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P
bTe, is a narrow band gap (Eg �

0.31 eV at 300 K) semiconductor
material1,2 that is among the most

efficient materials known for thermoelec-
tric power generation. In this applica-
tion, PbTe is valued because of its excel-
lent thermal stability which permits
power generation at operating tempera-
tures up to 1000 K.3�6 The fraction of the
Carnot efficiency (� � T/Th) that is recov-
erable as power from a thermoelectric el-
ement is determined by its dimensionless
figure-of-merit, ZT:6

ZT ) σTS2

κ
(1)

where � is the electrical conductivity of
the thermoelement, S is its thermoelec-
tric power or Seebeck coefficient, � is its
thermal conductivity, and T is the mean

absolute temperature. PbTe has a ZT of
0.45 at 300 K and 0.85 at 700 K.7

Shrinking a conductor composed of
thermoelectric material to the nanometer
scale is predicted to increase S8,9 and de-
press �,10�13 with both of these effects
leading, via eq 1, to an elevation in ZT. Mo-
tivated by these predictions, tremendous
effort has been devoted to the synthesis of
PbTe nanomaterials.14�25 Harman et al.24,25

reported that the ZT at 300 K could be
doubled from 0.45 to 0.9 for PbTe quan-
tum dot superlattices and PbSeTe/PbTe
quantum well superlattices prepared by
molecular beam epitaxy (MBE). Their suc-
cess has further stimulated experimental ef-
forts to develop methods for synthesizing
PbTe-based nanomaterials that, unlike MBE,
are cheap and scalable.

Those non-MBE methods include chemi-
cal vapor transfer (CVT),15 hydrothermal syn-
thesis,18 electrodeposition,14,16,17,19 vacuum
deposition,26 and colloidal chemistry.22 Using
these methods, a diversity of PbTe nanoma-
terials has been prepared including films with
nanometer-scale thickness,16,17 nanoparti-
cles,22 nanocubes,22 nanoflowers,27

nanotubes,19,20 nanorods,28,29 and
nanowires.15,18,23,30,31 With regard to nanow-
ires, the subject of the present paper, a num-
ber of methods have been developed. Yu et
al.18 reported that PbTe nanowires can be se-
lectively synthesized by hydrothermal reac-
tion of lead foil and tellurium powder using
the reducing agent hydrazine and a surfac-
tant. Yang et al.15,23 developed a chemical va-
por transfer (CVT) method for growing PbTe
nanowires on silicon. Guo et al.30,31 devel-
oped a hydrothermal method utilizing a Te
nanowire as a template and Pb(NO3)2 as a
precursor in concert with the reducing agent
hydrazine. Liu et al.14 reported the synthesis
of single-crystalline PbTe nanowire arrays via
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ABSTRACT Nanowires of lead telluride (PbTe) were patterned on glass surfaces using lithographically

patterned nanowire electrodeposition (LPNE). LPNE involved the fabrication by photolithography of a contoured

nickel nanoband that is recessed by �300 nm into a horizontal photoresist trench. Cubic PbTe was then

electrodeposited from a basic aqueous solution containing Pb2� and TeO3
2� at the nickel nanoband using a cyclic

deposition/stripping potential program in which lead-rich PbTe was first deposited in a negative-going potential

scan and excess lead was then anodically stripped from the nascent nanowire by scanning in the positive direction

to produce near stoichiometric PbTe. Repeating this scanning procedure permitted PbTe nanowires 60�400 nm

in width to be obtained. The wire height was controlled over the range of 20�100 nm based upon the nickel film

thickness. Nanowires with lengths exceeding 1 cm were prepared in this study. We report the characterization of

these nanowires using X-ray diffraction, transmission electron microscopy and electron diffraction, scanning

electron microscopy, and X-ray photoelectron spectroscopy (XPS). The surface chemical composition of PbTe

nanowires was monitored by XPS as a function of time during the exposure of these nanowires to laboratory air.

One to two monolayers of a mixed Pb and Te oxide are formed during a 24 h exposure. The electrical conductivity

of PbTe nanowires was strongly affected by air oxidation, declining from an initial value of 2.0(�1.5) � 10 4 S/

m by 61% (for nanowires with a 20 nm thickness), 55% (for 40 nm), and 12% (for 60 nm).
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electrodeposition using anodic aluminum oxide (AAO)
membranes as templates. Ramanath et al.28 developed a
two-step template method in which Te nanotubes were
first synthesized by solvothermal reduction of TeO2 in the
presence of surfactant followed by conversion into PbTe
nanowires by exposure to PbCl2 and hydrazine. All of
these nanowire synthesis methods share one drawback:
nanowires of PbTe are produced as free-standing objects
within orientationally disordered powders. Additional
processing steps must be carried out to position these
nanowires on a surface and to establish electrical con-
tacts in order to characterize the thermoelectric proper-
ties of these nanowires.

