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ABSTRACT We investigate the impact of the coupling symmetry and chemical
nature of organic—inorganic interfaces on thermoelectric transport in Cu,_,Se
nanocrystal thin films. By coupling ligand-exchange techniques with layer-by-layer
assembly methods, we are able to systematically vary nanocrystal—organic linker

interfaces, demonstrating how the functionality of the polar headgroup and the
coupling symmetry of the organic linkers can change the power factor ($%0) by nearly 2
orders of magnitude. Remarkably, we observe that ligand-coupling symmetry has a profound effect on thermoelectric transport in these hybrid materials. We shed
light on these results using intuition from a simplified model for interpartide charge transport via tunneling through the frontier orbital of a bound ligand. Our
analysis indicates that ligand-coupling symmetry and binding mechanisms correlate with enhanced conductivity approaching 2000 S/cm, and we employ this concept

to demonstrate among the highest power factors measured for quantum-dot based thermoelectric inorganic—organic composite materials of ~30 z(W/m- K.
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ecently, nanocrystalline-based ther-
Rmoelectric materials have garnered
increased attention as low cost, scal-
able alternatives to commercially grown
inorganic thin films."™ Colloidal inorganic
nanocrystals are promising candidates for
use as the next generation of thermoelectric
materials because their dimensions ap-
proach the fundamental length scales of
charge and heat transport and the accessi-
bility of tuning crystal sizes and band gaps
using synthetic means. In addition, the fact that
these materials are solution-processed opens
up new avenues in thermoelectrics, including
compatibility with flexible substrates.>”
The figure of merit used to evaluate the
performance of thermoelectric materials is
given by

ST

T
k

m

where S is the Seebeck coefficient (or thermo-
power), o is the electrical conductivity, k is
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the thermal conductivity, and T is the tem-
perature. Introducing nanointerfaces into
traditionally grown thermoelectric materi-
als has been demonstrated to improve ZT,
primarily by reducing the thermal conduc-
tivity of the parent material, attributed to
enhanced phonon scattering at the bound-
aries of the nanostructures.®” In contrast,
relatively little work involving nanocrystal-
line thermoelectrics has involved enhanc-
ing the power factor (S%0). Intriguingly,
hybrid organic—inorganic systems offer
the ability to take advantage of the com-
plementary interactions between these
two materials to dramatically enhance the
power factor®'® Model calculations indi-
cate that proper tuning of electronic energy
levels and nanocrystal couplings in these
hybrid organic—inorganic systems can yield
ZT values well in excess of 30."" Our goal is to
take advantage of the unique attributes that
both organic and inorganic components
offer in a new form of hybrid nanocrystal
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composite. To date, despite the potential of these
hybrid inorganic—organic materials, at present they
have not achieved high performance, with thermo-
powers that typically range around 1—5 gW/m-K2>'2
Thus, there is clearly a need for a more fundamental
and comprehensive understanding of the direct role
that inorganic—organic interfaces have on transport
properties in nanocrystal composites.

Currently, the precise physical and chemical nature
of heterointerfaces at the nanoscale is poorly under-
stood and challenging to chemically control and ma-
nipulate. In this paper, we study the effect of molecular
interfaces and organic—inorganic binding in compo-
sites by preparing simplified systems in which the thin-
film behavior can be understood as manifesting the
behavior of a collection of molecular-scale junctions
between nanocrystals. Single molecule STM break
junction studies of such interfaces on gold films have
shown that the functionality of the binding polar
headgroup and the conjugation of the organic mol-
ecule's backbone can strongly affect the measured
conductance and thermopower across the inorganic—
organic interface.®'® Further studies confirmed the
importance of several key properties of the organic
component, such as energy levels, molecular length,
and backbone aromaticity that strongly influence
thermoelectric transport through molecular junc-
tions.">™ 1> Despite these insights, single molecule
studies on thermoelectric properties have thus far
largely focused on symmetric, bifunctional molecules
with two surface-binding functionalities on each end,
allowing direct bonding between the substrate surface
and the STM tip.'® Thus, the effects of the junction's
cross-linking symmetry on transport properties have
yet to be fully elucidated at the atomic level, in part due
to the difficulty of executing those measurements with
molecules that do not strongly bind to both tip and
surface. Fundamentally, however, the asymmetry pre-
sent in nonsymmetric, monofunctinal molecules has
the potential to introduce vectorial barriers to trans-
port of the type that are known to enhance thermo-
power in thermionic and carrier-filtering schemes.'”'®
Understanding how these molecular properties apply
when there are exponentially greater numbers of mo-
lecular junctions, such as in nanocrystal composites, will
be critical for optimizing nanocrystal based devices.

