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Abstract

Carrier Transport in Hybrid Organic-Inorganic Thermoelectric Materials
By
Edmond W Zaia
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley

Dr. Jeffrey J. Urban, Co-Chair
Professor Bryan D. McCloskey, Co-Chair

Thermoelectric devices have the unique ability to interconvert heat and electricity directly. Soft
thermoelectric materials, including conjugated polymers and organic-inorganic hybrids, now
demonstrate figures of merit approaching those of inorganic materials. These breakthroughs in
materials development enable the design of thermoelectric devices that exhibit appropriate
efficiencies for commercial use, while simultaneously leveraging the unique processing and
mechanical advantages of soft materials. Such technology opens the door to a suite of new
thermoelectric applications, including power generation for biomedical implants and the Internet
of Things, or wearable heating and cooling devices. However, in order to realize deployment of
such technologies, there is a fundamental need for deeper understanding of the complex transport
physics underlying thermoelectric transport in soft materials.

The central focus of this dissertation is investigating the fundamental physical phenomena critical
to carrier transport in hybrid organic-inorganic thermoelectric material. Due to the complex nature
of this class of multiphase material, there remains a problematic lack of consensus in the field
regarding transport in hybrid materials. The mechanisms of carrier transport, key physics
responsible for high thermoelectric performance, and even how to model transport in these
materials are all subjects of debate within the field. Here, | describe the design, synthesis, and
characterization of a prototypical PEDOT:PSS-Te hybrid nanomaterial with the goal of performing
careful study of the carrier physics and relevant molecular-scale phenomena in this material. A
novel technique for patterning alloy nanophases is demonstrated, resulting in well-controlled
PEDOT:PSS-Te-Cui.7sTe heterowires. The Te-Cuw.75Te energetics are well aligned to leverage the
carrier filtering effects proposed in literature. Using a full suite of experimental, theoretical, and
modeling tools, we reveal the key physics responsible for dictating carrier transport and
thermoelectric properties in this material, testing each of the major hypothesis in the field. Contrary
to popular belief in the field, it is revealed that energy filtering does not play a major role in the
carrier transport and high thermoelectric performance of these materials; rather, organic structural



effects at the hard-soft interface and interfacial charge transport emerge as the key phenomena
underlying transport.

In a complementary study, I describe a platform approach for the synthesis of new solution-based,
air stable n-type soft thermoelectrics. Using this approach, a composite perylene diimide-Te
nanowire thermoelectric ink is prepared, demonstrating up to 20-fold enhancement over the
individual components. The performance of these materials is competitive with the best-in-class
for fully solution-processed, air stable n-type thermoelectric inks. We find experimental evidence
linking reorganization of the perylene diimide molecules on the Te surface to enhanced electrical
conductivity in the composite, further emphasizing the importance of structural effects in the
organic phase to the overall thermoelectric properties of hybrid materials. Finally, leveraging the
best materials from among the work in this dissertation, we demonstrate power generation in an
all-ink flexible thermoelectric module with an innovative folded geometry.

The findings in this dissertation provide critical insight into the physics underlying carrier transport
and high thermoelectric performance in hybrid organic-inorganic nanomaterials. This work
highlights the importance of developing hybrid design strategies capable of leveraging molecular-
level effects at the hard-soft interface. In furthering the field’s fundamental understanding of this
material class, we drive progress towards the realization of flexible thermoelectric modules
compatible with applications such as implantable medical devices, wearable technologies, and the
Internet of Things.
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List of Figures

Figure 1.1 Basic operation of a thermoelectric generator (TEG) utilizes the Seebeck effect, in
which the application of a thermal gradient induces the movement of carriers in a material and
results in the creation of an electrical potential. By connecting p-type and n-type legs electrically
in series and thermally in parallel, an electrical current (represented by the black arrows) can be
sourced. Traditional inorganic TEGs (left) typically comprise rigid, pillar-like pn legs tiled over a
ceramic substrate and require a thermal gradient incident perpendicular to the substrate.
Alternatively, STEs (right) are typically patterned in 2D onto a flat substrate using low-cost,
scalable printing techniques. For STEs, a thermal gradient can be applied parallel to the substrate,
rendering optimization and understanding of in-plane carrier transport key for these materials.[>12