Here, we describe a method for patterning polycrys-
talline PbTe nanowires over wafer-scale areas on glass
or silicon surfaces. This method is an adaptation of the
lithographically patterned nanowire electrodeposition
(LPNE) method that we have previously demonstrated
for the preparation of metal nanowires on glass and sili-
con surfaces.32�34 In LPNE, photolithography is used
to pattern a nickel nanoband electrode that is recessed
into a horizontal trench that is several hundred nano-
meters in width. This patterned electrode is then im-
mersed into an aqueous synthesis solution, and the
metal of interest is electroplated into this trench using
the nickel nanoband as an electrode. Because the nano-
wire is formed by electrodeposition, a technique appli-
cable to the deposition of a wide variety of materials,
LPNE has tremendous versatility for the fabrication of
nanowires having different compositions, but we have
reported mainly on the fabrication of metal nanowires
in our prior work.32�36 Recently, we briefly described
the application of LPNE to the preparation of sus-
pended PbTe nanowires.37 In this paper, we provide a
complete description of the synthesis of PbTe nano-
wires using LPNE, we disclose data for the structural and
compositional characterization of these nanowires,
and we present the results of electrical conductivity
measurements and a simultaneous X-ray photoelec-
tron spectroscopy (XPS) investigation carried out as an
oxide surface layer is formed in ambient air.

RESULTS AND DISCUSSION
The LPNE method involves the fabrication of a tem-

porary sacrificial template on a glass or oxidized silicon
surface (Figure 1).32�34 This template is formed by first
vapor depositing a nickel layer with a thickness of
5�100 nm, covering the nickel layer with a photoresist
(PR) and photopatterning the PR layer, and then remov-
ing the exposed nickel using nitric acid. This nickel
layer is intentionally “over etched” so that the PR layer
is undercut by approximately 300�500 nm (Figure 1b)
at the perimeter of the exposed region. This undercut
produces a horizontal trench along the entire perimeter
of the patterned region. A nanowire is formed within
this trench by electrodeposition: the template is first im-
mersed into an aqueous plating solution, and nano-

wires of the desired composition and width are pro-

duced by electrodeposition using the nickel edge

within the trench as a working electrode. Finally, the

template, consisting of the PR and nickel layers, is re-

moved by dissolution in acetone and nitric acid, respec-

tively, to expose the electrodeposited nanowires (Fig-

ure 1c). Useful features of the LPNE method include the

following: (1) the position and two-dimensional trajec-

tory of nanowires on the glass surface are controlled us-

ing photolithography; (2) the nanowire thicknesses,

perpendicular to the surface, is determined by the

thickness of the evaporated nickel layer; (3) the nano-

wire width is determined by the electrodeposition pa-

rameters (current, voltage, solution composition, and

deposition time); and (4) electrical contacts to nano-

wires can be fabricated directly from the nickel layer,

ensuring an intimate electrical contact to the nanowire

and eliminating the influence of air oxidation on con-

tact properties. We exploit this feature to make high-

quality electrical contacts to PbTe nanowires in this

paper.

Electrodeposition of PbTe. The electrodeposition of PbTe

has been studied in some detail previously. Saloniemi

et al.16,17 studied the electrodeposition of PbTe on gold

electrodes and proposed a deposition mechanism in

which tellurium deposited first inducing the co-

deposition of lead to form PbTe compound. A similar

mechanism was also reported for the electrodeposition

of Bi2Te3 by several groups.38�43 In order to avoid the

electrodeposition of excess tellurium, Saloniemi et

al.16,17 used a large stoichiometric excess (50:1) of lead

in their plating solutions, but in spite of this, excess tel-

lurium was detected in their electrodeposited PbTe

films.16,17 To mitigate this problem, we chose a concen-

tration ratio of 100:1 (Pb/Te) for PbTe nanowire growth

in this study (Figure 2).

The cyclic voltammetry (CV) of aqueous solutions

containing just Te as TeO3
2�, just Pb as Pb2�, and both

Pb and Te is shown in Figure 2. Our assignments of

Figure 1. Synthesis of lead telluride nanowires using the LPNE
method. Just three steps of the seven-step method are shown
here. (a) Nickel layer is evaporated onto a glass surface (step 1)
and covered with a layer of photoresist (PR, step 2). (b) PR layer is
photopatterned using a contact mask (step 3), and the exposed
nickel is etched in nitric acid to produce a horizontal trench along
the perimeter of the exposed region (step 4). (c) PbTe nanowires
are electrodeposited into this horizontal trench (step 5). The
photoresist and remaining nickel are removed using acetone and
nitric acid, respectively (steps 6 and 7).

