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he core of semiconductor technology

is the ability to manipulate the elec-

tronic property of materials by intro-
ducing an electric field, light, impurity content,
or by changing the temperature. Solids artifi-
cially constructed from semiconductor nano-
crystals provide additional size-dependent
functionalities and have generated enormous
interest in device applications such as photo-
detectors,' transistors,” thermoelectrics,® and
solar cells.*” In this class of materials, as well as
in bulk semiconductors, the position of the
Fermi energy level (Ef) relative to the transport
energy level (Ey) is a key parameter in deter-
mining the electronic property of the system.
Currently, research is progressing to incorpo-
rate nanocrystal solids into more complex
architectures, including metal—semiconductor
junctions,®” semiconductor heterojunctions,®
and organic/inorganic hybrid structures.>'®
However, there are a limited number of studies
devoted to measuring and interpreting E¢ in
semiconductor nanocrystal solids,'" which is
crucial in optimizing device performance.

In this work, we directly extract £ — Er by
applying temperature-dependent thermo-
power measurements to semiconductor nano-
crystal solids. This measurement technique is
particularly useful for nanocrystal solid systems
in which electron or hole conduction occurs via
hopping between localized energy states'*'®
above or below the Eg, respectively. The elec-
trical conductivity measurements cannot dis-
tinguish Er — Er and the activation energy for
mobility separately in these systems. Further-
more, thermopower measurements are con-
ducted under open-circuit conditions, and it is
insensitive to the contact resistance, which give
us an additional advantage over electrical
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ABSTRACT The position of the Fermi energy level (E;) with respect to the energy level where the

transport process occurs (transport energy level, E;) is an important parameter that determines the

electrical properties of semiconductors. However, little attention has been devoted to investigating

the position of £; in semiconductor nanocrystal solids, both theoretically and experimentally. In this

study, we perform temperature-dependent thermopower measurements on PhTe nanocrystal solids

to directly probe £ — Er. We observe that as the size of the nanocrystals reduces, £ — E; increases

primarily due to the widening of density of state (DOS) gap. Furthermore, by modifying the

monodispersity of nanocrystals, we observe an increase in thermopower as the distribution of energy

states sharpens. This work promotes a deeper understanding of thermal occupation of energy states

as well as electronic transport processes in semiconductor nanocrystal solid systems.
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conductivity measurements. Using tempera-
ture-dependent thermopower measurements
we extract each term of the thermopower
equation'* and examine their physical meaning
as applied to semiconductor nanocrystal solids.

RESULTS AND DISCUSSION

The thermopower (o, Seebeck coefficient)
is the heat carried per charge carrier divided by
the temperature (1V/K), or in thermodynamic
terms, the entropy transported per carrier. A
general expression for thermopower of semi-
conductors (p-type) was derived by Fritzsche:"*

_ k[E —Ep)
o« = E[T“‘} M

where, k is the Boltzmann constant, e is the
elementary charge, and A is a temperature
independent constant (heat of transport
constant). Here we define the transport energy
level Er associated with the onset of mobility.
Unlike bulk semiconductors, £t in a nanocrystal
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solid is not necessarily the edge of density of states
(DOS). When a charge carrier is thermally excited to the
very edge of the DOS, there is a low probability of
finding a nearby energy state with the energy differ-
ence smaller than kT and thus the carriers remain
immobile. As the carriers are excited to Ey, a continuous
percolation path between two electrical contacts forms
and the carrier starts to hop with a detectible mobility.
Beyond Er, the mobility increases abruptly with increas-
ing available energy states for transport. As illustrated in
Figure 1, the position of Er may lie between the edge and
the peak of the DOS depending on the monodispersity of
nanocrystals, which determines the distribution of en-
ergy states. The first term in the bracket is known as the
configurational entropy contribution to the thermo-
power'>~'® which is independent of the transport me-
chanism. It is related to the change in entropy of the
system by thermally exciting n charge carriers across the
DOS gap, and distributing them on N available states at
the transport level. The same equation can be derived
from the Boltzmann formula for the calculation of en-
tropy of mixing (Heikes formula) and replacing the carrier
concentration term using the Fermi—Dirac distribution
function.'® The second term A, known as the heat of
transport constant, accounts for the carriers beyond Er. It
represents the additional kinetic energy of the carriers, in
units of kT, weighted by their relative contribution to the
total conductivity:
0
—of(e) de
, e =E —E (2)