Figure 1.2 Solution-based printing techniques can be used to reliably pattern large numbers of
thermoelectric legs with high scalability and low cost. a) Printing thermoelectric inks into a
hexagonally close-packed pattern can achieve high voltages and power densities.[**] b) Roll-to-roll
fabrication has been demonstrated to produce a conformal cylindrical STEG with 18,000 serially
connected thermoelectric junctions.l'¥ ¢) The breakdown of energy consumption used to create
this cylindrical STEG reveals relatively low processing costs, with the substrate consuming the
MAJOTILY OF BNEIGY. .ei ittt e st e et e e et e e beearb e e s beeenteesaaeanes 5

Figure 2.1 Soft materials exhibit a range of thermoelectric properties, from insulating to nearly
metallic. High conductivity materials are characterized by high degrees of order and crystallinity,
whereas lightly doped, polycrystalline materials demonstrate high Seebeck coefficients. Organic-
inorganic hybrids potentially leverage the advantages of multiple materials, allowing for tunability
of the thermoelectric properties.[1925:5257.851 | e 9

Figure 3.1 Summary of common STE materials. Chemical structures are given for (a) common
thermoelectric polymers and b) inorganic thermoelectric semiconductors. High performing hybrid
organic-inorganic composites include p-type Te-Cui.75Te/PEDOT:PSS nanowires ( (c) schematic
depiction of synthesis, (d) transmission electron microscopy (TEM) image, and (e) optical image),
and n-type TiS2/Ceo nanosheet/nanoparticle composite ( (f) schematic depiction of Ceo
nanoparticle intercalation, (g) TEM image and (h) optical image). .......ccccocevvreninnienisieeeen, 16

Figure 3.2 Summary of the thermoelectric properties of a wide variety of organic and organic-
inorganic STE materials.[® The Seebeck coefficient (S, top) and power factor (PF, bottom) are
plotted as a function of electrical conductivity (o). The black lines represent the empirical relations
S « 0 — 14 (top) and PF « ¢12 (bottom). Hybrid material systems are highlighted as among the
highest performing STEs.[12:24-26,51,52,52,56-60,74,82,116,125-134] Hjgh performing Bi>Tes compounds are
included for reference as the benchmark room-temperature thermoelectric material. ................. 18

Figure 3.3 Theoretical studies reveal that a physical templating effect of PEDOT on the inorganic
Te surface in PEDOT:PSS-Te(Cux) nanowires creates regions of high local ordering/alignment of
PEDOT molecules at the hard-soft interface.[”] Cartoon depiction are shown for (a) PEDOT:PSS-
Te NWs and (b) PEDOT:PSS/Te-Cur7sTe NWSs. Molecular dynamics simulations reveal
morphology and alignment of PEDOT (blue) and PSS (red) molecules on the surface of (c) Te and
(d) Cux7sTe surfaces, both accompanied by respective atomic concentration profiles. ............... 20



Figure 3.4 High thermoelectric performance is achieved in a PEDOT-Bi2Tes nanoparticle
composite via deposition of a periodic array of Bi>Tes to disrupt phonon transport.[”3! (a) Schematic
diagram of synthetic method. Scanning electron microscopy (SEM) images are depicted for b)
closely packed polystyrene nanoparticles used to create the periodic pattern, c) Biz2Tes
nanoparticles deposited using this pattern, and d) PEDOT-Bi.Tes hybrid films after vapor
o [=ToTorS] [ To T a0} il o =1 5 1 N USSR 22