Here, we use layer-by-layer deposition methods for
both organic and inorganic components to make
assemblies with well-controlled interfaces allowing
for different small molecules to be introduced homo-
geneously throughout the film. Developing a theo-
retical framework to understand the trends which
emerge from changes in the chemistry and coupling
symmetry of the organic linkers used is essential,
as these new materials conform to neither bandlike
transport models for inorganic materials nor purely
variable-range hopping models for disordered molecular
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organics. These systems demonstrate global incoher-
ent transport, yet locally, we expect coherent tunnel-
ing via ligands between neighboring nanoparticles in
the film.

We focus on copper chalcogenide nanocrystals
connected by small molecule organic species. Copper
chalcogenides are an appealing materials system for
thermoelectric applications due to their intrinsically
low thermal conductivities, high thermopowers, and
interesting and complex phase transition behavior.'??°
In bulk films, Cu,_,Se has conductivities up to 10°
Q 'm~" with surprisingly low thermal conductivities
less than 1 W/m - K.2° Moreover, copper selenide is well
suited to match with the ionization potentials and
electron affinities of a wide variety of organic mol-
ecules relevant to hybrid thermoelectric materials, with
a valence band energy level estimated at —4.7 eV re-
lative to vacuum and direct and indirect bandgaps of
~2.2 and ~1.2 eV, respectively.??' In nanocrystalline
form, copper chalcogenides can undergo p-type dop-
ing by simple exposure to air leading to the nonstoi-
chiometric molecular composition Cu,_,B (B =S, Se, Te)
where x typically ranges from 0.2 to 0.3.%2 This vacancy,
p-type self-doping occurs through oxidation of Cu'* to
Cu*" leaving behind a free hole which, in nanocrystals,
leads to the formation of a broadband localized surface
plasmon (LSP) absorption in the near-infrared.”> These
LSPs have been theoretically modeled as a function of
the nanocrystal size and distribution to better under-
stand how such criteria affects the shape and intensity
of the absorption profiles in solution and on film.?>%*

RESULTS AND DISCUSSION

Cu,_,Se nanocrystals were prepared using a solution-
based colloidal synthesis in which a Cu—oleylamine
complex was injected at elevated temperature into a
Se—oleylamine complex. The resulting 13.5 + 1.0 nm
nanocrystals had narrow size distribution and could be
well dispersed in nonpolar solvents for use in thin film
assembly (Figure 1a). The as-prepared Cu,_,Se nano-
crystals show a broad LSP band in the NIR signifying Cu
vacancy doping as previously reported (Figure 1c).?2
The XRD of the Cu,_,Se nanocrystals shows character-
istic peaks indicative of the cubic crystal phase of
nonstoichiometric copper selenide (Figure 1d). Dip-
coating and solution-phase ligand-exchange proce-
dures were used to prepare nanocrystal assemblies
with a series of small, symmetric, bifunctional ligands
having the same binding group on both ends of the
carbon backbone along with asymmetric, monofunc-
tional organic molecules with a corresponding binding
group on one end and a methyl group on the other to
determine the effect of different inorganic—organic
interfaces on the transport properties of the Cu,_,Se
nanocrystal thin films (Figure 1b). Throughout the
remainder of the text, we shall define bifunctional
ligands with two similar polar surface binding groups
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Figure 1. (a) TEM image of 13.5 & 1.0 nm Cu,_,Se nanocrystals used for thin film preparation, 50 nm scale bar; (inset) high
resolution TEM image of a Cu,_,Se nanocrystal, 5 nm scale bar. (b) Top view SEM image of representative Cu,_,Se nanocrystal
thin film; (inset) side view of same film, 100 nm scale bars. (c) Absorption spectra of Cu,_,Se nanocrystals in TCE solution. (d)
XRD spectra of Cu,_,Se nanocrystals, showing reference peak (01-088-2043 (*), berzelianite; syn, Cu,Se).