‘07
/ o(e) de

The heat of transport constant A depends on the
energy-dependent conductivity o(E), which is a sensi-
tive function of energy-dependent density of state D(E)
and mobility u(E). In bulk semiconductors, the heat of
transport constant is a small value between 1 and 2. In
semiconductor nanocrystal solid systems, constant A
can have a larger value (A > 2) if a wider distribution of
energy states are utilized for transport. It is governed
by the steepness of the rise of the D(E) from Er to the
peak of the DOS, given that the width of the DOS
distribution exceeds kT.'92°

Both the position of £ — Er and the heat of transport
constant A are extracted from the temperature-dependent
thermopower measurements. The slope of thermopower
versus 1/T gives the Er — Er and from the y-intercept the
constant A is derived. Practically, as shown in Figure 2a,
when measuring thermopower at each temperature point
set by the cooling stage, the applied temperature differ-
ence AT generated from the resistive heater should be
small (~1.5 K). This is to ensure that the applied AT does
not perturb the stage temperature. Accurate measurement
of small thermovoltage (due to small AT) then may be
hindered by other thermovoltages generated from wires,
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Figure 1. Schematic illustration of energy-dependent mo-
bility, density of state, and Fermi—Dirac distribution func-
tion showing energy-dependent conductivity in p-type
semiconductor nanocrystal solids. Transport energy level E¢
is defined as an energy level where the hopping mobility
increases from zero. In a physical picture, it is the lowest
energy level where the percolation path of energy state
emerges between two contacts.

connectors, and instrument electronics. These normally
contribute as major sources of error. These errors can be
eliminated by taking two measurements at different
heater power outputs,?' as shown in Figure 2b. The
measured open-circuit voltage V.. of the sample and
the reference voltage Vs of a constantan at two different
heater outputs (P; and P,) are

Voc(P1) = asamAT(P1) +AVED

error

Vref(P1) = arefAT(P1) +Avref

error 3)
VOC(PZ) = asamAT(Pz) +AVED

error

Vref(PZ) = 0~refAT(P2) + Avref

error

where, 0, is the thermopower (Seebeck coefficient) of
the sample and o, is the thermopower of reference
constantan. The error voltages arising from sample mea-
surement AV, and the reference measurement
AV L is constant for two power outputs since the heat
is applied only in proximity to the sample and con-
stantan junction, as shown in Figure 2a. With the
elimination of AVE2™, and AVl by taking the differ-
ence of the two voltage measurements, an accurate
value of the sample's thermopower is obtained:

Olsam = aconstw (4)

[Vref(P1) - Vref(PZ)]

A typical plot of V,,. versus AT (while the stage tempera-
ture is fixed) for a PbTe nanocrystal solid (8.71 nm) is
shown in Figure2c. The open circuit voltage V. is zero at
the origin and the constant slope indicates that the
thermopower of 856.37 uV/K is an inherent property of
the solid. A typical temperature-dependent thermo-
power measurement, Os,m Versus stage temperature T
(while AT is fixed), is shown in Figure 2d. Reliable thermo-
power measurements were obtained from 300 to 190 K.
Below 190 K the thermopower reading starts to fluctuate,
in some cases to negative values. Interestingly, such
behavior was similarly observed in liquid mercury near
the critical point,®*** although the reason is not clearly
known. At lower temperatures, the voltage measurement
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Figure 2. (a) Schematic diagram of temperature-dependent thermopower measurement configuration. (b) Plot of resistive
heater power output, open-circuit voltage V,. of the sample, and reference voltage V,¢s of constantan as a function of time,
showing a data collection scheme for a current thermopower measurement system. (c) Measurements of open-circuit
voltages on a PbTe nanocrystal (8.71 nm) solid as a function of applied temperature difference AT while the temperature of
the cooling stage was fixed at room temperature. The slope gives the thermopower of 856.37 uV/K. (d) Plot of temperature-
dependent thermopower measurement on the same sample while AT was fixed at 1.5 K. Around ~180 K the thermopower
starts to fluctuate and below 170 K the measurement readings were unreliable due to voltage overload.

reaches maximum overload due to the high resistance of
the sample.