Figure 3.5 Transitioning to soft thermoelectric materials necessitates new strategies for
thermoelectric module design relative to traditional inorganic thermoelectric devices. While
traditional inorganic thermoelectric devices are constructed in rigid wafer geometries, STES
leverage inexpensive solution-based processing techniques, enabling the reliable patterning of 2D
arrays of thermoelectric legs. These 2D arrays can be transformed into flexible and lightweight 3D
architectures with a variety of geometries relevant for wearable and IoT applications. .............. 24

Figure 3.6 Innovative approaches to soft thermoelectric device design are being developed to
fabricate flexible and lightweight thermoelectric devices compatible with wearable and IoT
applications. (a) Rendering and (b) optical image of a high performing flexible thermoelectric
module fabricated using a combination of screen printing and lift off techniques with a composite
paste of inorganic alloy and organic binder.[*411 (c) Schematic describing the process of fabricating
interconnected arrays of 3D helical thermoelectric coils. The thermoelectric legs are first patterned
in 2D using printing techniques, then transformed into a functional 3D array. (d) Optical images
show lightweight and flexible mechanical properties of the resulting device.[*% . .................... 26

Figure 4.1 TEM images of nanowires with alloy subphases. (a) Cartoon depiction of Cu
incorporation and nucleation of alloy phases within PEDOT:PSS-Te NWs. (b) The original
PEDOT:PSS-Te NWs are straight and rigid. (¢) PEDOT:PSS-Te(Cux) NWs exhibit morphological
transition to bent wires. (d) High-resolution TEM shows PEDOT:PSS-Te NWs before conversion
are single crystalline. (e) PEDOT:PSS-Te(Cux) NWs appear polycrystalline and grain boundaries
are observed at angled portions of ‘bent’ wires. The interface between two crystal domains results
in angles (0) ranging from 100 to 160 degrees, which defines the curvature of the ‘bent” wires. 32

Figure 4.2 XRD spectra are shown for the PEDOT:PSS-Te(Cux) NWSs. The reference lines given
at the bottom of the figure correspond to Tellurium (ICDD - PDF-4 #04-016-1605) and match
excellently with the PEDOT:PSS-Te (0% Cu) NWs. The reference spectrum for Cui.7sTe (ICDD
- PDF-4 # 04-007-0008), shown at the top of the figure, matches the high copper-loading samples,
indicating complete conversion to the alloy phase beyond 65 mol% Cu. The blue and red shaded
regions respectively emphasize the disappearance of Te peaks and appearance of Cui.75Te peak as
copper loading is increased. The peak marked with an asterisk on the top spectrum does not match
either starting material or product, but instead indicates the presence of Cu20 impurities........... 34

Figure 4.3 Electronic and thermoelectric properties of the PEDOT:PSS-Te(Cux) NW as a function
of copper loading. (a) Non-monotonic trends in both Seebeck coefficient and electrical
conductivity suggest the energy dependence of carrier scattering has been modified by growth of
semimetal-alloy nanointerfaces. (b) Up to 22% improvement in the power factor of the system is
realized upon initial subphase growth. Note that power factors are reported after optimization of
PEDOT:PSS content, whereas the Seebeck coefficient and conductivity are reported before this
OPEIMUIZALION. ...ttt bbbt bt bt bbbt et et bbbt ab e bt ne e s e 36



Figure 4.4 Normalization procedure for comparing Seebeck coefficient values across hybrid
samples. (a) The Seebeck coefficients of two PEDOT:PSS-Te(Cux) NW systems, each with
different Cu loading, vary as a function of inorganic content. A linear fit was performed on each
to interpolate the data. The dotted line represents 50 wt% inorganic content for each system. The
point where the dotted line intersects with the linear fit was taken to be the normalized Seebeck
coefficient for each system at 50% inorganic-50% organic content. (b) Seebeck coefficients
normalized to 50 wt% inorganic content demonstrate the same Seebeck coefficient enhancement
seen in Figure 4.3, ruling out incorporation of more inorganic material as the mechanism
UNAErTYINg thiS trENG. ....c.eeiie et e e e e e e reeeeaneenreas 37