as having the ability to “symmetrically” cross-link two
neighboring nanocrystals; likewise, the monofunc-
tional ligands with one polar surface binding group
and a nonsurface interacting methyl group can only
form asymmetrical junctions where no cross-linking
can occur. When referring to these two types of ligands
and the junctions they form between nanocrystals, we
shall use “symmetric” and “asymmetric” from now on.
Films were prepared on cleaned glass substrates using
a layer-by-layer assembly process allowing for fine
control of film thicknesses ranging from 65 to
200 nm (Figure 1b). For 65—80 nm thick films, gold
top contacts were evaporated on the Cu,_,Se nano-
crystal thin films, and then the Seebeck coefficient and
electrical conductivity were measured. All Cu,_,Se
nanocrystal thin film samples were prepared and
measured inside nitrogen-filled gloveboxes. We keep
the inorganic Cu,_,Se nanocrystals and their spacing
near constant, allowing exploration of both energy
level alignment and asymmetrical electronic coupling
effects. We use a range of organic ligands of compar-
able length but with different binding groups and
polarities. Furthermore, we use both single and dibind-
ing ligands of commonly used surface binding groups:
amines, thiols, and carboxylic acids. We also use a
common ligand stripping procedure to produce a bare
“ligand free” surface.”® Assuming complete ligand
stripping and thorough rinsing of excess reagents
and ligands, the stripping can be used as an internal
control acting as a system with the shortest possible
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interparticle spacing between two neighboring nano-
crystals. In most nanocrystal syntheses to date, these
chemical functionalities have been crucial to obtaining
the desired size, distribution, shapes, and solubility of
inorganic nanoparticles.

To ensure consistent interparticle spacing, we chose
small organic ligands with similar structural backbones
(two repeating CH, units) but different polar binding
head groups. IR spectroscopy was used to monitor
ligand exchange efficiency.?*"?® The IR spectra of
~200 nm thick Cu,_,Se films were measured, and
the intensity of the C—H stretch centered near
2900 cm~' was compared before and after ligand
exchange (Figure 2a,c). The expected decrease in the
C—H stretch intensity was consistent for all of the small
organic ligands used. The asymmetric ligands show
larger residual C—H stretching regions due to the
greater amount of C—H repeating units in the asym-
metric versus the symmetric. We captured scanning
electron microscopy (SEM) images for each film pre-
pared using dip coating layer-by-layer assembly. SEM
analysis of the nanocrystal composites with symmetric
(Figure 3) and asymmetric (Figure S1, Supporting
Information) ligands clearly show all of the nanocrystal
thin films are randomly packed with no observable
cracks or other physical distortions that might affect
carrier transport. Overall, IR and SEM analysis support
our hypothesis; by keeping interparticle spacing con-
stant and conserving the random order and quality
between all of the films studied, we are able to isolate
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Figure 2. (a) Zoom in of normalized FTIR spectra in the C—H stretch region of Cu,_,Se nanocrystal thin films with different
symmetric ligands. (b) GISAXS spectra of Cu,_,Se nanocrystal thin films with different symmetric ligands. (c) Zoom in of
normalized FTIR spectra in the C—H stretch region of Cu,_,Se nanocrystal thin films with different asymmetric ligands. (d)
GISAXS spectra of Cu,_,Se nanocrystal thin films with different asymmetric ligands.

i
5

03 -02 -01 00 01 02 03

g, A"

03 -02 -01 00 01 02 03

A%

03 02 01 00 01 02 03

g, A"

7

-03 -02 01 00 01 02 03

g A"

Figure 3. SEMimages of Cu,_,Se nanocrystal thin film with different symmetric ligands: (a) ethylenediamine, (b) succinic acid,
(c) 1,2 ethanedithiol, (d) stripped. (Inset) GISAXS patterns with line cuts showing loss of long-range order. All scale bars

are 200 nm.

and probe the effects of ligand chemistry and coupling
symmetry.

