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ABSTRACT

We describe the preparation by electrodeposition of arrays of lead telluride (PbTe) nanowires using the lithographically patterned nanowire
electrodeposition (LPNE) method. PbTe nanowires had a rectangular cross-section with adjustable width and height ranging between 60—400
nm (w) and 20—100 nm (h). The characterization of these nanowire arrays using X-ray diffraction, transmission electron microscopy and
electron diffraction, scanning electron microscopy, atomic force microscopy, and X-ray photoelectron spectroscopy (XPS) is reported. PbTe
nanowires were electrodeposited using a cyclic electrodeposition-stripping technique that produced polycrystalline, stoichiometric, face-
centered cubic PbTe with a mean grain diameter of 10—20 nm. These nanowires were more than 1 mm in length and two additional processing
steps permitted their suspension across 25 zm air gaps microfabricated on these surfaces. The LPNE synthesis of lithographically patterned
PbTe nanowires was carried out in unfiltered laboratory air. Nanowires with lengths of 70—100 zm showed an electrical resistivity comparable
to bulk PbTe. XPS reveals that exposure of PbTe nanowires to air causes the formation on the nanowire surface of approximately one monolayer

of a mixed lead oxide and tellurium oxide within a few minutes.

Lead telluride is a 0.31 eV (300 °C) bandgap semiconductor
that has applications in mid-infrared lasers,' optical detec-
tors,** and thermoelectrics.> Interest in the thermoelectric
properties of PbTe nanowires has been heighten by the
prediction by Dresselhaus and co-workers'®!! that the
thermoelectric performance, embodied by the dimensionless
figure-of-merit (ZT), will increase for wires as the diameter
of these wires is reduced to the nanometer scale. In accord
with these predictions, enhancements in ZT have been
observed for superlattices of 2D quantum wells'? and very
recently for nanowires composed of pure silicon.'>!*
Nanowires of PbTe and/or other lead chalcogenides have
been obtained using a variety of synthetic approaches
including (1) the borohydride reduction of Pb?* in the
presence of Se to produce PbSe nanowires,'’ (2) precipitation
of PbSe nanowires in liquid crystalline media,'® (3) self-
assembly of PbE (E = Se, S, Te) nanotubes from colloids,'”
(4) solvothermal synthesis of PbS nanorods,'® (5) hydro-
thermal synthesis of PbTe nanorods and nanotubes,'>? (6)
vapor—liquid—solid (VLS) synthesis of hyperbranched PbSe
nanowires,?! and (7) chemical vapor transport (CVT) syn-
thesis of PbE (E = Se, S, Te) nanowires.?? In addition to
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wires, PbTe nanoparticles,>® nanoboxes,?* and nanofilms>>-?
have been reported. With the exception of the films, the
product in all these examples is a powder that is disordered
in terms of the orientation of the nano-objects. Attaching
electrical contacts to these wires, rods, and tubes and/or
arranging them into parallel arrays requires the manipulation
of these objects, requiring additional and nontrivial process-
ing steps.

A higher degree of organization can be obtained by
electrodepositing materials into porous templates that possess
oriented pores of a defined and narrowly dispersed diam-
eter.?” This has proven to be a particularly powerful and
versatile method for preparing nanowires of Bi,Tes, another
small bandgap semiconductor that is closely related to
PbTe.”” Stacy?®-3* and Martin** have used template synthesis
to prepare cylindrical polycrystalline nanowires with mini-
mum dimensions in the 20—30 nm range and lengths of up
to 70 um.?* Myung et al.*> have shown that compositionally
modulated nanowires with alternating Bi,Te; and SbTe
segments can be prepared by electrodeposition into aluminum
oxide templates. Single crystalline nanowires of PbTe have
also been obtained using this method.’® We3"-*® have dem-
onstrated that arrays of Bi,Te; nanowires with diameters as
small as 30 nm could be prepared on graphite electrodes
using electrochemical step edge decoration (ESED).
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Figure 1. Synthesis of air-suspended PbTe nanowires. (a,b) SEM
images of suspended PbTe nanowire arrays at 2 um pitch density.
The air gap between the PbTe nanowires and the glass surface is
~2 um in this case. (c) Process flow for PB-LPNE commencing,
at upper left, with step 4 of the “baseline” LPNE process
(Supporting Information, Figure S1). Unique to PB-LPNE is the
PR layer interposed between the nickel and glass.

