devices, photonic
crystal field-effect devices, self-developing holographic
recording devices, radiative cooling devices, field-effect
devices, and topological insulators.'*%

Herein, we demonstrate that macroscale ordered ultrathin
telluride nanowire (NW) films (Ag,Te, Cu,Te, PbTe) and
tellurium/telluride hetero-nanowire films (Te-Ag,Te, Cu,Te-
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Te-Ag,Te-PbTe) can be rapidly fabricated using well-defined
ultrathin single-crystalline TeNW patterns as templates
through chemical transformation reactions. A well-aligned
Ag,TeNW film device shows bipolar, reversible, and non-
volatile switching. During the process of pattern transferral,
the electric property is shifted from the ohm character of the
TeNW patterns to the memory effect of the Ag,TeNW
patterns. The chemical composition of the tellurium/telluride
hetero-nanowire films can be easily controlled. This composi-
tional change was revealed by electrical measurements during
a series of sequential chemical transformations of a pattern
formed on the same film. The photoconductive properties of
the tellurium and telluride nanowire films suggest that they
are sensitive to light, especially the ordered Cu,Te nanowire
films, for which the rise and decay times were less than 1 s.
The clearly different behavior in the reactive patterns
indicates that this strategy provides a new way for tailoring
the properties of nanowires.

The assembly of nanowires is a crucial step toward their
integration within devices. Monodisperse zero-dimensional
spherical nanoparticles have been shown to easily self-
organize into three-dimensional close-packed super-lattices.
However, with an increase in aspect ratio, nanowires,
especially ultrathin nanowires, become more difficult to
self-assemble into structures with orientational and/or posi-
tional order. This is due to the extra possible configurations
associated with these long and flexible nanostructures, such as
curling and twisting.***! Well-aligned Ag,TeNWs with
a diameter of about 9 nm and a length of several hundred
of micrometers can be rapidly obtained by a pattern-transfer
reaction using a template of well-aligned TeNWs with
a diameter of about 7 nm and a length of several micrometers
(Figure 1). First, TeNW arrays were obtained over a large area
by the LB technique.' The color of the glass slides changed
from dark blue to brown once the Te patterns were immersed
in a AgNO; solution, and immediately converted into
Ag, TeNWs (Figure 1a,e; see also the video in the Supporting
Information). The composition of the Ag,TeNW film was
confirmed by energy dispersive X-ray spectroscopy (EDS)
and X-ray photoelectron spectroscopy (XPS) (Supporting
Information, Figure S1). The degree of order in the Ag, TeNW
assembly is determined by the TeNW assembly. Figure 1b,f
show TEM images of Te and Ag,TeNW patterns of the
corresponding glass slides (Figure 1a,e) made for small angle
X-ray diffraction pattern (SAXRD) measurements (Fig-
ure 1c,g). TEM images give intuitive periodic information
on the structures, while the electron diffraction gives indirect
periodic information. Referring to the SAXRD and TEM
images, the period of the TeNW monolayer (about 6.8 nm)
was transferred to Ag,TeNW monolayer (about 8.9 nm). Such
a period varies with the diameters of the TeNWs. Figure 1d,h
show the UV-Vis spectra of the Te nanowire monolayer and
Ag,TeNW monolayer, respectively. These display typical
absorption peaks located at 586 nm and 450 nm, respectively,
indicating an optical change from the pattern transfer process.
When the UV-Vis spectrum of the ordered TeNW monolayer
on a quartz substrate is compared with the TeNWs in aqueous
solution, a red-shift in the surface plasmon resonance
indicates an increase in order. The crystal quality of Te and

www.angewandte.org

7421


http://dx.doi.org/10.1002/anie.201201608
http://dx.doi.org/10.1002/anie.201201608
http://www.angewandte.org

Angewa

Communications
(@) (@)
6.8 nm :
o 1-81:
g 1
815(:
2 :
f1.24
0.9 :
1 2 3 4 300 450 600 750 900
26 (degree) (h) Wavelength (nm)
2'5
8.9nm
82,0
§15
2
210
<
0.5
1 2 3 4 5 300 450 600 750
26 (degree) Wavelength (nm)

Figure 1. (a,e) Photographs of ordered Te and Ag,TeNW monolayers, respectively, on glass slides.
(b,f) TEM images of Te and Ag,TeNW monolayers, respectively. (c,g) SAXRD spectrums of ordered
Te and Ag,TeNW monolayers, respectively, on the glass slide. (d) UV-Vis spectrum of Te nanowires
in aqueous solution (—), and an ordered Te nanowire monolayer on a quartz substrate (-----).
(h) UV-Vis spectrum of a Ag,TeNW monolayer generated from a TeNW monolayer.

