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ABSTRACT

In this Letter, we present a novel strategy to control the thermoelectric properties of individual PbSe nanowires. Using a field-effect gated
device, we were able to tune the Seebeck coefficient of single PbSe nanowires from 64 to 193 xV-K™". This direct electrical field control of
o and S suggests a powerful strategy for optimizing ZT in thermoelectric devices. These results represent the first demonstration of field-
effect modulation of the thermoelectric figure of merit in a single semiconductor nanowire. This novel strategy for thermoelectric property
modulation could prove especially important in optimizing the thermoelectric properties of semiconductors where reproducible doping is

difficult to achieve.

Solid-state thermoelectric modules' have garnered increased
attention due to their prospective application as power
cogenerators, harvesting the vast amount of waste heat
produced by combustion-based power generators.? The
efficiency of energy conversion in such materials depends
on the dimensionless thermoelectric figure of merit, ZT =
0S?Tlk, where o is the electrical conductivity, S is the
thermoelectric power (also called the Seebeck coefficient),
k is the thermal conductivity, and T is the absolute temper-
ature.> Although o, S, and « are interdependent in bulk
materials such that a ZT greater than 1 is difficult to achieve,
experimental and theoretical studies of nanostructured ma-
terials suggest that these parameters could be modified
independently in low-dimensional systems.* ' Here we
present a novel strategy to control the thermoelectric proper-
ties of individual PbSe nanowires. Using a field-effect gated
device, we were able to tune the Seebeck coefficient of single
PbSe nanowires from 64 to 193 ' V-K!. This direct electrical
field control of ¢ and § suggests a powerful strategy for
optimizing ZT in thermoelectric devices.
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Lead chalcogenides are promising thermoelectric materials
that possess reasonably high thermoelectric conversion
efficiencies. A ZT up to 2 was realized in PbSeTe/PbTe
quantum dot superlattices,® and theoretical studies by
Dresselhaus and co-workers have suggested that this number
can be further increased in electronically confined nanowire
structures.*> Recent work, moreover, has demonstrated large
decreases in the thermal conductivity of nanowire systems.®
The PbSe nanowires discussed here were synthesized via a
solution-phase method described previously by Murray and
co-workers.!! The nanowires had diameters around 80 nm
with lengths up to tens of micrometers. Transmission electron
microscopy (TEM) images (Figure la) of the as-made
nanowires show that these structures have extremely rough
surfaces, probably as a consequence of growth via the
oriented nanoparticle attachment and overgrowth mechanism.
Despite their rough surfaces, the nanowires are single
crystalline, as shown by the high-resolution TEM (HRTEM)
images (Figure la, inset).

The thermoelectric properties of individual PbSe nanowires
were measured using the circuit shown in Figure 2a. The
circuit consists of a heater for establishing a temperature
gradient and four electrical probes for measuring the con-
ductivity and thermal voltage across the nanowire. The two
inner electrical probes were each attached to four leads,
allowing them to function simultaneously as resistive ther-
mometers. The thermoelectric properties of the PbSe nano-
wires could be directly modulated during measurement by
applying a gate voltage to the underlying silicon substrate,



Figure 1. TEM images of PbSe nanowires: (a) as-synthesized PbSe
nanowires; (b) PbSe nanowire coated with ALD alumina. Insets
are HRTEM images of the corresponding nanowires. Scale bars
for (a), (b), (a) inset, and (b) inset are 100, 20, 4, and 3nm,
respectively.

similar to the carbon nanotube devices described in refs 12
and 13.

