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ABSTRACT

We examine the effect of strong three-dimensional quantum confinement on the thermopower and electrical conductivity of PbSe nanocrystal
superlattices. We show that for comparable carrier concentrations PbSe nanocrystal superlattices exhibit a substantial thermopower enhancement
of several hundred microvolts per Kelvin relative to bulk PbSe. We also find that thermopower increases monotonically as the nanocrystal
size decreases due to changes in carrier concentration. Lastly, we demonstrate that thermopower of PbSe nanocrystal solids can be tailored

by charge-transfer doping.

Developing low-cost and efficient thermoelectric materials
is a field of growing academic and technological interest.!
The performance of a thermoelectric material can be evalu-
ated by its thermoelectric figure of merit, ZT = S?0T/k, where
S is the Seebeck coefficient (also known as thermopower),
o is the electrical conductivity, k is the thermal conductivity,
and T is the absolute temperature. It was predicted recently
that low-dimensional materials can provide large values of
ZT.3 Since then, several high-ZT nanostructured materials
have been reported.®'© However, practical use of these
materials is hampered by complicated and expensive syn-
thesis techniques, such as molecular-beam epitaxy.” Although
improvements in Z7 for nanostructured materials have
generally been attributed to reductions in thermal conductiv-
ity,"? the unique electronic structure of low-dimensional
materials can also have a strong impact on thermopower and
charge transport.

Colloidal synthesis of monodisperse nanocrystals could
offer a convenient route to low-cost and production-scalable
low-dimensional thermoelectric materials. Moreover, chemi-
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cal synthesis allows precise tuning of the nanocrystal size
in the sub-10-nm range typically inaccessible for molecular-
beam-epitaxy-grown quantum dots.!" This opens up the
possibility to explore thermoelectric properties of strongly
quantum-confined materials. In this regime, the valence and
conduction bands of a semiconductor collapse into well-
separated discrete energy states,>'>!* which alters the
fundamental properties of a semiconductor such as the
electronic density of states (DOS) and band-gap energy.>!!3
Quantum confinement leads to sharp delta-function-like
peaks in the DOS, which is predicted by Mahan and Sofo'
to be the best possible electronic structure for a thermoelectric
material. Recent calculations by Humphrey and Linke'
predict that optimized nanostructured materials with a delta-
function-like DOS can have ZT approaching 10 at room
temperature. This exciting prediction originates from the
fundamental difference between thermodynamics and trans-
port in nanostructured materials as compared to bulk
thermoelectric materials.’ It is also anticipated that these
materials will have advantageous thermal properties because
the nanocrystal diameters are much smaller than the phonon
mean free path (~1077 to 107® m for crystalline materials at
room temperature).'®!” This causes a strong suppression of
thermal conductivity due to phonon scattering at the nano-
crystal boundaries.'®!° In our work, this extreme regime is
realized by using PbSe nanocrystal superlattices with varying
nanocrystal sizes.
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Figure 1. (a) Absorption spectra of PbSe nanocrystals dispersed
in tetrachloroethylene. The diameters are 4.8 (black), 5.6 (green),
6.4 (red), 7.1 (blue), and 8.6 nm (pink). The electronic structure of
PbSe depends on the particle size due to quantum confinement.
The inset shows the transmission electron microscopy image of
PbSe nanocrystals with diameter ~7.1 nm. (b) The measurement
device consisted of a glass wafer with two Cr/Au electrodes. (c)
Typical high-resolution scanning electron microscopy image of a
conductive PbSe nanocrystal film used in this study.

Charge transport in an array of close-packed semiconduc-
tor nanocrystals separated by thin barriers can occur by
hopping between quantum-confined orbitals with S and P
symmetry.?2! To date, arrays of lead chalcogenide nano-
crystals show the most promising charge transport properties.
This is due to their monodispersity and eightfold degeneracy
of 1S electron and hole states that allows good energy-level
alignment between adjacent particles, leads to sharp peaks
in the electronic DOS, and provides a very large number of
electronic states available for charge transport.”> The ex-
traordinarily large static dielectric constant of PbSe (e ~ 250)
brings down the charging energy and prevents Coulomb
blockade in PbSe nanocrystal solids.?>? We demonstrated
recently that engineering interparticle spacing allows tuning
of the exchange coupling energy and can increase carrier
mobility in self-assembled superlattices of PbSe nanocrystals
by many orders of magnitude approaching >1 cm?/Vs.??
Ultimately, further increases of quantum-mechanical coupling
between individual nanocrystals packed into a long-range
ordered superlattice should lead to high-mobility Bloch
transport through three-dimensional minibands.?* Lastly, bulk
lead chalcogenides are used widely in commercial thermo-
electric devices due to the combination of S, o, and k
parameters naturally favoring large values of ZT.