Figure 4.5 Band structure in Te-Cul.75Te nanocomposites illustrates potential mechanism of
energy-dependent scattering events. (a) Band structure of Te and Cul.75Te before contact. (b)
Equilibrium band alignment in Te-Cul.75Te nanocomposites. Bending of the valence bands at the
interface introduces an energetic barrier that preferentially scatters low energy holes. All work
functions, and band gaps are bulk values*>#655, Note that while this was our original hypothesis
for the mechanism behind enhanced thermoelectric properties in this material system, later
investigation revealed that the role of energy dependent scattering is minimal compared to other
structural and energetic effects in the system (see Chapter 5). ......cccovvevviivniiniene i, 38

Figure 4.6 (a) Shadow mask used during thermal evaporation to deposit corner contacts of 100nm
Au on each testing device. (b) Test devices prepared for four-point probe electrical conductivity
and Seebeck characterization. Each test device measures 9.5mm X 9.5mm. ..........ccccovviiiinienns 43

Figure 4.7 SEM and EDS spectra. Low magnifaction SEM images (10kx) of (a) PEDOT:PSS-Te
NWs (0% Cu) and (b) PEDOT:PSS-Cu.7sTe (58 mol% Cu) NWs depict long range morphology
of dropcast films. High magnification SEM images (40kx) illustrate the transition from (c) rigid
(0% Cu) to (d) bent nanowires (58% Cu). EDS spectra for (e) 0% Cu and (f) 58% Cu nanowire
films confirm growth of Cu-rich SUDPhESES..........c.coveiiiiic e 44

Figure 4.8 STEM-EDS mapping of a representative PEDOT:PSS-Te(Cux) NW. (a) HAADF
image (b) Te elemental map shows Te present throughout the wire. (c) Cu elemental map indicates
concentration in the KiNKed WIre reQIONS. .......cc.vcieieeiiiiiese e 45

Figure 4.9 Representative XRD spectra for no Cu and high Cu loading samples. (a) PEDOT:PSS-
Te film (0% Cu) can be indexed to metallic Te (ICDD PDF-4 #04-016-1605). (b) High Cu loading
samples can be indexed to Cuw7sTe (ICDD PDF-4 # 04-007-0008). Minor products include CuO
(ICDD - PDF-4 #04-014-5856), Cu20 (ICDD PDF-4 #04-001-8705) and CuTeOs (ICDD PDF-4
e O[O 01 ) PSSR 45

Figure 4.10 Representative TGA data depicting the decomposition of PEDOT:PSS during a heat
ramp to 600°C. The plateau in weight change indicates that all the organic content has been
removed, and the inorganic phase is left Denind. ..., 46

Figure 4.11 XPS spectra of PEDOT:PSS-Te(Cux) NWs with low and high copper loading. Each
inset magnifies the region featuring a characteristic Te 3d emission. (a) Samples with low copper
loading feature peaks representative of metallic TeC. (b) Samples with high copper loading also



show growth of Te** species. This further supports the hypothesis that oxides such as CuTeOs
form in the limit of full conversion to Cu1.75T€ NANOWIIES. .......cvereerieierieieeie e esee e seeeee e 47

Figure 4.12 Cu L23-edge XAS from a synchrotron radiation source for PEDOT:PSS-Te(Cux)
samples of varying Cu loading depicts characteristic 2p%? transitions for both Cu*? and Cu*!
species. Despite the relative size of the peaks, these spectra are consistent with previously reported
spectra for materials with primarily Cu*! species and only small amounts of Cu*? as an impurity,
due to the much larger absorption cross-section for Cu*? compared to that of Cu*! species. The
growth of the Cu*® peak as copper loading increases is consistent with growth of Cui7sTe
subphases. Cu*? species are present as impurities at all levels of copper loading, in the form of
CuO oxides. Spectra are offset vertically for ease of COmMPAriSON. ..........cccecvevieevieiie e 47