To confirm that the average interparticle spacing
between Cu,_,Se nanocrystals was similar for all of the
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organic ligands used and that the periodicity/packing
were not responsible for the measured differences in
conductivity and Seebeck coefficient, GISAXS mea-
surements were performed on Cu,_,Se films with each
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symmetric and asymmetric ligand (Figure 2b,d). The
GISAXS measurement for a drop cast film of the as-
made Cu,_,Se nanocrystals reveals a high degree of
order indicative of a hexagonally close packed (hcp)
superlattice with sharp diffraction peaks prior to ligand
exchange (Figure S2, Supporting Information). Using
the position of the first GISAXS diffraction peak, we
calculate an average center-to-center distance be-
tween neighboring nanocrystals equal to 14.9 nm. This
agrees with the expected value for two ~13.5 nm
diameter nanocrystals hexagonally close packed with
oleate ligands that are interdigitated giving a sur-
face-to-surface spacing of ~1.4 nm. After ligand ex-
change, there is a noticeable loss of medium- to long-
range order in the Cu,_,Se films for all ligands used
(Figure 2b,d) indicating a random packing of nano-
crystals with broad distribution of interparticle spac-
ings. Similar effects have been reported before when
using dip coating to build layer-by-layer assemblies of
ligand-exchanged nanocrystal thin films.?® The posi-
tion of these shoulders is consistent throughout all the
samples measured indicating a similar distribution of
spacing in all the nanocrystal composite thin films
measured. The loss of periodicity and long-range order
supports the conclusion that the differences in con-
ductivity and Seebeck coefficients was not the result of
packing differences between the nanocrystal films. In-
stead, surface interactions between the organic ligand
and inorganic nanocrystal surface are responsible for our
measured results in thermoelectric transport properties.

We also used wide angle XRD on the Cu,_,Se films
with symmetric ligands to demonstrate there was no
phase change or oxidation state changes during ligand
exchange (Figure S3, Supporting Information). It has
been shown that the copper chalcogenides' diffraction
patterns are especially sensitive to the oxidation states
of the copper ions in the crystal lattice. Kriegal et al.
showed for copper chalcogenides the peak positions
of the most intense XRD peaks shift to higher 26 values
as the material transforms from stoichiometric to non-
stoichiometric phases through exposure to air.??
We observe no new peaks or significant shifts in the
position of the XRD peaks after ligand exchange,
verifying that the measured differences in transport
properties (Tables S2 and S3, Supporting Information)
were not a result of new crystal phases formed through
oxidation. Cu,_,Se nanocrystals and films are charac-
terized by the presence of a broad, intense absorption
profile centered in the NIR at 1350 nm attributed to
LSPs. After ligand exchange with the symmetric mol-
ecules, the LSP shows a tailing off toward longer
wavelengths making estimates of any shifts difficult
(Figure S3b, Supporting Information). The magnitude
of this redshift, where measurable, is negligible and
most likely reflects changes to the dielectric environ-
ment caused by the different polarities of the surface
bound ligands. We took further efforts to confirm that
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oxygen was not acting as an electron-withdrawing
group whereby it could convert Cu(l) to Cu(ll) by
measuring the XPS spectra of the Cu,_,Se—EDT and
Cu,_,Se—EDA, which have the greatest difference in
conductivity among all the samples measured. XPS
analysis is well suited to measuring the relative
amounts of Cu(l) and Cu(ll) on the surface of a material.
The presence of satellite peaks at slightly higher bind-
ing energies compared to the Cu 2ps,, line centered
at a binding energy near 932 eV is evidence of the
presence of Cu(ll) in the material being probed.?**°
The normalized XPS spectra in Figure S4 (Supporting
Information) clearly show near identical spectra for
both Cu, ,Se—EDT and Cu, ,Se—EDA, indicating
similar amounts of Cu(l) and Cu(ll) in both samples.