PbSe nanocrystals of different size were synthesized by
reacting lead oleate with tri-n-octylphosphine selenide in
squalane in the presence of oleic acid capping ligands.”> We
varied the size of the nanocrystals from ~4.3 to ~8.6 nm
while keeping the size distribution well below 10%. The
narrow size distribution allows the resolution of the sharp
excitonic features in the absorption spectra of the colloidal
solutions and can also be seen in the transmission electron
microscopy images (Figure la). Prior to nanocrystal film
deposition, glass substrates were treated with hexamethyl
disilazane to improve the wetting properties. Films of
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monodisperse PbSe nanocrystals were deposited by drop-
casting hexane/octane (9:1 by volume) solutions on substrates
with preformed parallel Cr/Au electrodes (Figure 1b). The
resulting film thickness was generally 50—200 nm. The PbSe
nanocrystals are initially coated with oleic acid ligands. After
drop-casting, the oleic acid is removed by hydrazine treat-
ment as described in ref 22 (NOTE: hydrazine is toxic and
should be handled using appropriate protective equip-
ment to prevent contact with either the vapors or the
liquid). Hydrazine molecules replace oleic acid at the
nanocrystal surface, which reduces the interparticle spacing
from ~1.1 nm down to 0.4 nm and results in greatly
improved electrical conductivity.?> Hydrazine treatment does
not change the nanocrystal’s size and shape (Figure 1c);
treated nanocrystal films possess characteristic excitonic
features in the absorption spectrum.?

Unless stated otherwise, all nanocrystal superlattices were
kept inside a dry-nitrogen glovebox during storage and
measurements. Temperature gradients for the thermopower
measurements were created with commercially available
thermoelectric devices. Voltages and temperatures were
measured with an Agilent 34401a voltmeter and thermo-
couples, respectively. The temperature gradient was modu-
lated by varying the electrical current to the thermoelectric
devices. After hydrazine treatment, the thermopower and
conductivity of the nanocrystal film exhibited a strong time-
dependence that asymptotes. We attribute this time-depen-
dence to the changes in hydrazine concentration in the
nanocrystal solid (vide infra). The length of this transience
increased for smaller nanocrystal sizes and generally varied
between 1 and 15 days. Unless indicated otherwise, the data
presented is taken at the asymptote of this transience.

When a temperature gradient, (IAT | = 0—30 K) is created
across the nanocrystal film, an open circuit voltage V.
proportional to the temperature gradient is observed (Figure
2a). The Seebeck coefficient is given by —dV,/dT (e.g., a
positive Seebeck coefficient implies that the cold region
develops a higher potential than the hot region). The
dependence on nanocrystal size for thermopower is shown
in Figure 2b. As the nanocrystal size decreases from 8.6 to
4.8 nm, the thermopower increases from 700 to 1150 ¢ V/K.
The positive sign of thermopower indicates that transport in
these films is p-type. A combination of electrical conductivity
and field-effect transistor measurements provide insight into
these thermopower results. Over the same nanocrystal size
range, we observed a drop in electrical conductivity by about
1 order of magnitude (Figure 2c). Field-effect hole mobility
was ~0.1 cm?*/V-s and no nanocrystal size dependence was
observed (Figure S1 from Supporting Information). Using
the mobility data, we can calculate the carrier concentration
in our nanocrystal solids because o = neu, where y is the
mobility, e is the electron charge, and n is the carrier
concentration. The carrier concentrations in Figure 2 are
representative of the entire film volume. Simple estimates
yield ~0.2 carriers/dot for the 8.6 nm nanocrystals and
~0.002 carriers/dot for the 4.3 nm nanocrystals. For com-
parable carrier concentrations, the PbSe nanocrystal film
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Figure 2. (a) Open circuit voltage, V., generated in a 6.4-nm PbSe
nanocrystal solid by a temperature gradient, AT, due to the Seebeck
effect. (b) Nanocrystal size-dependence for thermopower. (c)
Nanocrystal size-dependence for electrical conductivity. In both b
and c, the approximate carrier concentration is indicated on the
top axis (log scale). Because of uncertainties in mobility, there is
an uncertainty factor of ~2 for the carrier concentration. The
thermopower curve for bulk PbSe is taken from ref 25.