Ag,Te nanowires before and after ion-exchange reactions
were confirmed by TEM and HRTEM (Supporting Informa-
tion, Figure S2).

The most essential feature of resistance memory is the
field-direction dependence, meaning that the resistance of the
system can be switched by applied voltage or current pulses
associated with current-voltage (I-V) hysteresis. A 15-layer
parallel assembly of Ag,TeNW films can be fabricated onto
a Si/SiO, (SiO, layer thickness =500 nm) substrate by the
pattern transfer method, and a promising memory device
based on resistive switching behavior can be constructed
(Supporting Information, Figure S3). The working electrode
was made by depositing 5 nm of Ti onto a SiO, wafer followed
by a 100 nm layer of Au. The electrical properties of the nano-
devices were investigated with a PMS Analytical Probe
System (Cascade Microtech, Inc.) and a Keithley 4200 SCS in
a clean, metal-shielded box at room temperature in air. The
ordered TeNW films exhibit a linear behavior, and thus
feature an ohmic contact (see Figure 3d)."™” Figure 2a shows
ten consecutive cycles of /-V measurements on the nanowire
device conducted at room temperature, as well as the
direction of the applied pulse voltage. The bias voltage was
swept from -V, to + V., followed by a reverse from + V.,
to —V . Figure 2b shows the I-V curves with the current in
a logarithmic scale. All of the curves are symmetric and
nonlinear, indicating that the current at the probe voltage for
the high-conducting state is higher than that of the current in
the low-conducting state at the same voltage. The endurance
of the resistive switching can be enhanced by further
increasing the sweeping voltage (Supporting Information,
Figure S4). The electric pulses (pulse width =100 ms, +8 V)
were applied and Figure 2 c shows that the devices give fairly
reproducible results for the positive and negative switching
phenomena. Here a +8 Vand —8 V pulse (0.1 s) induced the
respective states, while 5 mV pulse acted as the read pulse. To
estimate the stability of the switch states, we probed them by
continuously applying electric pulses for 2000 cycles. The
results show that the nanowire memory device showing no
state disturbance (no overlap between the high resistance
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state (HRS) and the low resistance
state (LRS)), even after about 2000
cycles. The device, which consists of
well aligned Ag,TeNW films, displays
a bipolar, reversible, and nonvolatile
switching of structures, with a ratio of
3.8:1 for ON/OFF conductance. In
1971, the concept of the memory-
resistor (memristor) was postulated
by Chua through the analysis of the
mathematical relations between pairs
of fundamental circuit variables.*
Ultimately, the dynamic properties
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of the electrons and ions are the
physical ~ origin of memory.””
Memory effects are ubiquitous in
nature and are particularly relevant
at the nanoscale, where many com-
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Figure 2. (a) Current—voltage characteristics of 15 layers of well-pat-
terned Ag,TeNW films in two voltage sweep directions, from —10 to
+10V and from 410 to —10 V. (b) the I~V curves with the current in
a logarithmic scale. (c) Read-only memory applications over about
2000 cycles. The magnitude of the current under a probe voltage pulse
is plotted as a function of time after high and low states were induced
by applying pulses of —8 and +8 V (width 0.1 s), respectively.

(d) Read-only memory applications from 1000 to 1030.

prehensive and impressive reviews have been given on this
topic.”" The reversible I-V of the Au/Ag,Te/Au systems can
be explained by vacancy migration under an applied electric
field, judging from the resistance changes from LRS to HRS
in the positive bias. A negative voltage accumulates vacancies
at the interface, which results in the lowering of the Schottky-
like barrier height and width.P!

Cation exchange reactions are widely used to alter the
composition and properties of the material by replacing the
cations within the nanocrystal lattice with a different metal
ion.’>™ Figure 3a shows an illustration of the compositional
control of a nanowire monolayer oriented by chemical
transformation. The pattern transfer process can be promoted
directly on a variety of substrates, such as glass, quartz, silicon,
polymers, even filter paper (Figure 3b). As shown in Fig-
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Figure 3. (a) lllustration of compositional control by the chemical transformation of an oriented nanowire monolayer. (b) Photograph of a pattern
transfer monolayer on a flexible substrate. (c) TEM image of a Te-Ag,Te hetero-nanowire monolayer. (d—-g) A series of sequential measurements on
the same nanowire films; the surface areas of Ag,Te relative to Te are (d) 0%, (e) 40%, (f) 60%, and (g) 80%. (h—k) Current-voltage
characteristics from —5 to 45 V and from +5 to —5 V of well-patterned Ag,TeNW films composed of (h) monolayer, (i) three layers, (j) five layers,
and (k) ten layers. The insets are photographs of the corresponding Ag,Te films on glass slides.