We take advantage of the facile charge transport
of Cu,_,Se nanocrystal thin films to elucidate ligand
effects on transport properties. Highly doped semicon-
ductor nanocrystals allow for small chemical influences
among surface ligands to be readily measured as direct
differences in conductivity and thermopower. For each
ligand, the electrical conductivity, Seebeck coefficient,
and calculated power factors are reported in Tables S2
and S3 (Supporting Information). Ligands have a large
effect on the transport properties in the resulting
Cu,_,Se nanocrystal thin films resulting in conductivity
values near 2000 S/cm, a value comparable to that of
bulk Cu,_,Se.?° Interestingly, however, even though
the electrical conductivity values span 3 orders of mag-
nitude for the different ligands, the measured Seebeck
coefficients reside in a much narrower range between
10 and 50 uV/K. Previous reports focusing on 6—8 nm
PbSe nanocrystal thin films®>~2® have reported con-
ductivities for different amines (102—10"3 S/cm), thiol
(1072 S/cm), and carboxylic acids (1072—10"* S/cm) in
broad agreement with trends in our measurements
reported in Tables S2 and S3 (Supporting Information).

To further explore the role of ligand-coupling sym-
metry in transport properties, we synthesize a com-
plementary set of Cu,_,Se thin films with nanocrystals
coated with asymmetric, single binding group ligands.
Here, the ligands can no longer bridge two neighboring
nanocrystals leaving the nonpolar side chains of the
ligands to interdigitate. The thin films with asymmetric
ligands showed significantly smaller conductivities yet
showed Seebeck coefficients in the same range of
10—50 uV/K as the symmetric ligands (Figure 4).

To rationalize the strong sensitivity of the conduc-
tance and relative insensitivity of S in the measured
samples at room temperature shown in Figure 4, we
develop a simple explanation due to local interactions
between the ligands and nanoparticles. We consider
our samples to be a disordered, incoherent 2D network
of molecular junctions, where local transport is deter-
mined by the probability to coherently tunnel between
neighboring nanocrystals. The tunneling probability is
controlled by the alignment and coupling of ligand
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frontier orbitals relative to the local Fermi level of the
nanocrystal. As the films are p-type, the Fermi level lies
near the Cu,_,Se valence band edge, and it is assumed
that the HOMO resonance energy of the bound ligand
determines the effective tunneling barrier height.
Assuming coherent tunneling through the ligand's
nondegenerate HOMO, and assuming the HOMO re-
sonance is then positioned at an energy E, below the
local Fermi energy and is broadened by the sum of its
couplings I's and I'p to its neighboring source and drain
nanocrystals, we can consider the behavior of an
energy-dependent tunneling probability, or transmission
function [z(E)], with a Lorentzian line shape possessing a
width T'=T's + I'p and peak centered at £, (Scheme 1).3
Physically, I's and I'p are ligand-dependent injection
rates for carriers into and out of the molecule. For
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Figure 4. (a) Comparison of conductivity (S/cm) and See-
beck coefficient (1V/K) between symmetric and asymmetric
ligands.

Transmission

symmetric ligands, where both ends are chemisorbed:
T's ~ I'p with a small variation in coupling throughout
the whole film due to the selectivity of the chemical
bond. On the other hand, for asymmetric ligands
where one end of the ligand is chemisorbed and the
other physisorbed to another component in the nano-
crystal, we expect I's > T'p; additionally, while the
variation in I's will again be small, similar to that of
the symmetric case, variations in I'p will be larger as the
nonpolar, alkyl chain of the asymmetric ligand is not
chemically bound and can couple to other elements in
the nanocrystal in a nonselective manner. Using this to
understand the relative strengths of the coupling and
the variations across the film, we can explore the effect
on S and G. G is directly proportional to the transmis-
sion function, and S is given by its log-derivative (see
Scheme 1 and, e.g., Malen et al®). Since G is propor-
tional to the smallest coupling parameter (or injection
rate), I'p, the conductance in the asymmetric case is
significantly smaller relative to the symmetric case. In
contrast, S is proportional to E, whereas I'y enters just
additively into the denominator of S and is far less
sensitive to the symmetry or variation in coupling. This
is consistent with experiment, as level alignment (and
therefore Ey) is not expected to change dramatically with
ligand-binding symmetry or conformation. (Additionally,
see Table S1, Supporting Information, where the com-
puted ionization potential does not vary appreciably with
symmetry, consistent with a robust E.)