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 12 ▪ 4144–4154 ▪ 2009 4145



these peaksObased on both the prior work of

Saloniemi et al. and our own EDX studiesOare the

following:16,17

peak (i) TeO3
2- + 6H+ + 4e- f Te(s) + 3H2O

peak (ii) Te(s) + 3H2O f TeO3
2- + 6H+ + 4e-

peak (iii) Pb2+ + 2e- f Pb(s)

peak (iv) Pb(s) f Pb2+ + 2e-

peak (v) Pb(s) + H2O f PbO + 2H+ + 2e-

peak (vi) Pb2+ + TeO3
2- + 3H2O + 6e- f

PbTe(s) + 6OH- and reaction (iii)

peak (vii) PbTe(s) + 6OH- f Pb2+ + TeO3
2- +

3H2O + 6e-

One immediately notices that the onset for PbTe

deposition (Figure 2a,b, peak vi) coincides in potential

with the onset of tellurium deposition (peak i), even

though the onset for lead deposition occurs at a more

negative potential, particularly at the nickel nanoband

(Figure 2b, peak iii). This is evidence that the same

mechanism proposed by Salenoemi et al.16,17 operates

here.

It is also apparent that, in solutions containing both

TeO3
2� and Pb2�, cathodic electrodeposition at poten-

tials negative of �600 mV vs SCE can produce elemen-

tal Pb (peak iii) and Te (peak i) in addition to PbTe, mak-

ing the electrodeposition of stoichiometric PbTe

difficult. Sailor and co-workers demonstrated an el-

egant solution to this problem in 199144 when they
showed that near stoichiometric cadmium selenide
could be electrodeposited using a cyclic
electrodeposition�stripping method from solutions
containing a 10-fold excess of Cd2� relative to SeO3

2�.
In their experiment, elemental cadmium was electro-
deposited together with CdSe on the negative-going
synthesis scan, and excess cadmium was removed from
the electrodeposit on the subsequent positive-going
stripping scan.44 Elemental selenium was not depos-
ited because the growth of CdSe occurred at a rate that
was diffusion-controlled by SeO3

2�. We have success-
fully applied this electrodeposition/stripping strategy
to the synthesis of nanowires composed of CdSe,45

Bi2Te3,38,46 and, recently, PbTe.37

For plating solutions containing both Pb2� (83 mM)
and TeO3

2� (0.83 mM), a reduction peak is observed at
�0.83 V (Figure 2, peak vi) that is assigned to the elec-
trodeposition of PbTe compound and excess lead.16,17

Two oxidation waves are observed at �0.76 V (peak iv)
and 0.01 V (peak vii) that are produced by lead oxida-
tion and anodic PbTe dissolution, respectively. By using
�0.85 and �0.20 V as voltage limits for the synthesis
scans, as indicated in Figure 2, excess lead is removed
from the nascent PbTe deposit while the stripping of
PbTe (at 0.01 V) is avoided. The evidence of this fact is
not implicit in the electrochemistry alone, but it is ap-
parent based on a detailed chemical analysis of the de-
posited material by XPS, EDX, and X-ray diffraction pre-
sented below. Excess elemental tellurium is not
removed by this procedure, however, because this Te
stripping occurs at the same potential as PbTe dissolu-
tion, so it is important to ensure that no excess elemen-
tal tellurium is deposited in the negative-going scan to
�0.85 V. This is why we used a 100:1 Pb/Te ratio for the
deposition solution in the experiments described here.

The electrochemistry at the nickel film (Figure 2a)
and the nickel nanoband electrodes (Figure 2b) are
similar, but the shape of the voltammetric waves re-
flects the differing geometries of these two electrodes.
At the nickel nanoband, limiting-current plateaus ex-
pected for the nanoband geometry are seen for lead
deposition (Figure 2b, peak iii) and PbTe deposition
(peak vi), although for reasons that are not clear, the
deposition wave for elemental tellurium does not show
the same limiting-current shape (peak i).16,17 Surpris-
ingly, the lead electrodeposition reaction (blue curves)
at the nickel nanoband (Figure 2b) shows a large over-
potential on the forward (negative-going) scan. On
the reverse scan, lead deposition continues, produc-
ing a cathodic current plateau, up to �450 mV. One
explanation for this behavior is the suppression of
lead nucleation within the confined nickel
nanoband. However, similar shifts in the overpoten-
tial for PbTe and Te deposition are not seen in the
data of Figure 2. The final difference is that the PbTe
nanowire synthesis scans (Figure 2b, peak vi) show

Figure 2. Cyclic voltammetry at 50 mV/s for three plating solutions at
two electrodes: (a) an evaporated nickel film, (b) a patterned nickel
nanoband prepared using the LPNE process. Black: supporting electro-
lyte (92 mM EDTA, 92 mM NaNO3, pH � 10). Green: tellurium only
(0.83 mM TeO3

2�). Blue: lead only (83 mM Pb2�). Red: both tellurium
and lead (0.83 mM TeO3

2�, 83 mM Pb2�).
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virtually no lead stripping wave, and this suggests
that very little excess lead is present in the as-
deposited PbTe film. Below, we discuss the struc-
tural and chemical characterization of the PbTe
nanowires by X-ray diffraction (XRD), energy disper-
sive X-ray analysis (EDX), and selected area electron
diffraction (SAED).