exhibits a significant thermopower enhancement of several
hundred microvolts per Kelvin relative to bulk PbSe.?® This
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Figure 3. A mechanism that can qualitatively explain the size
dependence of thermopower in the nanocrystal solids. The electronic
density of states is represented by the gray lines. The carrier
concentration is represented by the area of the blue region and the
thermopower is approximately proportional to Ef — Ejy., Where E¢
and E,,. are the Fermi energy and average energy of conducting
holes, respectively. See the text for more detail.

enhancement in thermopower is a signature of the sharper
peaks in the nanocrystal solid DOS relative to the bulk DOS.

The thermopower is approximately proportional to the
difference between the Fermi Energy (Ef) and average mobile
carrier energy (E,.). In a bulk material with parabolic bands,
the Fermi—Dirac occupation function gives a wide distribu-
tion of carrier energies (shown schematically in Figure 3a).
The DOS of zero-dimensional quantum dots differs dramati-
cally from that of a bulk semiconductor (Figure 3b and
¢).21324 It has been predicted that thermoelectric power factor
(S%0) can be enhanced greatly when the chemical potential
is within a few kT’s of the delta-function-like DOS of the
ground state and/or one of the excited states.'* Although we
observe an enhanced thermopower, we do not observe an
enhanced power factor due to low carrier mobility. Aside
from enhanced thermopower, nanomaterials should also
benefit from a relaxation in the Wiedemann—Franz law
because it loses validity in materials with a delta-function-
like DOS.’5 Relative to bulk materials, nanostructured
materials can have an increased ratio of electrical conductiv-
ity to electronic thermal conductivity (k.) yielding overall
greater values of ZT.'3

One possible explanation for the observed size dependence
of thermopower and electrical conductivity originates in the
size-dependent band gap of the nanocrystals. The peaks in
the nanocrystal absorption spectra (Figure la) exhibit
progressive blue-shift'? for decreasing nanocrystal size. This
is a signature of the energy band gap, E,, increasing as the
nanocrystal size decreases. Over the nanocrystal size range
studied in this paper, the absorption peak changes by ~230
meV. Figure 3b and c illustrates the situation where AE; <
AE, for changes in nanocrystal size (where AE; and AE,
are the changes in Fermi Energy and energy band gap,
respectively). As the nanocrystal size decreases, the band
edge moves away from the Fermi Energy, which results in
an increased difference between Er and E,,. (Figure 3b and
c¢). Because thermopower is approximately proportional to
E; — E,., thermopower increases as the nanocrystal size
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decreases. This process also results in changes of carrier
concentration; larger carrier concentrations are obtained when
E: is near the band edge. As the nanocrystal size increases,
the band edge moves closer to E;. This causes the carrier
concentration (and therefore the electrical conductivity) to
increase. This explanation is further supported by the fact
that mobility did not change with nanocrystal size, which
implies that the observed changes in conductivity (Figure
2c) are due to variations in carrier concentration. Another
plausible explanation for thermopower size dependence is
alteration of the scattering mechanisms that occur in nano-
structured materials, which can lead to carrier-energy filter-
ing.?

In the case of PbSe quantum wells, the thermopower and
electrical conductivity were found to oscillate with well
thickness.?” In contrast, we observe monotonic changes in
thermopower and electrical conductivity. This paper reports
the first thermopower measurements of solution-processed
low-dimensional materials in the regime of strong quantum
confinement. The observed size dependence creates op-
portunities to tune the thermopower in these materials.