The Seebeck coefficients for most of the surface
binding group chemistries remain relatively consistent
between the symmetric and asymmetric cases, with
the exception of 1,2-ethanedithiol where the Seebeck

F=r,

in out

AT kETh dT

Eyomo FF

Energy (eV)

= i 3e tdE|g-F
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Scheme 1. (a) Three neighboring nanocrystals, on the left bridged by a symmetric ligand and on the right bridged by two
asymmetric ligands. (b) A heuristic, representative single-channel, HOMO-dominated transmission function [z] with a
Lorentizan linshape for I's = I'p (red) and I's > I (blue), plotted analytically for illustrative purposes. (c) Zoom showing a
specific level alignment and 7 for which conductance (G) can differ significantly between symmetric and asymmetric coupling,
while thermopower (S) need not vary as significantly due to its dependence on the derivative of the natural log of 7 at F;.>'
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Figure 5. Conductivity and Seebeck coefficient trends as a
function of the number of carbon in the backbone of
dithiols ligands used in Cu,_,Se thin films.

coefficient decreases approximately 25% along with a
similar reduction in conductivity. To rationalize this
reduction in both the thermopower and conductivity,
we hypothesize that EDT bonds differently than the
other ligands to the surface of Cu,_,Se nanocrystals.
Luther et al. suggested® that for PbSe nanocrystals,
EDT likely binds in a bidentate mode where both thiol
functionalities form bonds to the same nanocrystal
surface. The likelihood of such a bonding motif should
decrease with the length of the dithiol bond. As the
dithiol backbone increases in length, it has to over-
come greater numbers of solvent molecules to reach
the nanocrystal surface, and it has larger steric hin-
drances from neighboring ligands limiting its ability to
bond in a bidentate fashion. To test the possibility of a
characteristic bonding opportunity for EDT, we pre-
pared Cu,_,Se nanocrystal thin films using a series of
dithiol ligands with the length of the carbon backbone
decreasing (Figure 5). As the length of the dithiol
carbon backbone decreases, the measured conductiv-
ity increases due to a gradual reduction in interparticle
spacing. Theoretically, this effect would manifest itself
as an increase of injection rates through the ligand
tunneling barrier. However, when the number of car-
bons in the dithiol backbone is reduced from three to
two there is an unexpected decrease in the conductiv-
ity from about 13 to 4 S/cm (Figure 5), suggesting a
unique binding environment for EDT that does not fit
the expected trend.

Another possible explanation of EDT's decrease in
conductivity and thermopower when going from sym-
metric to asymmetric ligands is that it is related to
the higher propensity of EDT to dimerize when not

MATERIALS AND METHODS

Selenium (powder 100 mesh, 99.99%), oleic acid (OA, tech.
grade 90%), 1-octadecene (technical grade 90%), copper(l)

LYNCH ET AL.

chemically protected as compared to amines and
carboxylic acids. This dimerization is a consequence
of oxidation that can occur during the ligand-exchange
process where two dithiol groups can react to form a
sulfur—sulfur bond between neighboring nanocrys-
tals. This outcome is more likely in the presence of
oxygen, and while all ligand exchanges were per-
formed in an inert atmosphere glovebox, trace oxygen
impurities cannot be entirely eliminated and similar
observations are known from the surface science and
microscopy communities. The three bonding modes
affecting transport through EDT are illustrated in
Figure S5 (Supporting Information). Further research
into the role of the dibinding ligand geometries and
length is currently being explored elsewhere and is
beyond the scope of the current work.