Our first interest in this work is to examine Er — Er as a
function of PbTe nanocrystal size. A series of nanocrystals
with different sizes varying from 64 to 11.5 nm were
synthesized by modifying the reaction temperature, time,
and Pb/Te ratio, as shown in Figure 3. Average nanocrystal
size and size distribution were characterized using small-
angle X-ray scattering (SAXS) and were compared with the
transmission electron microscopy (TEM) data. SAXS data
curves were fit using a standard spherical model with a
Schultz distribution function accounting for the nanocrys-
tal size distributions.>*~2® Average size determined from
TEM image analysis compared with SAXS data fitting show
an increasing deviation as the nanocrystal size increases.
This increase in error is due to the evolution of shape from
spherical to cubic as the PbTe nanocrystals grow.?”*° This
is shown in Figure 3a for the largest PbTe nanocrystal
which explains the discrepancy of average size determina-
tion using spherical SAXS fitting model. The average
size and distribution, expressed in standard deviation,
determined by SAXS experiments were 11.5 nm + 8.1%
(largest nanocrystals, denoted as A), 9.97 nm % 10.8% (B),
871 nm £ 9.3% (C), 7.55 nm %+ 9.5% (D), and 64 nm =+
11.4% (smallest nanocrystals, E).

The optical absorption spectra of PbTe nanocrystals
are shown in Figure 4a. From the largest (A) to the
smallest (E) nanocrystals, optical gaps defined from the
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first excitonic peaks were 0.54, 0.60, 0.67, 0.74, and
0.82 eV. Corresponding temperature-dependent thermo-
power measurements are shown in Figure 4b. For all,
the samples were dropcast and treated with 1 M of
hydrazine (NOTE: hydrazine is toxic by vapor inhala-
tion and skin absorption) in anhydrous acetonitrile
overnight followed by subsequent cycles of nanocrys-
tal depositions and hydrazine treatments to make a
continuous thick film. The samples were mounted on
the cooling stage in a closed chamber which was kept
under vacuum (6 mTorr) for 3 h prior to the measure-
ments. Hydrazine treatment?’'32 is known to reduce
the interparticle spacing facilitating interparticle carrier
transport and to dope PbTe nanocrystal solids n-type.
Under vacuum conditions, hydrazine desorbs from the
surface of nanocrystals converting the solid to p-type®’
(for the measurement consistency, see details in the
Supporting Information). All samples, sizes ranging
from A to E, show positive thermopower indicating
that the majority carriers responsible for electronic
conduction are holes. This is consistent with the result
that only holes can be accumulated in the field-effect
transistor measurements (see details in the Supporting
Information), suggesting that PbTe nanocrystal solids
can be described as unipolar p-type semiconductors. The
slopes of each sample from the linear fit give 239.81 +
1.36 meV (A), 284.47 £ 0.95 meV (B), 337.38 £ 5.75 meV
(C), 373.74 £ 3.25 meV (D), and 423.7 £+ 6.16 meV (E)
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from the largest to the smallest samples, respectively.
Comparison of the optical gap and the temperature

Intensity [counts]

2Theta [degree]

Figure 3. TEM image of PbTe nanocrystals synthesized with
five different sizes (a—e) and corresponding SAXS curves (f).
The scattering curves were fit (shown in solid line) using a
spherical model with particle size distribution correspond-
ing to the Schultz distribution function. Largest nanocryst-
als (a and purple scattering curve A in panel f) yields an
average size of 11.5 nm with 8.1% standard deviation.
Smallest nanocrystals had average size of 6.4 nm with a
standard deviation of 11.4% (e and red curve E in panel f).
Medium size range particles (b—d) denoted as curves B, C,
and D in panel f show average sizes and distributions of
9.97 nm =+ 10.8%, 8.71 nm =+ 9.3%, and 7.55 nm £ 9.5%,
respectively.