Besides obvious interest to thermoelectric applications of
nanocrystal solids, thermopower measurements are proven
to be a very powerful technique in fundamental studies of
electronic structure and doping of bulk materials. In par-
ticular, it can unambiguously point to the type of carriers
responsible for charge transport and provide valuable infor-
mation on the Fermi energy under particular experimental
conditions. Because thermopower is measured under open-
circuit conditions, it is not affected by contact resistance. In
contrast, the data obtained by current measurements in the
field-effect transistor configuration are strongly affected by
nature of the contacts formed between the channel and
electrodes. For example, single-wall carbon nanotubes
contacted by Au or Pd electrodes show a p-type gate effect,?®
whereas the nanotubes contacted by a metal with low work
function (e.g., Sc) show an n-type gate effect due to more
efficient electron injection.?” PbSe nanocrystal solids show
p-type gate effect (Figure 4b), which is also expected from
comparison of the work function and ionization potential of
Au and bulk PbSe (Figure 4d). Alternatively, a positive
thermopower shows that the Fermi level in a PbSe nano-
crystal solid is close to the 1S, quantum-confined state and
that the nanocrystal array is p-doped. The detailed under-
standing of electronic doping and conduction mechanism in
nanocrystal solids requires further study; a plausible hypoth-
esis could be the presence of surface states behaving as
shallow hole acceptors. These states are probably associated
with undercoordinated or oxidized surface Se atoms which
are known to create the acceptor states in bulk PbSe.’® An
alternative explanation could be the direct hopping between
localized midgap surface states. From general considerations,
observed hole mobilities (~0.1 cm?/Vs) are somewhat too
high for the hopping between trap states with localized wave
functions that are separated by a dielectric medium. To gain
a better understanding of the conduction in hydrazine-treated
PbSe nanocrystal solids, we measured the temperature
dependence for low-bias conduction (Vps < 200mV) in
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Figure 4. (a and b) Transistor measurements on 8.5-nm PbSe
nanocrystal solids: plots of the current between drain and source
electrodes (Ips) versus drain—source voltage (Vps), as a function
of gate voltage (V). Device channel length is 10 xm, width 3000
um, and the thickness of SiO, gate dielectric is 100 nm. In the
presence of hydrazine, the nanocrystal solid exhibits an n-type gate
effect (a) whereas removal of hydrazine in vacuum switches the
device to a p-type gate effect (b). (¢c) Monitoring of the thermopower
of a PbSe nanocrystal solid during hydrazine addition/removal
(nanocrystal diameter ~9.2 nm, film thickness ~500 nm). At t =
0 h, the sample had a steady-state thermopower of 685 uV/K. A
few drops of 1 M hydrazine in acetonitrile were added at t = 0 h
and ¢ = 39 h. With the addition of hydrazine, the PbSe nanocrystal
solid switches from p-type (S > 0) to n-type (S < 0). See the text
for more detail. (d) Energy diagram proposed for PbSe nanocrystal
solid in contact with Au electrodes on the basis of combined
transport and thermopower measurements.

N,Hy-treated 7.2-nm PbSe nanocrystal solids. In the 200—310
K temperature range, the film conduction is well described
by activated transport with the activation energy E. We
found that E4 strongly depends on the applied gate voltage
(Vi), varying from 200 meV (Vg = 40V) down to 85 meV
(Vg = 0V) and 28 meV (Vg = —40V). Following the
analysis by Mentzel et al., we estimate the depth of the
acceptor states as ~50—70 meV at room temperature.*
Thermal energy is required to generate a hole in the
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nanocrystal from the acceptor state providing the mobile
carrier in the 1S, state. For a 60-meV-deep trap, the
ionization probability at room temperature is about 107!,
The DOS at the Fermi energy can be estimated as DOS(EF)
= Ciles (AEF/AVG)~! where C; is the capacitance of the gate
dielectric per unit area, s is the screening length in the
nanocrystal solid, and e is the electron charge.’® For 100-
nm-thick SiO, gate dielectric C; ~ 3.4 x 1073 F cm 2. AE§/
AVg ~ 3.1 x 1073 eV V7! was obtained from the
dependence of the activation energy on Vi. The possibility
to efficiently operate the 35-nm-thick transistor channel in
the depletion mode®” shows that the screening length s is as
at least 20 nm. These parameters yield DOS(Er) < 3 x 10'%/
eV cm™? at Vg = 0V, that is, less than 0.5 electronically
active acceptor states per nanocrystal and more than an order
of magnitude lower than the DOS associated with S-type
quantum-confined orbitals. The localization length, a, for
midgap states is small (~1 nm) compared to that for S states
(~nanocrystal radius, ~3.6 nm). The probability of hopping
between two states with similar energy is proportional to P
~ exp(—2d/a) where d is the hopping distance.’! For d ~ 8
nm, which is a reasonable estimate for our nanocrystal solid,
the probability of hopping between localized midgap states
should be ~5 orders of magnitude lower than the hopping
probability for more-delocalized S states. These arguments
seem to strongly support the transport through quantum-
confined orbitals, not through the surface states.