CONCLUSIONS

We use Cu,_,Se nanocrystals along with commonly
used symmetric and asymmetric organic ligands to
prepare nanocrystalline composite thermoelectric thin
films through careful manipulation of layer-by-layer
assembly conditions. We demonstrate how the chemi-
cal and physical interfaces present in Cu,_,Se nano-
crystal composite thin films controls the thermoelectric
transport by discerning clear trends in how the polar
binding headgroup and organic linker coupling sym-
metry affect the electrical conductivity and Seebeck
coefficient. We produce near-record power factors for
an all nanocrystal inorganic—organic composite of
~30 uW/m-K? and show that organic linker coupling
symmetry primarily affects the electrical conductivity
while having little impact on the Seebeck coefficient.
These observations, partnered with intuition from a
microscopic local tunneling picture, provides new
physical insight into the processes of charge and
energy transport in organic/nanocrystal hybrid materi-
als of interest for thermoelectric energy conversion
applications. We envision using these insights to assist
in crafting designer energy landscapes for charge and
heat to flow through these new classes of materials.
Given the relatively profound impact that cross-linking
symmetry can have on thermopower; these materials
also represent a unique platform for studying how
binding symmetries impact thermal transport as well.
Given that there is a large thermal impedance mis-
match between organic (and inorganic) molecular
species and inorganic nanocrystals,***> one might
anticipate low thermal conductivity values which
further emphasizes the appeal of these materials for
thermoelectric energy harvesting.

chloride (99%), oleylamine (OAm, technical grade 70%), anhy-
drous acetonitrile (ACN, 99.8%), anhydrous methanol (99.8%),
anhydrous N,N-dimethylformaminde (DMF, 99.8%), ethylamine
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(EA, 95%), ethylenediamine (EDA, >99.5%), propionic acid
(=99.5%), and succinic acid (BioXtra >99.0%) were purchased
from Aldrich. Triethyloxonium tetrafluoroborate (Et;OBF4 97%)
and 1,2 ethanedithiol (EDT, >=98%), ethanethiol (ET, 97%) were
purchased from Fluka. Anhydrous hexanes (DriSolv, >99.8%)
and anhydrous ethyl alcohol (200 proof) were purchased from
EMD Millipore Chemicals. Bulk hexanes (=98.5%) and toluene
(=99.5%) were purchased from VWR. All chemicals were used as
received.

Synthesis of Copper Selenide (Cu,_,Se) Nanocrystals. Copper selenide
nanocrystals were synthesized following slightly modified stan-
dard procedures under an inert atmosphere.?? Briefly, selenium
powder (94.8 mg, 1.2 mmol) was added to 1-octadecene (9 mL)
and OAm (6 mL) in a 50 mL three-necked flask and placed under
vacuum at room temperature and 110 °C for 15 min and 1 h,
respectively, to dry and de-gas the solution. Afterward, the Se
solution was placed under nitrogen flow and raised to 310 °C.
The solution was orange and transparent. Separately, in a 25 mL
three-necked flask, CuCl (198 mg, 2 mmol), OAm (2 mL), and
1-octadecene (3 mL) were placed under vacuum at 110 °C for
15 min to dry and de-gas the solution. The solution was light green
and transparent. Next, the copper solution was rapidly injected into
the Se solution, and the reaction temperature dropped to ~285 °C.
The reaction temperature was allowed to recover to 300 °C and was
kept at this temperature for 20 min. The reaction was cooled in a
water bath. The particles were then purified by precipitation three
times from hexanes/toluene (50/50 v/v) using ethanol. The particles
were suspended in clean hexanes for film deposition.