A technique for patterning nanowires of PbTe on the
surfaces of dielectrics would simplify their incorporation into
circuits. We have been developing a method that involves
the fabrication of a sacrificial, horizontal template using
conventional microfabrication methods. Our method, called
lithographically patterned nanowire electrodeposition
(LPNE)® uses photolithography to prepare a three-sided
“nanoform” into which a nanowire can be electrodeposited
using the horizontal nickel edge that defines the back surface
of this nanoform. The new method described here, called
photoresist-bottomed LPNE or PB-LPNE (Figure 1c), per-
mits air-suspended PbTe nanowires to be fabricated as
follows: First, a 1—2 um thick photoresist (PR) layer (Shipley
S1800 series) is spin-coated onto a glass surface. The
nanoform architecture is then created atop this photoresist-
covered surface as previously described® (Supporting In-
formation, Figure S1): A nickel layer was thermally depos-
ited, a positive-tone PR was coated onto this nickel layer
and photopatterned, then (Figure 1c, step 1) the sample was
irradiated with a UV-lamp to flood-expose the top-photoresist
patterns that were not previously exposed/developed. A
crucial point is that after this flood-exposure, no developing
is carried out. Next (Figure lc, step 2), the exposed nickel
is etched using HNO; to produce a 500 nm deep undercut
at the edges of the exposed regions. The horizontal trench
formed around the perimeter of the exposed region is the
nanoform into which the PbTe nanowires will be electro-
deposited. The height of this nanoform equals the thickness
of the nickel layer which defines the vertical back of the
trench. This nanoform follows the contour of the photo-
patterned region. PbTe nanowire synthesis occurs next (step
3) and is described in detail in the next paragraph. In step 4,
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Figure 2. (a) Cyclic voltammograms (50 mV s™!) for deposition
of tellurium (top, blue, [TeO32~] = 0.83 mM), lead (middle, green,
[PbZ*] = 83 mM) and lead telluride (bottom, red, [TeO32"] = 0.83
mM and [Pb>*] = 83 mM) at pH=10 in aqueous solution. The
voltammetric waves labeled in panel a are assigned to the following
processes: wave (i), TeO32~ + 6H' + 4e~ — Te(s) + 3H,0; wave
(ii), Te(s) + 3H,O — TeO32~ + 6H' + 4e™; wave (iii), Pb?t +
2e~ — Pb(s); wave (iv), Pb(s) — Pb?* + 2e~; wave (v), Pb(s) +
H,O — PbO + 2H* + 2e~; wave (vi), Pb?*T + TeO32~ + 3H,0 +
6e~ — PbTe(s) + 60H™ and, Pb>* + 2e~ — Pb(s); wave (vii),
Pb(s) — Pb?* + 2e~; wave (viii), PbTe(s) + 60H~ — Pb*™ +
TeOs2™ 4+ 3H,0 + 6e™. (b) PbTe nanowire width versus the number
of synthesis scans employed for electrodeposition. Data are shown
for three wire thickness values of 20 (orange), 60 (red), and 100
nm (wine). (c) Relationship of PbTe wire height with thickness of
nickel layer.

the (previously exposed) top-PR layer was removed in a
developing solution prior to the routine removal of nickel
patterns in step 5 leaving free-standing nanowires on top of
an intact and unexposed layer of bottom-PR.

The combination of step 1 (exposure) and step 4 (develop-
ing), separated across the nanowire-electrodeposition process
of steps 2 and 3, is the key for obtaining suspended nanowires
in the following steps 6 and 7. The “pre-exposure” of the
top PR layer in step 1, at a point where the bottom PR layer
is fully shielded from UV illumination by nickel, permits
the selective removal of the top PR layer in step 4. Two
attributes of this process should be emphasized: First, the
suspension of PbTe nanowires involved no dry etching and
the associated highly reactive reagents as is typically required
to produce suspended structures. Second, all processing steps
required for the LPNE synthesis of PbTe nanowires were
carried out in an unfiltered laboratory air environment. The
minimum nanowire dimension for achieving nanowire
suspension across 25 um gaps without breaking in the final
step was in the 40 to 60 nm height range; wires of smaller
height were subject to some breakage. Since the critical
processing steps occur at a PR coated surface, any rigid
surface on which a uniform PR coating can be prepared is
suitable for creating suspended nanowires using this ap-
proach.