ure 3b, the films are flexible, glossy, and very smooth.
Moreover, brown Ag,TeNW patterns were easily drawn on
the dark blue TeNW film using an aqueous AgNOj; solution as
ink, indicating that the pattern transfer process is a versatile
method. To demonstrate the high degree of compositional
control, we took electrical measurements of the same nano-
wire films during a series of sequential chemical transforma-
tion pattern transfers (Figure 3d-g). Figure 3d-g shows that
the I-V curves of the sample showed a memory phenomenon
as the surface area of Ag,Te relative to Te goes from 0% to
80%, for both Te-Ag,Te hetero-nanowire films and pure
Ag,Te. The demarcation line of the Te-Ag,Te hetero-nano-
wire film shifts slightly under the TEM electron beam
(Supporting Information, Figure S5), and can be explained
by silver ion movement under electron-beam irradiation.”
To investigate the memory characteristics of the Ag,TeNW
films in detail, a series of devices composed of one, three, five,
or ten Ag,Te monolayers were fabricated (Figure 3h-k). As
the number of Ag,Te nanowire layers increases, the current of
the device increases and the memory loops become more
obvious.

To make the pattern transfer strategy more versatile and
to assess the potential applicability of tellurium and tellurides
as photoconductive materials, we generated a Cu,TeNW film
from an ordered TeNW monolayer and a PbTeNW film from
a Ag,TeNW monolayer, as examples. Figure 4 a shows photo-
graphs of telluride hetero-nanowire films, which start from
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TeNWs. These are converted into Te-Ag,Te hetero-nanowire
films, then Cu,Te-Te-Ag,Te hetero-nanowire films, and finally
Cu,Te-Te-Ag,Te-PbTe hetero-nanowire films. The reactions
were indicated by a color change on the nanowire film.
Elemental tellurium is a well-known p-type helical semi-
conductor with a narrow band-gap energy of 0.35 eV at room
temperature, and the photoconduction of Te nanowires has
been studied previously.">"! The photoelectric properties of
the tellurium and telluride hetero-nanowire nano-device were
investigated with a Cascade Microtech PMS5 analytical probe
system and a Keithley 4200 SCS in a clean, metal-shielded box
at room temperature in air. The electrical resistance of the
nanowire films changed when illuminated, which is similar to
other photoconductive materials. Figure 4b—e shows the
reversible switching of the nanowire devices between low
and high conductivity states, as the lamp was turned off and
on, for monolayer films from TeNWs, Cu,TeNWs, Ag,TeNWs,
and PbTeNWs, respectively. The bias on the nanowires was
0.1 mV, and the light intensity was 5.76 mW cm 2 The photo-
conductive properties of the telluride nanowire films suggest
that they are sensitive to light, especially for the ordered
Cu,TeNW monolayer, whose rise and decay times were less
than 1s (Supporting Information, Figure S6). After the test
cycles, the switch ratio remained stable, indicating that they
are candidates for optoelectronic switches.

Based on previous work,F* these Ag,TeNW patterns
can be converted into CdTe and ZnTeNW patterns using
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Figure 4. (a) Photographs of the sequential chemical conversion of a TeNW monolayer into Te-Ag,TeNW films,
Cu,Te-Te-Ag,TeNW films, and Cu,Te-Te-Ag,Te-PbTeNW films. (b—e) Reversible switching of different telluride
nanowire patterns between low and high conductivity states as the light is turned on and off. The bias on the

nanowire films is 0.1 mV.

cation-exchange reactions, and the CdTeNW patterns can be
further transformed into PtTe, nanotubes, which could find
other applications in the field.

In conclusion, we have demonstrated that the original
chemically reactive nanowire patterns can act first as reducing
agents, and then as templates for directing the connectivity
and arrangement of newly transformed inorganic 1D nano-
wires. Macroscale ultrathin telluride nanowire films, such as
Ag,Te, Cu,Te, and PbTe, can be rapidly fabricated by
chemical transformation at room temperature. Furthermore,
this versatile strategy can also be used to fabricate tellurium/
telluride hetero-nanowire films (Te-Ag,Te and Cu,Te-Te-
Ag,Te-PbTe). The properties of the ultrathin hetero-nanowire
films obtained could also be tuned by changing the compo-
sition of the hetero-nanowire films through chemical trans-
formation. Well-defined parallel Ag,TeNW films with high
ordering can be fabricated into a stable memory device with
a resistive switching behavior. More importantly, the pre-
sented pattern transfer process by chemical transformation
provides a new means to access a family of other macroscale
ultrathin nanowire thin films, or their hetero-nanowire thin
film counterparts, by taking advantage of high reactivity of
ultrathin TeNWs. This method is expected to find broad
application in nanodevices in the future.
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