Fabrication of Cu,_,Se Nanocrystal Films. Cu,_,Se nanocrystalline
films were dip coated by hand using a slightly modified
layer-by-layer procedure described in detail elsewhere.?® The
substrates, rectangular glass slides, or double-side-polished
i-Si(100) wafers, cleaned by sonication in acetone and 2-propanol
for 10 min, then rinsed in clean 2-propanol) were dipped into
a ~5 mg/mL solution of Cu,_,Se nanocrystals in dry hexane at
a rate of ~0.5 cm/s and then in solution of EDT in dry ACN
(0.1 M) for 10 s, EDA in dry methanol (1.0 M) for 1 min, succinic
acid in dry ACN (0.1 M) for 1 min, or for ligand stripping, Et30BF,
in a 9:1 v/v dry ACN/DMF (20 mM) for 35 s. Similar exchange
concentrations and times are used for asymmetric, mono-
functional ligands with the same binding group. After ligand
exchange, the films were rinsed with dry ACN or methanol
followed by dry hexanes to remove excess ligands. To ensure
near complete ligand exchange and thorough rinsing of excess
ligands, films were prepared with thicknesses of 65—80 nm for
conductivity and Seebeck measurements. To maximize signal
intensity, ~200 nm thick films were prepared for IR, XRD, and
GISAXS measurements.

Characterization. SEM images were recorded on a Zeiss
Gemini Ultra-55 analytical scanning electron microscope using
beam energy of 5 kV and an In-Lens detector. TEM images were
recorded on an Analytical JEOL-2100F FETEM using beam
energy of 200 kV, equipped with a Gatan camera. Wide-angle
XRD was performed on a Bruker Gadds-8 diffractometer with a
Cu Kot source operating at 40 kV and 20 mA. FT-IR spectra were
obtained using a Perkin Elmer Spectrum One FT-IR spectro-
meter on double-side polished Si substrates.

X-ray Photoelectron Spectroscopy. XPS surface analysis was per-
formed using a PHI 5400 XPS analyzer. The XPS analysis was
performed in ultrahigh vacuum (UHV) conditions, with the
electron analyzer at 45° to the sample surface normal and the
Al Ky, X-ray source (1486.6 eV) at 54.4° relative to the electron
analyzer with an approximate escape depth of 5 nm.

Grazing Incidence Small-Angle X-ray Scattering (GISAXS) Measurements.
GISAXS was done at the beamline 12-ID-B of the Advanced
Photon Source at the Argonne National Laboratory. The inci-
dent angles of the 14 keV (0.886 A) X-ray beam ranged from 0.02
to 0.15°, where the critical angle of the silicon substrate is about
0.127° at the energy. The scattered photons from 1-s exposures
were collected using a Pilatus 2 M area detector positioned at
2029.4 mm from the sample (the detector was relocated to
3639.6 mm to access to smaller g region). The standard used for
q calibration was silver behenate. Data reduction was per-
formed using computer program GISAXShop available at the
beamline to make horizontal linecuts along q_xy.

Electrical Conductivity and Seebeck Coefficient Measurements. Elec-
trical conductivity was measured using a Keithley 2400 source-
meter in a four-wire Van der Pauw configuration. For
conductivity and Seebeck measurements, four 100 nm thick
gold contacts were deposited near the corners of the dip-
coated film via thermal evaporation. Thermopower (Seebeck
coefficient) was measured using a homemade setup consisting
of two Peltier devices (Ferrotec) spaced ~4 mm apart. Current
was driven through the devices in opposing polarities, resulting
in a temperature gradient about room temperature which
varied with the magnitude of the current. The temperature of
the sample was measured using two T-type thermocouples
mounted in micromanipulators. Thermal contact was ensured
by utilizing silicon thermal paste (Wakefield Thermal Solutions).
Typically, five different thermal gradients were employed, with
10 voltage samples taken and averaged using an Agilent 34401
multimeter. The value of V,, was linear with AT for all of the films
within the temperature range measured. For each organic
ligand used, three samples were prepared to measure conduc-
tivity and Seebeck coefficient.

Functional Form of Lorentzian Model. The conductance and
thermopower power are given by the following expression
when the transmission has a Lorentzian line shape with width
I'=Ts + I'p and peak centered at £, below the Fermi energy E¢

2¢? s
i @
y (Ts+Tp)? + (Er — Eo)?
2 m2kET Er —E
S = §n eB FO @)

1
7 (Ts+Tp)? + (Er — Eo)?

where kg is Boltzmann's constant, e is the electronic charge, and
Tis the average temperature >’
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