PbTe nanowire synthesis in step 3 is the most important
step within this process. We synthesized PbTe using a cyclic
electrodeposition-stripping method (Figure 2a) that is similar
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Figure 3. (a) SEM image of a PbTe nanowire array in which the
lateral dimensions of the nanowires are 20 nm (h) x 135 nm (w).
(b) SEM images of individual PbTe nanowires with thickness =
20 nm and widths of 60—300 nm (from top to bottom). In each of
these images, the nickel edge was located at the top edge of the
nanowire, and the growth direction was from top to bottom. (c)
Optical micrograph of PbTe nanowire arrays of 10 um lateral pitch.
These nanowires had lateral dimensions of 40 nm (h) x 350 nm
(w). This image shows millimeter-scale wire lengths and continuity.
(d) PbTe wires after release from a glass substrate by turbulent
rinsing illustrating the mechanical continuity and strength of these
nanomaterials.

to the method we described earlier’”*® for nanowires of
BirTes. In this method, PbTe and elemental lead were
electrodeposited concurrently from a highly asymmetric
plating solution containing 83 mM Pb(NO3), and 0.83 mM
TeO, on the negative-going voltammetric scan to —0.85 V
(Figure 2a, wave (vi)). No excess Te is produced on this
scan because the concentration of TeO32 is 0.01 that of Pb*™.
The excess lead was then selectively stripped from the
deposit (Figure 2a, wave (vii)). The positive limit of —0.20
V was selected to maximize lead removal without inducing
PbTe dissolution (reaction (viii)). Wire width and thickness
were controllable without cross-talk over the range from
60—400 nm (width) and 20—100 nm (height by AFM) as
shown in Figure 2b,c. As an example, three voltammetric
scans generated nanowires 200 £ 10 nm in width and 20 £+
1 nm in vertical height.

If steps 6 and 7 of Figure 1c are omitted, then PbTe wires
are obtained on a planar photoresist surface. Such an array,
consisting of 20 nm (h) x 135 nm (w) nanowires is shown
in the scanning electron microscopy (SEM) image of Figure
3a. High-magnification SEM images of PbTe nanowires of
five widths varying from 68 to 270 nm (Figure 3b) reveal
several important morphological trends: the edge of the wire
that grows in contact with the nickel electrode is smooth
while the edge that grows in contact with the plating solution
is roughened. The roughness of this wetted edge increases
with increasing growth time and wire width. If the horizontal
trench is overgrown, the nanowire height is no longer
constrained and the PbTe “blooms” at the wetted edge of
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Figure 4. Characterization of PbTe nanowires synthesized by
LPNE. (a) TEM image of a PbTe nanowire with dimensions of 20
nm (h) x 45 nm (w). (b) High-resolution TEM image showing
lattice fringes spaced by 3.2 A assignable to the lattice periodicity
along [200]. (c) Selected area electron diffraction (SAED) powder
pattern for PbTe nanowires showing the assignment of six reflec-
tions to fcc PbTe (JCPDS 38—1435). (d) LIXRD patterns for an
array of PbTe nanowires with dimensions of 60 nm (h) x 200 nm
(w) (blue) and an electrodeposited PbTe film of &~75 nm in thickness
(black). A broad reflection centered at 22° in the XRD pattern for
PbTe nanowires (blue curve) is contributed by the glass substrate.
A reference XRD stick pattern is shown for fcc PbTe (JCPDS
38—1435). (e) High-resolution X-ray photoelectron spectroscopy
spectra of an array of PbTe nanowires showing Pb (4f) and Te
(3d) regions. Reference binding energies for PbTe, PbO, and TeO,
are indicated at bottom.

the nanowire as seen in Figure 3b, bottom image. For the
series of nanowires shown in Figure 2b, the horizontal trench
had a width of just 250 nm. The optical micrograph of Figure
3c shows an array of PbTe wires that are 40 nm (h) x 350
nm (w) and millimeters in total length. The mechanical
continuity of these nanowires is readily demonstrated by
releasing them from the photoresist surface by dissolving it
using acetone (Figure 3d).