The CVs shown in Figure 2 were acquired at 50 mV/s,
and it is useful to ask whether the quality of the elec-
trodeposited PbTe or its grain size depends on this
variable. To address this question, we synthesized
six PbTe nanofilms using scan rates of 1, 25, 50, 100,
200, and 1000 mV/s and XRD patterns were ob-
tained for each (Figure 3a). The diffraction patterns
obtained from PbTe layers deposited at 1 to 200
mV/s (curve a�e) can all be assigned to cubic PbTe
powder (JCPDS 38-1435), and no extra lines are seen
in these patterns. We conclude that stoichiometric,
single-phase PbTe nanowires are obtained within a
wide potential scan rate range. However, when the
scan rate was increased to 1000 mV/s, only elemen-
tal Te was detectable. We postulate that the conver-
sion of Te to PbTe that occurs during the negative-
going voltammetric scan does not have sufficient
time to occur at 1000 mV/s and Te only is therefore
observed. In addition, at scan rates from 25 to 200
mV/s, the (220) reflection is much stronger than
(200), suggesting that the dominant growth direc-
tion is (220). The reason for this discrepancy in crys-
talline orientations lies in the difference of growth
speeds for different facets, which origi-
nates from the facet-dependent sur-
face free energy. However, our earlier
analysis of PbTe nanowires prepared
by LPNE37 did not reveal the presence
of (220) texturing.

Using the XRD patterns of Figure 3a,
PbTe crystalline sizes were calculated us-
ing the Scherrer equation:47

D ) 0.89
λ

B cos θ
(2)

where D is the crystal size, � is the X-ray
wavelength, B is the full width of the peak
measured at half-height, and 	 is the dif-
fraction angle. For scan rates from 1 to
200 mV/s, D is virtually independent of
the scan rate and in the range from 16 to
19 nm (Figure 3b).

Dimensional Control. As in the case of
metal nanowires,32�34 the LPNE

method provides for independent con-

trol of PbTe nanowire width and

height. The height dimension of these

nanowires is most accurately measured

using AFM (Figure 4). The height of

PbTe nanowires prepared by LPNE equals the thick-

ness of the nickel film evaporated in the first step of

the fabrication process (Figure 4a).

Nanowire width is determined by the electrodeposi-

tion parameters, but in contrast to metals that are de-

posited potentiostatically,32�34 PbTe nanowires were

grown using the scanning electrodeposition/stripping

Figure 3. Effect of potential scan rate, from 1 mV/s (bottom) to 1 V/s
(top), on the composition and grain size for electrodeposited PbTe
films. (a) XRD patterns for PbTe layers (t � 60 nm) electrodeposited
on nickel films using the cyclic electrodeposition/stripping method
used for PbTe nanowire growth. The positive and negative limits for
these scans were �0.2 V vs SCE and �0.85 V, respectively. Reference
XRD stick patterns of fcc PbTe (JCPDS 38-1435, bottom) and hexago-
nal Te (JCPDS 65-3370, top) are shown. (b) Plot of mean grain diam-
eter, D, versus potential scan rate for PbTe layers obtained by analy-
sis of the patterns shown in (a) using the Scherrer equation.

Figure 4. Atomic force micrographs at low magnification (a, 80 �m � 80 �m) and higher mag-
nification (b, 2.0 �m � 2.0 �m) of PbTe nanowires. The red arrow indicates the growth direction.
(c) Amplitude traces of three nanowires prepared using nickel films with the indicated heights
of 20, 40, or 60 nm. (d) Plot of the mean height for PbTe nanwires as a function of the nickel layer
thickness showing the linear dependence for five wire heights ranging from 20 to 100 nm.
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method. This means the wire width cannot be continu-

ously varied. Instead, each deposition/stripping scan

between �0.2 and �0.85 V adds 60�80 nm to the

nanowire width. Five typical voltage scans are shown

in Figure 5 together with SEMs of the PbTe nanowires

obtained by depositing PbTe using 1�5 deposition

scans. A closer examination of these nanowires (see Fig-

ure 5b�f, insets) reveals that one edge of the nano-

wire is rougher than the other. Invariably, the rougher

of the two nanowire edges corresponds to solution-

wetted edge of the nanowire, and the smoother edge

is the edge that was in contact with the nickel film. Thus

the growth direction is as indicated by the yellow

arrows.

The arrays of parallel nanowires shown both in Fig-

ures 4 and 5 can cover a glass surface that is square

inches in sizeOlimited only by the size of the contact

mask and the uniformity of the UV illumination used for

patterning. Thus, this PbTe nanowire fabrication

method is truly wafer scale.

Preparation of “Portable” PbTe Wire Arrays. We discovered

by accident a method for preparing arrays of PbTe

nanowires that are embedded in an ultrathin layer of

photoresist. These “portable” PbTe nanowire arrays are

Figure 5. (a) Cyclic voltammograms (50 mV/s) for the synthesis of PbTe nanowires. The synthesis current increases with each
successive scan as shown. (b�f) Scanning electron micrographs of PbTe nanowires at low magnification and higher magnifi-
cation (inset). These nanowires were prepared using one synthesis scan (b), two synthesis scans (c), etc. Yellow arrows indi-
cate the direction of nanowire growth. (g) Plot of mean wire width versus number of synthesis scans showing linear behav-
ior for wires with heights of 20, 60, and 100 nm.