m 2000 1 oA 11.5nm

dependent thermopower measured on nanocrystal
sample A, indicates that Ex — Ey is smaller than half of
the measured optical gap. This indicates that E¢ lies
below the midgap. As the size of the constituent
nanocrystals is reduced, the separation between the
lowest occupied and the highest unoccupied energy
states increases due to quantum confinement. This
results in the DOS gap widening in the solid as
illustrated in Figure 4c and reflected in the increasing
slope (Er — Eq) in Figure 4b. It is worth noting that the
smallest nanocrystal samples exhibit the highest elec-
trical resistivity (see details in the Supporting
Information), which results in reduced accuracy of
the thermopower measurement. This is observed in
sample E of Figure 4b as the measured data fluctuate
around the linear regression. While these temperature-
dependent thermopower measurements cannot di-
rectly reveal the exact position of Er and Ey, their
difference (Er — E7) can be a valuable piece of informa-
tion when combined with other material characteriza-
tion techniques. First, if the effective density of state
D(E) is known, the carrier concentration can be calcu-
lated from the well-known Maxwell—Boltzmann statis-
tics (p = D(E) expl(Er — E7)/kT]). Second, the exact
position of the Fermi energy level can be determined
with either electron affinity or ionization potential
information (with respect to the zero vacuum level),
which can be measured by cyclic voltammetry®* or
ultraviolet photoemission spectroscopy (UPS).3* Full
DOS diagram for semiconductor nanocrystal solids can
be constructed to estimate the electrostatic potential
(corresponding to band-bending in bulk semiconductors)
created at the semiconductor—semiconductor or me-
tal—semiconductor junctions. Finally, in material systems
where Er is fixed, the temperature-dependent thermo-
power alone can be a powerful tool to monitor the shift in
Er as a function of doping. This was previously studied in a
system where PbTe nanocrystals serve as a semiconductor
matrix (thus, Ey is fixed) and different concentrations of
Ag,Te nanocrystals were introduced replacing PbTe
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Figure 4. (a) Optical absorption spectra of PbTe nanocrystals of five different sizes. Two asterisks indicate superimposition of
solvent (squalane) and surfactant (oleic acid) absorption peak. (b) Temperature-dependent thermopower measurements on
nanocrystal solids constructed from various sizes of PbTe nanocrystals. Each solid line is a linear fit to extract slopes which
reveal Er — E1. The y-intercept comes from three different contributions which include the heat of transport constant. (c)
Schematic illustration of Ex — E as a function of nanocrystal size as measured in temperature-dependent thermopower
measurements.
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nanocrystals as substitutional dopants.'" The position of £;
as well as Er may also show temperature dependent shifts.
However, the shifts in these energy levels do not affect the
slope of temperature-dependent thermopower, which will
be discussed below in the analysis of the y-intercept.
The y-intercepts extracted from the thermopower
plots are —61.93 + 5.81 (A), —110.83 + 4.07 (B),
—303.23 £+ 2462 (C), —370.23 £+ 13.90 (D), and
—299.98 + 26.37 mV/K (E), from largest to smallest
nanocrystals, respectively. There are three contributing
factors to the y-intercept. The first is the heat of
transport constant A, which is determined by energy-
dependent conductivity o(E). For the case where D(E)
and wu(E) increases as (B — E)", the theoretical
prediction’*?%*° estimates A = 1 + m. The heat of
transport constant for PbTe nanocrystal solids within
the monodispersity range mentioned above is ex-
pected to be around 3 based on the curvature of the
optical DOS in Figure 4a (see details in the Supporting
Information). The second factor is attributed to the
variation in DOS gap (and thus E;) as a function of
temperature.**3° Assuming a linear relationship and
replacing Er — Ex term by Er — (Er + y47) in eq 2 gives
k[(Er —Er) Vg
el kA ®
where, y4 is temperature-dependent DOS gap coeffi-
cient. The magnitude as well as the sign of this coefficient
is known to have a size dependence,*®*' which can
deviate from the bulk value.***® Although the exact
value is unknown, in the size range of 6.4—11.5 nm, our
measurements suggest that PbTe nanocrystals may have
large temperature coefficients (yg4 > 370 meV/K). This
factor contributes to the negative y-intercept of the
temperature-dependent thermopower plot, since it is
physically impossible for the heat of transport constant to
have a negative value. As the nanocrystal size in the solids
reduces, the relaxation of quantum confinement due to
expansion of crystallite size and the electron—phonon
coupling term dominates the contribution from the
thermal expansion of lattice,*' shifting the —y4/k term
more negative. Thus, for smaller nanocrystal sizes, the
y-intercept shows more negative value. The third factor
comes from the shift in £,>>**~*® which gives a positive
contribution to the y-intercept. In nanocrystal solids,
various surface and nonstoichiometric defects may in-
troduce additional energy states near the midgap®’
which can be asymmetrically distributed throughout
the DOS gap. At 0 K, the Fermi energy may lie below
the midgap if more defect states are distributed below
the DOS center. Increasing the temperature shifts the
Fermi level toward the midgap as the intrinsic carrier
dominates the position of the E. This effect will predo-
minate in narrow DOS gap nanocrystal solids, which is
exhibited as an increasing value in the y-intercept as the
size of the nanocrystal increases. Taking the E shift into
account ((Er + yeT) — Eq), the following equation
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Figure 5. TEM image of (a) monodisperse and (b) polydis-
perse PbTe nanocrystals. (c) Fitting scattering profiles
(shown in solid line) indicate that monodisperse nano-
crystals have average size and distribution of 7.77 nm £+
9.6% and 7.45 nm =+ 14.3% for polydisperse nanocrystals.
(d) Corresponding absorption spectra for two samples.
Arrow indicates the common edge of optical DOS.
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Figure 6. (a) Temperature-dependent thermopower mea-
surements performed on both monodisperse and polydis-
perse nanocrystal solids. The y-intercept of the linear fit is
higher in monodisperse nanocrystal solids due to the
increase in heat of transport constant. (b) Schematic dia-
gram (not to scale) of carrier distribution in monodisperse
and polydisperse nanocrystal solid to estimate the average
kinetic energy and the heat of transport constant.