Although PbSe nanowires are relatively flexible at the size
scale used in this study, they remain fragile and are very
sensitive to processing steps and conditions such as thermal
shock, mechanical stress, and oxidation. Consequently, great
care was taken in every step of device fabrication. The as-
synthesized nanowires were first dispersed in chloroform and
cast by spin-coating onto a silicon substrate coated with a
600 nm SiN, film. Immediately upon evaporation of the
solvent, the substrate was coated with I-line photoresist.
Standard photolithographic processing was used to pattern
the electrodes in Figure 2a. 1/150/35 nm Ti/Pd/Au metal
films were then deposited by electron-beam evaporation. The
evaporation step was divided into 5 min segments, between
which the chip was allowed to cool down for 5 min to
prevent overheating. Finally, the substrate was soaked in
acetone for 30—60 min to dissolve the photoresist and lift
off the metal film.
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Figure 2. Electrical measurements of typical as-synthesized and
AlLO; coated single PbSe nanowires. (a) Scanning electron
microscopy image of the circuit used for electrical and thermo-
electric power measurements of single PbSe nanowires. Electrode
1 is a heating line, and 2, 3, 4, and 5 are for four-point probe
resistance measurements. Electrodes 3 and 4 are used as
electrodes and resisitive thermometers for the thermoelectric
power measurement. PbSe nanowires were dispersed on a Si
substrate coated with a 600 nm SiN, dielectric layer. Ti/Pd/Au
electrodes were defined by photolithography and electron-beam
evaporated on top of the dispersed nanowires. Inset shows a
PbSe nanowire bridging electrodes 2—5. Scale bar is 50 um.
(b) Conductance of a as-synthesized single PbSe nanowire as a
function of gate voltage (V,). Inset: =V behavior of the same
PbSe nanowire taken at V, = —10, =5, and 0 V. (c) Conductance
of a single PbSe nanowire coated with Al,O;3 as a function of
V,. Inset: I—V behavior of the same coated nanowire at V, =
10, 8, 6, 4, 2,0, and —2 V.

Due to the air sensitivity and chemical instability of the
PbSe nanowires,!! we have intentionally passivated the
nanowire surface with a thin ALOs; film. After device
fabrication the nanowires were first annealed under 700
mTorr of N, at 200 °C for up to 4 h. Atomic layer deposition
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(ALD) methods were then used to deposit the Al,O5 at 50
°C following procedures previously reported in ref 14. Figure
1b and inset show TEM and HRTEM images, respectively,
of PbSe nanowires coated with ALD-deposited Al,Os. This
procedure readily produced a conformal ~6 nm coating of
Al,O3 without altering the morphology, microstructure, or
crystalline nature of the nanowires.

The low-temperature ALD method used to coat the PbSe
nanowire devices with Al,O; effectively stabilized the air-
sensitive PbSe nanowires. All previous electrical studies on
PbSe nanostructures had to be performed under either inert
atmosphere” !> or vacuum.'® By using the Al,O; coating,
we found our individual PbSe nanowire devices could be
tested in ambient conditions without noticeable change for
more than half a year. This strategy provides a practical route
for stabilizing lead chalcogenide nanostructures, allowing
them to be used in a broader range of applications.

Parts b and ¢ of Figure 2 show typical electrical transport
behavior of a single PbSe nanowire field-effect transistor
before and after coating by ALD Al,O;. As shown in the
insets, the current versus applied voltage (I —V) plots at
different gate voltages (V,) were all linear, indicating that
Ohmic contacts were formed between the metal and nanowire
in both cases. Typical values for the four-point resistance of
individual nanowires were on the order of several hundred
k€2s and showed minimal (<0.5%) contact resistance. Single
PbSe nanowires were able to conduct currents up to 10 uA
without failure, corresponding to a breakdown current density
of approximately 5 x 10° A«cm™2. These values, along with
the TEM observations, indicate that these devices comprise
high-quality, single crystalline nanowires with Ohmic con-
tacts.