Figure 6. Portable PbTe nanowire arrays. (a,b) Arrays of PbTe nanowires may be transferred in an ultrathin photoresist layer
from the glass surfaces on which they are synthesized to copper TEM grids. This process involves rinsing the nanowire-
patterned, photoresist-covered glass with acetone (a) and then transferring the PR-entrained PbTe nanowires from the rinse
catch vial using a Pasteur pipet onto a copper TEM grid (b). (c) Optical micrograph of a “portable” PbTe nanowire array. (d)
Low-magnification TEM image of PbTe nanowires, (e,f) TEM images at higher magnification of PbTe nanowires that are 20 nm
in thickness. Faceting of the solution-wetted nanowire edge is especially apparent for these 20 nm thick PbTe nanowires.
The darkened areas seen within the nanowire in this image are individual PbTe grains.
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obtained by carrying out the LPNE process on a glass
surface on which a photoresist layer (Shipley 1808) has
first been spin-coated and “soft-baked”. This
photoresist-bottomed LPNE method is also employed
to prepare suspended arrays of PbTe nanowires, as pre-
viously described.37 Once PbTe nanowires are synthe-
sized in the normal way on the photoresist surface, rins-
ing this surface with acetone removes arrays of the
nanowires together with an ultrathin layer of photore-
sist (estimated to be less than 20 nm in thickness). This
second acetone rinse releases PbTe nanowires by dis-
solving the “base layer” of photoresist supporting the
nanowires on the glass surface. The outermost photore-
sist layer was removed, before removing the nickel elec-
trode, by exposure to developer solution. Developer se-
lectively removes just the outermost PR layer because it
has been previously flood exposed. If the “runoff” from
this second acetone rinse is captured using a vial (Fig-
ure 6a), intact nanowire arrays can be transferred by
drawing this solution containing the suspended nano-
wire arrays into a Pasteur pipet and then delivering it to
any surface (Figure 6b), including the surface of a TEM
grid (Figure 6c). TEM (Figure 6e) images confirm that
the individual PbTe nanowires in this portable array re-
tain the same wire-to-wire pitch and orientation seen
on a glass surface. In these bright field images, a sub-
set of the PbTe grains in the nanowire appears dark be-
cause the crystallographic orientation of these grains
matches the condition for diffraction and the electron
beam is deflected off the detector instead of being
transmitted. In high-magnification images (Figure 6f),
these darkened grains show a mean diameter in the
10�20 nm range, approximately the same mean grain
diameter obtained from XRD line broadening analysis
(Figure 3). PbTe nanowires entrained within this photo-
resist film should have a high degree of thermal isola-
tion, and these nanowire arrays may prove to be use-
ful for future studies aimed at characterizing the
thermal transport in these nanowires.

Low-angle incidence X-ray diffraction (LIXRD)48,49

patterns acquired for arrays of PbTe nanowires depos-

ited at 2 
m pitch (Figure 7a) and selected area elec-
tron diffraction patterns for individual nanowires (Fig-
ure 7b) can both be indexed to cubic PbTe (JCPDS 38-
1435). Scherrer analysis of XRD line broadening yields a
mean grain diameter in the 10�20 nm range, just as es-
timated by TEM and XRD of PbTe films (Figure 3).
Energy-dispersive X-ray analysis (EDX) was carried out
in transmission mode (Figure 7c). PbTe nanowires (red
curve) were compared with commercial PbTe powder
(Aldrich, 99.998%, blue curve). The intensity ratio, Pb/
Te, obtained from these spectra for nanowires is 0.94,
which is close to the value of 1.0 measured for the com-
mercial PbTe powder. This result is consistent with a
bulk composition for these nanowires that is close to
stoichiometric.

X-ray Photoelectron Spectroscopy of PbTe Nanowires during
Air Oxidation. X-ray photoelectron spectroscopy (XPS)
was used to probe the surface chemical composition
of PbTe nanowire arrays prepared by LPNE. The objec-
tives of this study were to determine the chemical com-
position of the PbTe surface for freshly synthesized
PbTe nanowires and to determine how the surface
chemical composition evolves as a function of time dur-
ing the exposure of these nanowires to laboratory air
(Figure 8).

Deconvolution curve fitting was used to analyze
the chemical states of the Pb and Te present at the
nanowire surface. For Te(3d), two distinct chemical
states are present in the spectra of Figure 8a. The
spin�orbit splitting of each Te(3d) component gives
rise to a doublet with energy separation of 10.4 eV.50

The lower energy doublet with a binding energy (BE)
for Te(3d5/2) of 572.9 eV (red) is assigned to PbTe.52�54

The higher energy component with a Te(3d5/2) BE of
576.3 eV (purple) is assigned to TeO2. Two distinct
chemical states, again identified by a doublet of dou-
blets, are also present in the spectra of Pb(4f). Each
chemical state can be identified by a doublet corre-
sponding to the spin�orbit splitting of the Pb(4f) or-
bital with an energy separation of 4.9 eV.50 The lower
energy component with a BE for Pb(4f7/2) of 137.3 eV