To control the p-type doping level, we exposed a film of
6.4-nm PbSe nanocrystals to oxygen, which is a well-known
p-dopant of bulk lead chalcogenides.’?> After the exposure,
we observed an increase in the conductivity of PbSe
nanocrystal film by about 1 order of magnitude (Figure S2
from the Supporting Information) accompanied with a
decrease in thermopower from 760 to 440 4 V/K (Figure S3
from the Supporting Information). After exposure to oxygen
the nanocrystal solid showed weak gating and electrical
measurements alone could not separate the conductivity
increase due to changes of carrier mobility and/or doping
level. The decrease in thermopower points to a shifting of
the Fermi Energy closer to the 1S; state due to the doping
effect.

We also used thermopower measurements to study the
characteristics of n-type surface charge-transfer doping of
PbSe nanocrystals with hydrazine. Thermopower was moni-
tored continuously as the relative amount of hydrazine in a
nanocrystal thin film was varied. This experiment is depicted
in Figure 4c. At + = 0 h, the sample had a steady-state
thermopower of ~685 uV/K, and a few drops of 1 M
hydrazine in acetonitrile are placed on the film. The droplets
evaporate after a few minutes, and a sharp transition from
p-type (S > 0) to n-type (S < 0) is observed simultaneously.
A slow transition back to p-type is observed over the course
of many hours. We attribute this slow transition to evapora-
tion of hydrazine from the nanocrystal film. These results
conclusively show that n-doping of PbSe nanocrystal solids
is determined by hydrazine adhered to the nanocrystal
surface. The n-type doping occurs through the formation of
charge-transfer complex between the nanocrystal and hy-
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drazine molecules. Reversible behavior is demonstrated when
we repeat the hydrazine treatment at # = 39 h. The transistor
measurements on similarly treated PbSe nanocrystal films
show n-type gate effects in the presence of hydrazine (Figure
4a), slowly switching to ambipolar and, finally, p-type gate
effect after removal of hydrazine (Figure 4b). Because
thermopower measurements are open circuit, they remove
the possibility of the effects associated with nonideal contact
behavior. Figure 4c also shows that hydrazine-doped PbSe
nanocrystal solids can reach large negative thermopowers
(ca. —650 uV/K), considerably exceeding values reported
for n-PbSe.*

This works demonstrates that PbSe nanocrystal solids
exhibit a significant thermopower enhancement of several
hundred microvolts per Kelvin relative to bulk PbSe. This
can be attributed to the sharp peaks in the electronic DOS
of nanocrystal solids. Tunability of thermopower via changes
in nanocrystal size has also been demonstrated. If the
electrical conductivity can be improved, then these materials
represent an emerging class of inexpensive and scalable
thermoelectric materials. This can be done by either increas-
ing the carrier concentration or improving mobility. Increas-
ing carrier concentration generally results in a decrease in
thermopower, but could enhance Z7 up until a maximum
S%n is reached. This maximum value has not been achieved
in this work and remains unknown. A more-promising route
to improve ZT is to improve mobility (e.g., reduce carrier
scattering). To compete with commercial thermoelectric
materials, the carrier mobility in nanocrystal solids should
be increased by at least 2—3 orders of magnitude. Further-
more, if the reduction in carrier scattering has a favorable
energy dependence, then the thermopower could be enhanced
due to energy-filtering as in ref 26. In this ideal case,
electrical conductivity and thermopower could be enhanced
simultaneously. Colloidal nanocrystals embedded in a host
material would be an interesting system that may exhibit a
reduction in carrier scattering.
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