One significant difference in the electrical transport be-
havior before and after Al,O; coating is the sign of the charge
carriers responsible for conduction in the nanowires. As
shown in part b (and c) of Figure 2 the conductance of single
nanowire transistors decreased (increased) with increasing
V, before (after) Al,O3; deposition. These opposite trends
indicate a switch in the polarity of free charge carriers due
to the Al,O; coating; that is, PbSe nanowires were p-type
before and n-type after coating. Considering the narrow band
gap (280 meV)!” and high reactivity of PbSe, changes in
the electron density at the surface, either due to adsorbed
species or chemical reactions, could readily affect the carrier
density or polarity within the nanowire. For example, it was
previously observed that treatment of PbSe nanoparticle films
with hydrazine also changed the polarity of the majority
charge carriers from p- to n-type.”!> Our ALD process could
result in a positively surface-charged Al,O; film,'® and we
tentatively attribute the change in carrier type to the effective
gating by the positively charged Al,O; layer.

The mobility of the charge carriers in the nanowires, u,
can be extracted from their transconductance (dG/dV,) and
geometric factors derived from modeling the nanowire field-
effect transistor using a cylinder-plane capacitor model'®%

u = dG/dVg In(2h/r)LI27e,¢)

where & is SiN, thickness, r and L are the nanowire radius

Nano Lett,, Vol. 9, No. 4, 2009

and length, and ¢ is the vacuum permittivity and & is the
SiN, relative dielectric constant. For two of the n-type PbSe
nanowire devices, the drift mobilities were calculated to be
76 (Figure 2c) and 180 cm>V~!s™!. The charge carrier
concentration was measured as 1.8 x 10'® cm™. The as-
synthesized p-type nanowires, on the other hand, exhibited
much lower mobilities of about 3 cm®V~'»s™!. The data in
Figure 2b yields a mobility of 2.7 cm>V!s™! and a carrier
concentration of 6 x 10'® cm™3. A possible cause of the
enhancement of mobility in Al,Os-coated samples could be
the passivation of both surface defects and charge trap states
by the high quality ALD Al,O; film. Although the highest
mobility value measured is still an order of magnitude lower
than observed values of the Hall mobility in bulk PbSe,?! it
is by far the largest mobility reported for lead chalcogenide
nanostructures.'® Further improvements in sample preparation
and processing could augment these values. Additionally,
we note that the model used to calculate the drift mobility
from the transconductance provides only a lower bound of
the actual value.?’ Overall, atomic layer deposition of alumina
resulted in air-stable PbSe nanowire devices with inversion
of charge polarity and enhanced carrier mobility. Field-effect
gating of such PbSe nanowire devices readily changed their
conductance by 2 orders of magnitude (Figure 2c).

To measure the thermoelectric power (Seebeck coefficient)
of individual Al,Os-coated nanowires, a current was passed
through the heater shown in Figure 2a (electrode 1), creating
a thermal gradient across the nanowire bridging the elec-
trodes. The voltage measured across the two inner electrodes
(3 and 4 in Figure 2a) in the temperature gradient is the
thermal voltage (Viherm), from which the thermoelectric
power, S, is calculated as S = Viyern/AT. As shown in Figure
3a the measured Vi, values were plotted as a function of
heating current, iy, applied to the heater. The parabolas
correspond to Vi, measurements from the same nanowire
under different applied V,. The sign convention is such that
negative Vi values are measured for n-type samples due
to the negative polarity of the majority charge carriers that
transport heat, i.e., Viperm < 0 when electrode 3 has a higher
voltage potential than electrode 4, as labeled in Figure 2a.

The negative values of Ve, are consistent with the charge
carrier type determined by the transconductance measure-
ments in Figure 2c. The temperature of the heater is
proportional to the heating power and thus proportional to
Ihea®. Vinerm as a function of I, was recorded in Figure 3a
for different gate voltages (and hence different conductivi-
ties). The AT along the nanowire was measured between
the same two electrodes used to obtain Viem and was
calculated using a calibration of the metal line four-point
resistance at fixed global temperatures. These data were then
used to calculate the Seebeck coefficient of the nanowire.