Figure 7. (a) Low-angle incidence X-ray diffraction (LIXRD) pattern for an array of PbTe nanowire arrays deposited at 2 �m
pitch on glass. The broad peak centered at 25° derives from diffraction from the glass surface. (b) Selected area electron dif-
fraction (SAED) analysis of the nanowire shown in Figure 6f. All reflections are assigned to cubic PbTe, JCPDS 38-1435. (c)
Energy-dispersive X-ray analysis (EDX) carried out in transmission mode showing data for a single PbTe nanowire prepared
by LPNE (red), and a sample of PbTe powder (Aldrich, 99.998%). Peaks assignable to C, O, Fe, and Cu are derived from either
surface contamination or the TEM grid.
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(red) is assigned to PbTe.52�54 The higher energy com-

ponent with a Pb(4f7/2) BE of 138.6 eV (green) is as-

signed to either Pb(OH)2
52,55 or PbO.56 A third, broad

component at around 145 eV (bronze) is also seen in

all Pb(4f) spectra. This peak is Si(2p) emission from the

glass substrate.50

Freshly prepared nanowires were rapidly trans-

ferred into the XPS chamber, experiencing less than 1

min of air exposure. Spectra for these nanowires, la-

beled “0h” in Figure 8, are dominated by doublets with

chemical shifts consistent with PbTe.52 These spectra

permit the Pb/Te mole ratio to be estimated at 0.28:

1.0.57 This is a surprisingly low Pb/Te ratio for the nano-

wire surface, especially considering the XRD data of Fig-

ures 3 and 7a, showing that these nanowires are single-

phase PbTe. The underlying reason is unresolved, but

two possible explanations are the following: (1) excess

elemental Te in the bulk of the nanowire may migrate

to the nanowire surface since it is known that, for metal

chalcogenide nanocrystals, chalcogene terminatation

is energetically favored relative to metal termination;58

(2) PbOx at the nanowire surface may be preferentially

removed, relative to TeO2, by the final nitric acid etch re-

quired for removal of the nickel sacrificial electrodes. It

is important to note that the skewing of the Pb/Te ratio

is not detected by EDX (Figure 7) because, for that tech-

nique, the probe depth far exceeds the thickness of

our nanowires and the composition of the entire PbTe

nanowire is probed. This is why the disparity between

PbOx and TeO2 concentrations seen in Figure 8b,c can

reasonably be attributed to preferential removal of

PbOx from the surface by nitric acid, and this conclu-

sion does not conflict with the EDX result.

Smaller peaks for PbOx and TeO2 are already seen

for the 0h sample, and the fraction of the total signals

Figure 8. (a) X-ray photoelectron spectroscopy spectra of the Pb(4f) and Te(3d) regions acquired as a function of exposure
time in laboratory air. Reference binding energies for various lead compounds and tellurium compounds are indicated at the
bottom.50 Te(3d) is deconvoluted into two components: PbTe (red) and TeO2 (purple). The purple line also includes the Shir-
ley background from the PbTe peak; Pb(4f) spectra are deconvoluted into four components: PbTe (red), PbOx (green), Si(2p)
in bronze, and the sum in dark blue. (b) Fraction of the total lead and tellurium present as PbOx and TeO2 plotted as a per-
centage versus the time of exposure to air. (c) Estimated thickness of the PbOx and TeO2 layers, calculated according to the
Bando model,51 plotted versus the time of exposure to air.

Figure 9. Making a single nanowire device for electrical conductivity
measurements. (a) Four gold electrical contacts are evaporated via
shadow mask onto the PbTe nanowire and then connected to copper
wires through silver paste. I�V curve measurement can be performed
after several hours drying. (b) Four nickel electrical contacts are fabri-
cated from the evaporated nickel layer by carrying out a second
photolithography patterning step. (c,d) SEM images of a PbTe nano-
wire with lithographically patterned nickel contacts at two
magnifications.
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for these oxide components are 7.2% for PbOx and
1.8% for TeO2 (Figure 8a,b). With continued exposure
to air, PbOx and TeO2 peaks increased monotonically
relative to the peaks for PbTe until, after 24 h, the PbOx

signal was 41% of the total for lead and TeO2 was 18%
of the total for tellurium. On the basis of the layered ox-
ide structure model suggested by Bando et al.48,51 and
the inelastic mean free paths of the photoelectrons,59

the equivalent thickness of oxide layers was estimated
as a function of the air exposure duration (Figure 8c). Af-
ter 24 h of air exposure, we estimate equivalent layer
thicknesses of 1.3 nm for PbO2 and 0.3 nm for TeO2. In
other words, PbO2 grows faster than TeO2 in spite of the
fact that the surface of the PbTe nanowire is initially en-
riched in Te relative to Pb. The influence of this oxide
overlayer on the electrical conductivity of these nano-
wires is examined next.