summarizes the y-intercept of the temperature-depen-
dent thermopower:
_ k (EF _ET) Vg VF

=T Tk tktA ©
To study the effect of the DOS on the heat of transport
constant in detail, samples were prepared such that the
edge of the DOS was kept constant and the distance
between the DOS edge and the peak was varied by
increasing the polydispersity of nanocrystals. As shown in
Figure 5a—c the TEM image of the nanocrystals and the
SAXS profiles indicate two distinct monodisperse
(denoted as mono) and polydisperse (poly) nanocrystal
samples. Optical absorption measurements (Figure 5d)
show a wider distribution in the first excitonic transition
peak for the polydisperse samples but with a common
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optical DOS edge. Increasing the polydispersity by 50%
(as confirmed from SAXS data in Figure 5c) showed
negligible change in Er— Er as shown by the similar
slope in Figure 6a, and the average size of the nanocryst-
als only decreased by 0.32 nm. The larger y-intercept of
the temperature-dependent thermopower plots ob-
served in the monodisperse nanocrystal solid can be
attributed to a higher heat of transport constant (since
other parameters are fixed). The increase in heat of
transport constant can be understood by estimating
the distribution of mobile carriers inside the DOS and
predicting the average kinetic energy. This is conducted
by multiplying the Fermi distribution function with D(E)
and taking the average of the distribution. From
Figure 6b, the distance between E; and the average
kinetic energy of carriers E,q is larger in monodisperse
nanocrystal solid. Although the contribution from u(E)
may also increase the y-intercept, it is expected that a
sharper distribution of the DOS shifts the average kinetic
energy further away from the E, thereby increasing the
heat of transport constant in the current study. Sharp
peaks in DOS have been theoretically*®*™>° and
experimentally>'*? predicted to increase thermopower.
Nanocrystal solids inherently possess sharp DOS com-
pared to that of the bulk counterpart. In nondegenerate
PbTe nanocrystal solids, current analysis reveals that
sharp distribution of DOS increases the heat of transport
constant A, thereby increasing the thermopower. This
study provides a general strategy for maximizing the
thermoelectricity in materials composed of nanocrystals.