Significantly, we observed clear modulation of the Seebeck
coefficient in these PbSe nanowires by field-effect gating.
This is, to the best of our knowledge, the first time such
field-effect modulation of Seebeck coefficient is demonstrated
at the single semiconductor nanowire level. The observed
absolute value for thermoelectric power, S,ps, was measured
as a function of the gate voltage (and hence PbSe nanowire
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Figure 3. Thermoelectric power and figure-of-merit of an individual
Al,Os-coated PbSe nanowire taken at different gate voltages. (a)
Thermal voltages of an Al,O;-coated PbSe nanowire as a function
of heater current taken at various values of nanowire conductivity,
as defined by the applied gate voltage. (b) Seebeck coefficient (red)
and the estimated room temperature Z7 (blue) as a function of the
nanowire conductivity, defined by the applied gate voltage.

conductivity) and the magnitude of S,,, was observed to
decrease with increasing sample conductivity, as shown in
Figure 3b. Room temperature values for S, ranged from
64 to 193 uV-K™! under high to low V,, respectively. This
represents direct field-effect modulation of the Seebeck
coefficient by a factor of 3. The general expression for S

1522,23

kg Ep — Eg(E)
S = ?f—kBT = dE (1)

where kg is the Boltzmann constant, e is the electron charge,
Er is the Fermi energy of the material, o(E) is the electrical
conductivity at a given electron energy, E, and o is the total
conductivity. Assuming that only electrons contribute to the
thermoelectric power and that Ef lies near the conduction
band edge (E.), the above equation can be written as

1692
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where A represents a scattering factor of the semiconduc-
tor.2224

Varying V, changes the electrical conductivity effectively
by modulating the electron density in the conduction band
and, hence, Er of the nanowire. Using the general expression
of Er and electron density, eq 2 can be simplified to

S=C/(nN, — Inn + A) 3)

where C, is a fitting parameter, n is the carrier concentration,
and N, is the temperature-dependent effective density of states
of the conduction band. Changes in the thermoelectric power
via Er modulation (and hence conductivity), as shown in Figure
3b, closely follow this relation in eq 3. Using the measured
electron mobility of 76 cm>V ~!ss~! and assuming an effective
mass (m.¥) of ~0.05m,,'” A is estimated to be 1.5. This result
is consistent with the value of A in bulk PbSe,?!"?2 suggesting
that electron transport in the nanowire does not differ
significantly from that in a classical system.

We have also measured the thermal conductivity of
individual PbSe nanowires using suspended microfabricated
membranes, as described in previous studies.®*>"?’ The
thermal conductivity of a single PbSe nanowire was mea-
sured to be about 0.8 W-m™*K~!, which is a 2-fold decrease
from that of bulk PbSe at room temperature.?®?° This
reduction in thermal conductivity is likely the result of higher
rates of phonon scattering at the nanowire surface. The
surface roughness® may also play a role by scattering the
intermediate and long wavelength phonon modes.

By combination of the results from the individual nanowire
thermoelectric measurements, an estimation can be made for
the figure of merit for single PbSe nanowires. Figure 3b also
plots ZT as a function of electrical conductivity. It was found
that there is a maximum in Z7, which occurs around 16
(Q:cm)!. Room temperature ZT can be effectively tuned
from 0.004 to 0.006, corresponding to changes in S by a
factor of 3 and o by 1 order of magnitude. More importantly,
a net increase of the figure of merit by 50% is achieved
through this simple field-effect gating strategy. These results
represent the first demonstration of field-effect modulation
of the thermoelectric figure of merit in a single semiconductor
nanowire. This novel strategy for thermoelectric property
modulation could prove especially important in optimizing
the thermoelectric properties of semiconductors where
reproducible doping is difficult to achieve.

The low figure of merit reported here is clearly the result of
a drop in electron mobility from bulk values.” Such a reduction
may be expected in quasi-one-dimensional materials since the
surface-to-volume ratio increases considerably. Optimizing the
surface passivation by improved synthetic techniques or surface
treatments will undoubtedly improve the transport properties
of PbSe nanowires and may yield lead chalcogenide nanowires
with superior thermoelectric performance.
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