Electrical Conductivity Measurements during Air Oxidation.
How does the oxidation of the PbTe nanowire surface
in air affect its electrical conductivity? This is a critical is-
sue from the standpoint of the thermoelectric perfor-
mance of these nanowires because, as indicated by eq
1, the value of ZT for a material is directly proportional
to its electrical conductivity, �. We measured � for
single PbTe nanowires prepared by LPNE as a function
of the exposure time to air. Especially because of the
corrosive influence of air on the PbTe surface revealed
by XPS (Figure 8), it is essential to preserve an intimate
electrical contact to the nanowire during this experi-
ment. For this reason, we abandoned the standard
method for preparing electrical contacts15,32,33 involv-
ing the evaporation of metal onto a nanowire that has
already been exposed to air (Figure 9a). Our new
method (Figure 9b) involves photolithographic pattern-
ing of the nickel film that is used for PbTe nanowire
growth (Figure 9b). After PbTe nanowire growth, the

initial photoresist is removed and a new layer of photo-

resist is spin-coated to fully cover the nanowire/nickel

film (Figure 9b, step 2). The new photoresist layer is

then photolithographically patterned using a four-

probe photomask (step 3), and the exposed nickel film

is removed with nitric acid (step 4). Finally, removal of

the photoresist with acetone exposes the PbTe nano-

wire with four nickel contacts. The important point is

that the PbTe surface where the nickel contacts are es-

tablished is never exposed to air during this process.
Current versus voltage curves (Figure 10a) for single

PbTe nanowires remain ohmic for the full 24 h air expo-
sure, suggesting that the method outlined above (Fig-

ure 9b) prevents the formation of oxide at the electrical

contact. When four nickel contacts are, instead, ap-

plied by vapor deposition to PbTe nanowires, the mea-

sured resistance values were a factor of 10 higher than

measured using the method of Figure 10. The initial
conductivity of these nanowires was in the range from
0.1 � 104 to 5.0 � 104 S/m, which coincides with the

range of conductivity values reported for PbTe

films.15,55,56 From this initial state, air exposure reduces

the electrical conductivity of PbTe nanowires as the sur-

face oxide is formed (Figure 10b�d). Electrical conduc-

tivity versus time data were acquired for nine nanowires,

with thicknesses, t, of 20, 40, and 60 nm. These nano-

wires had similar widths, in the range from 100 to 150

nm. The fraction of the initial conductivity, �0, that was

retained after a 24 h air exposure was 88% for t � 60 nm

wires, 45% for t � 40 nm, and 39% for t � 20 nm

nanowires. According to the XPS data of Figure 9, such

nanowires have just 1.3 nm of oxide on their surfaces.

How can the presence of the ultrathin oxide layer

measured by XPS be reconciled with the 60% loss in

conductivity seen for the 20 nm PbTe nanowires? We

can conceive of two possible explanations: First, the

growth of the oxide layer could alter doping in the

nanowire. It is well-established55,60 that, in the case of

n-type PbTe, oxygen acts as a p-type dopant increasing

the hole concentration and eventually inverting the

majority carrier type. For n-type PbTe, this mechanism

leads initially to a loss in conductivity as n-type dopants

are compensated. We note here that ongoing measure-

ments of the Seebeck coefficient, S, reveal that freshly

prepared PbTe nanowires are reproducibly n-type. A

second contributing factor may be the penetration of

oxide into the grain boundaries near the wire surface.

Figure 10. (a) Current versus voltage curves for a PbTe nanowire with
dimensions of 20 nm � 108 nm � 123 �m during exposure to labora-
tory air. (b) Plot of the measured nanowire conductivity versus exposure
time for nanowires of three thickness values: 20 nm (blue), 40 nm (green),
and 60 nm (red). (c) Log�linear plot of the same data shown in (b) and
(d). Plot of electrical conductivity (�) normalized to time 0 against the
nanowire thickness for five time points during the exposure to air.
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We have recently invoked this mechanism to account
for the loss in conductivity of gold nanowires (up to
70%) induced by the formation of a single Au(OH)3

monolayer.35

CONCLUSIONS
These data support the following conclusions:

1. The LPNE method can be adapted to produce single-
phase, cubic PbTe nanowires on glass surfaces.

2. Growth of PbTe involves the electrodeposition of
PbTe using a cyclic electrodeposition/stripping
method in which lead-rich PbTe is first electrodepos-
ited, and excess lead is then anodically stripped
from the nascent nanowire. By skewing the mole ra-
tio of Pb/Te strongly in favor of Pb (100:1), the elec-
trodeposition of elemental Te is avoided during this
process. Repeating this cyclic electrodeposition/
stripping process allows near stoichiometric PbTe
nanowires to be built up in 60�80 nm increments.

3. These PbTe nanowires have a rectangular cross sec-
tion with height and width dimensions that are inde-

pendently adjustable, down to minimum values of

20 and 70 nm, respectively.

4. These nanowires are polycrystalline with a mean

grain diameter of 10�20 nm.

5. “Portable” nanowire arrays, consisting of PbTe nano-

wires entrained in an ultrathin photoresist layer,

can be prepared by rinsing a photoresist-

supported PbTe array with acetone. These arrays

are suspended in the recovered wash solution,

and they can be transferred (e.g., onto a TEM grid)

using a Pasteur pipet.