A PbTe nanowire 40—45 nm in width and 20 nm in height
is shown in the transmission electron microscope image of
Figure 4a. Lattice fringes separated by 3.2 A (Figure 4b)
are consistent with the periodicity along [200]. Selective-
area electron diffraction (Figure 4c) produces a powder
pattern in which six reflections can be indexed to face-
centered cubic (fcc) PbTe (JCPDS 38—1435). X-ray dif-
fraction patterns were acquired for PbTe arrays, deposited
at 2 um pitch, by utilizing low-angle incidence (0.3°) X-ray
diffraction (LIXRD)*#! (Figure 4d, top) in which the incident
angle is below the critical angle. The broad peak centered
at 20 = 25° derives from reflections from the photoresist
surface. Six reflections superimposed on this background can
be assigned to fcc PbTe (JCPDS 38—1435), and Scherrer
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Figure 5. (a) Schematic showing that the patterned nickel edge used for nanowire growth can later be patterned and used for a four-point
electrical measurement of the wire resistance. (b) SEM image of the inner two nickel electrodes and a PbTe nanowire. The electrically
isolated wire length in this instance was 94 um, greater than the interelectrode distance of 67 um. (c) Ohmic current versus voltage plots
for three PbTe nanowires with dimensions as indicated. The conductivities derived from these data are listed in Table 1.

analysis of these linewidths yields a grain diameter of 10—20
nm. For purposes of comparison, we also carried out the
synthesis of thin PbTe films on nickel-coated glass (Figure
4d, middle). Such films show a preferred growth direction
of [220] but this orientational preference is not detected for
nanowire growth at nickel edges. Neither the nanowires nor
the film show reflections other than those assignable to cubic
PbTe suggesting that these materials are single phase.

The chemical state of the nanowire surface is a critically
important issue that is not addressed by XRD. We carried
out an X-ray photoelectron spectroscopy (XPS) study of
PbTe nanowire arrays aimed at discovering the presence of
oxides on these surfaces (Figure 4e). Two groups of peaks
at 137.3 and 142.2 eV are assigned to Pb(4f7,) and Pb(4fs,
2), respectively. Each group contains a shoulder peak on the
high binding energy side. Deconvolution curve fitting
distinguishes two components at 137.3 and 138.5 eV,
corresponding to the expected chemical shifts for PbTe*? and
either Pb(OH),** or PbO,* respectively. The ratio of Pb(O),/
PbTe is ~0.27. Likewise, the envelope for Te(3d) can be
deconvoluted into two components that we assign to PbTe
and TeO,.* The ratio of TeO,/PbTe is ~0.23. On the basis
of the layered oxide structure model suggested by Bando et
al.*® and the inelastic mean free paths of the photoelectrons,*’
we estimate that within a few minutes of air exposure, the
oxide, on the freshly prepared nanowires, consists of a mixed
oxide layer equivalent to pure layers of PbO (thickness =
0.56 nm) and TeO; (0.37 nm). This equates to approximately
one monolayer of the mixed oxide.

The electrical resistance of single PbTe nanowires was
measured by microfabricating a four point nickel contact
from the same nickel layer used in the LPNE process (Figure
5a). Because the PbTe nanowire grows in intimate electrical
contact to this nickel surface, using the nickel edge as an
electrical contact prevents the formation of an insulating
oxide layer on the nanowire surface prior to the application
of the electrical contact. The electrically isolated length of
the PbTe nanowire was between 76 and 102 um (Figure 5b).
Current versus voltage plots were ohmic for these nanowires,
corresponding to electrical conductivities of between 0.70
x 10* and 1.8 x 10* S/m; this is within the range of
conductivity values reported for bulk PbTe previously. 34922
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Table 1. Conductivity of PbTe Derived from Resistance
Measurements on Single PbTe Nanowires and
Comparison with Literature Values for Bulk PbTe

wire height width length

dimensions (nm) (nm) (um) o (104 S/m)
sample 1 40 (£2) 101 (£8) 102 1.81 (+0.09)
sample 2 20 (+2) 132 (£9) 76 0.70 (£0.06)
sample 3 20 (£2) 84 (+4) 94 0.19 (£0.01)
ref 48 0.5—-5
ref 49 1
ref 22 0.1

In summary, stoichiometric and single phase PbTe nano-
wire arrays have been prepared using a new method, PB-
LPNE, that provides for control over wire width and
thickness, photolithographic patterning, and the suspension
of nanowires across 25 um air gaps separating photoresist
supports. The resulting nanowire-substrate system provides
new opportunitities for the investigation of optical, electrical,
and thermoelectric properties.
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