METHODS

Synthesis and Characterization. PbTe nanocrystals were synthe-
sized using a similar procedure reported previously.?” In a typical
synthesis, 1.138 g of lead acetate trihydrate (Aldrich, 99%) and
2 mL of oleic acid (Aldrich, 90%) was added into 20 mL of
squalane (Aldrich, 99%) which was heated at 100 °C for 2 h
under vacuum. After the solution was heated to 185 °C under
nitrogen flow, 4 mL of trioctylphosphine telluride (0.75M, TOP-Te)
solution, which was prepared by dissolving 4.75 g of tellurium
shot in 50 mL of trioctylphosphine (Aldrich, 90%), was injected,
and the growth temperature was maintained at 175 °C. The
growth time was varied from 20 s to 2 min 30 s which yielded
nanocrystal sizes varying from 6.4 nm (E) to 9.97 nm (B). For the
largest 11.5 nm nanocrystals (A), 6 mL of TOP-Te was injected at
195 °C and the growth was maintained at 180 °C for 2 min and 30's.
Polydisperse nanocrystals were synthesized by injecting 4 mL of
TOP-Te slowly in a dropwise manner at 185 °C where the growth
temperature dropped down to 173 °C gradually during 1 min
and 15 s reaction. All syntheses were performed using the
standard air-free technique, and separation and purification
processes were done in a nitrogen glovebox using anhydrous
hexane and acetone. Optical absorption measurements on
PbTe nanocrystals dissolved in tetrachloroethylene (Aldrich,
99%) were performed using Analytical Spectral Devices QSP
350-2000 with airtight cuvettes. TEM images were obtained
using JEOL 1400. For SAXS experiments, samples were prepared
in sealed capillaries filled with PbTe nanocrystals dissolved in
hexane, and the measurements were conducted using Rigaku
Smartlab high-resolution diffractometer.

Sample Preparation and Measurements. Samples for thermo-
power measurements were prepared inside the nitrogen glovebox
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Minimizing the size distribution of the nanocrystals
sharpens the DOS peak, which is expected to increase
not only the thermopower, but also the electrical con-
ductivity, by reducing energy level variations. This, in
turn, maximizes thermoelectric power factor (o0) of
semiconductor nanocrystal solid systems (with a given
carrier concentration).

CONCLUSION

The purpose of this study was to apply temperature-
dependent thermopower measurements on nanocrys-
tal solids to investigate Er — Er and heat of transport
constant A. By varying the size of the nanocrystals in a
solid we have examined the change in Er — E, which
was primarily due to the change in DOS gap. Further-
more, the change in y-intercept of temperature-de-
pendent thermopower plot as a function of
nanocrystal size as well as monodispersity enabled us
to study additional terms reflecting the electronic
structure and property of nanocrystal solids and to
explore a strong dependence of heat of transport
constant on DOS distribution. Most of the studies on
nanocrystal solids to date have focused on the intro-
duction of electric fields or light to investigate charge
carrier transport properties. Electrons and holes, how-
ever, are not only charge carriers, but also heat carriers.
Therefore, by applying external heat, thermopower
measurements can provide a unique perspective
on carrier transport studies in nanocrystal solid
systems.

without exposure to oxygen and moisture. PbTe nanocrystals,
dissolved in anhydrous hexane and octane mixture, were drop-
cast on thin microscope cover glass to prepare a glassy film as
described in a previous report.'’ This cover glass was scribed
beforehand with precision diamond scriber so that small rectan-
gular shapes can be easily cleaved later on with a small amount of
pressure. PbTe nanocrystal film was then submerged in 1 M of
hydrazine (Aldrich, anhydrous, 98%) in acetonitrile (Aldrich,
anhydrous, 99.8%) overnight. Several depositions and treat-
ments were repeated to fill in the cracks formed in the film,
and a small rectangle portion was removed from the cover glass.
All samples were prepared in approximately 1.5 mm x 4 mm
geometry with an average 85 + 20 nm nanocrystal film thickness
(SEM cross-section, FEI Strata DB235) and were mounted on the
measurement stage using silver paste (Leitsilber 200, Ted Pella).
Temperature-dependent thermopower measurements were
conducted using MMR technologies K-20 and SB-100 with a high
impedance amplifier (100 gain). Copper-constantan (alloy of 45%
nickel and 55% copper) is used as a reference junction to monitor
temperature difference AT. Throughout the measurement, hea-
ter power output was adjusted so that AT was fixed at 1.5 K; initial
delay was set to 5 min for the temperature of the sample to reach
equilibrium with the cooling stage, and operation delay was
adjusted to 30 s in order to achieve steady state across the
measurement stage. All samples were keptat 6 mTorr for 3 h prior
to the measurements.
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