6. Wire surfaces are initially tellurium-rich, but oxida-

tion in laboratory air more rapidly produces

PbO2 (1.3 nm in 24 h) relative to TeO2 (0.3 nm in

24 h).

7. Commensurate with wire oxidation is a progressive

loss in the electrical conductivity of PbTe nano-

wires of up to 60% for wires with a thickness of 20

nm. We hypothesize that this loss in conductivity de-

rives from the progressive and compensative

p-doping of initially n-type PbTe nanowires.

METHODS
Chemicals. Optical glass slides (1 in. � 1 in.) were purchased

from Fisher and used as substrates. Nickel wire (Ni, 99.99%) and
tellurium oxide (TeO2, 99.9995%) were used as received from Al-
drich. Positive photoresists S1808 and S1827 and developer
F319 were purchased from Microchem. Lead nitrate (Pb(NO3)2,
99.4%, Certificated ACS), sodium nitrate (NaNO3, 100.1%, certifi-
cated ACS), EDTA (disodium ethylenediaminetetraacetate,
99.8%), acetone (GR, ACS), and pH � 10 buffer solution were
used as received from Fisher.

Plating Solution. EDTA (5.5 mmol) and NaNO3 (5.5 mmol) were
dissolved in 40 mL of buffer solution of pH � 10. Then 5 mmol
of Pb(NO3)2 and 0.05 mmol of TeO2 were added and dissolved
while maintaining the pH at 10.0. The final volume of the solu-
tion was adjusted to 60 mL. The final concentrations of each
component are 83 mM for Pb(NO3)2, 0.83 mM for TeO2 (in the
form of TeO3

2�), 92 mM EDTA, and 92 mM NaNO3.
TEM (Transmission Electron Miscroscopy) and SAED (Selected Area

Electron Diffraction). TEM images and SAED were acquired using a
Phillips CM 20 TEM using an accelerating voltage of 200 kV. PbTe
nanowires, prepared on a photoresist-covered glass surface,
were transferred to a glass vial in an ultrathin PR layer by rins-
ing the surface with acetone. These PbTe arrays were then drop-
coated onto carbon-film-coated copper grids (Ted Pella) using a
Pasteur pipet. These grids were then dried overnight before TEM
measurements.

SEM (Scanning Electron Microscopy). Scanning electron micros-
copy (SEM) images were collected on Philips XL-30 FEGSEM
(field emission gun scanning electron miscrocope) using an ac-
celerating voltage of 10 kV. The samples were mounted on alu-
minum stubs (Ted Pella) using adhesive carbon tape.

XRD (X-ray Diffraction). LIXRD (low-angle incidence X-ray
diffraction)48,49 technique was employed to analyze the crystal-
linity of PbTe nanowires and nanofilm. A fixed low angle of inci-
dence for the X-ray beam makes the analysis more sensitive to
the sample surface and thus leads to higher diffraction intensi-
ties. LIXRD was performed using a Rigaku Ultima III (Rigaku, To-
kyo, Japan) high-resolution X-ray diffractometer with Cu K� irra-
diation and an incident angle of 0.6°.

XPS (X-ray Photoelectron Spectroscopy). XPS measurements were
performed with an ESCALAB MKII (VG Scientific) surface analysis
instrument. The ultrahigh vacuum multichamber system is
equipped with a twin anode X-ray source (Mg/Al) and a 150

mm hemispherical electron energy analyzer. Spectra presented
here were collected using Mg K� X-rays (1253.6 eV) in constant
energy mode with a pass energy of 20 eV. During acquisition, the
base pressure of the spectroscopy chamber was 1 nTorr. XPS
peak areas of Pb(4f) and Te(3d) were measured following a stan-
dard Shirley background subtraction. Binding energies were cali-
brated using the C(1s) peak of adventitious carbon set at 284.8
eV as a reference.50 The spectra were fitted with software XPS-
Peak 4.1. The sample of PbTe nanowires was quickly transferred
to the vacuum chamber (within 1 min) after synthesis for the ini-
tial measurement. Afterward, the sample was taken out of cham-
ber for exposure to air periodically until the total exposure time
is 24 h.

Electrical Conductivity Measurement. The electrical conductivity
of a single nanowire was extracted on the basis of I�V curve
measurement (conductance) and wire dimensions known
from AFM and SEM measurements. The I�V curve measure-
ments were carried out in air by using four contacts fabri-
cated using the method depicted in Figure 9b. Through the
two outer electrodes, a constant current was applied using a
Keithley sourcemeter 2400. Simultaneously, a Keithley multi-
meter 2000 measured the voltage at the two inner elec-
trodes. A Labview program was used to control the measure-
ment and collect data. The conductivity � was calculated
using:

σ ) dI
dV

L
HW

(3)

where dI/dV is the slope of the I versus V curve, L is the electrically
isolated nanowire length, H is the nanowire height, and W its
width.
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