Figure 4.13 Normalization of electrical conductivity for samples with different extents of
subphase growth. A sixth order polynomial fit was used purely for close interpolation of the data.
The dotted line represents 50 wt% inorganic content for each system. The point where the dotted
line intersects with the polynomial fit was taken to be the normalized electrical conductivity for
each system at 50% inorganic-50% 0rganiC CONENT. .........ccccveeereereeiesee e 48

Figure 4.14 Electrical and thermoelectric characterization of PEDOT:PSS films doped with Cu in
the absence of Te. (a) The Seebeck coefficient is negatively affected at all Cu loading levels, while
the electrical conductivity is modestly improved in the presence of small amounts of copper ions,
a trend that is not observed in the PEDOT:PSS-Te(Cux) system. (b) No power factor enhancement
is observed. Note that, above 6 wt% Cu loading, the PEDOT:PSS becomes highly viscous and film
formation is N0 1ONQGEr POSSIDIE. ........oiiiiiiiiee e 49

Figure 5.1 Morphology of hybrids and alignment of PEDOT:PSS at the inorganic interface (a,b)
False-color scanning electron microscope (SEM) images of (a) PEDOT:PSS-Te and (b)
PEDOT:PSS-Cu17sTe films illustrate the overall morphology of the hybrid films — inorganic
nanowires in a PEDOT:PSS matrix. The green color shows the surface nanowires and blue
illustrates the 3D plane underneath, where the PEDOT:PSS polymer matrix is transparent (and
hence invisible) in the SEM. (c,d) Representative high-resolution transmission electron
microscopy (HR-TEM) images of (c) straight Te domains and (d) kinked Cu1.7sTe alloy domains
confirm the identity and crystallinity of these two phases. The insets show selected area electron
diffraction (SAED) patterns consistent with the identified crystal structures. (e,f) MD simulations
elucidate the polymer morphology and alignment at the organic-inorganic interface. Here, the final
polymer structures are depicted after simulated annealing of five chains of EDOT1s and SS3s on
(e) Te and (f) Cui7sTe surfaces, both accompanied by respective atomic concentration profiles.
The polymer concentration profiles are tracked using the atomic concentration of S in either
PEDOT or PSS. There is a high concentration of S atoms in PEDOT observed at 3-5 A from the
nanowire surfaces, suggestive of highly ordered and aligned PEDOT chains at the organic-
inorganic interface. Similar structures and concentration profiles were observed for both Te
nanowires (NW) and Cu1.7sTe heteronanowires, however unlike the Te surface, though alignment
occurs, self-assembly of chains is reduced on the kinked Cu1.7sTe surface. .........cccocvevveiiviennnnns 53

Figure 5.2 DFT calculations reveal electronic effects at the organic-inorganic interface. a) Charge
density redistribution within polaronic PEDOT hexamer (EDOTe)?* on the Te surface, as
calculated by the difference in total charge density with NW surface charge density and hexamer

Vi



charge density as subsets b) Electron transfer from Te surface to PEDOT chains monitored by
increase of charge density (red) at the interface and decrease of charge density (blue) at the Te
phase c¢) Detailed visual illustrating an increase of charge density (red) within PEDOT monomer
bonds and o-orbitals of PEDOT carbon atoms and a concomitant decrease (blue) observed for the
n-orbitals of PEDOT carbon atoms on Te NW surface d) Density of States (DOS) calculated
individually for PEDOT and Te compared with Te-PEDOT hybrid. The DOS of the hybrid is not
renormalized due to minimal charge transfer across the interface. ........c.cccocvveiiiiiieiiicce e, 56

Figure 5.3 Kang-Snyder transport model applied to the PEDOT:PSS-Te(Cux) hybrid system. (a)
Electrical conductivity and Seebeck coefficient at room temperature of the PEDOT:PSS-Te(Cux)
NW hybrid system as a function of copper loading [Adapted with permission from Zaia et. al.,
Nano Lett. 16, 3352 (2016). Copyright (2016) American Chemical Society]*° (b) The Kang-
Snyder charge transport model with different energy-dependent scattering exponent, s, as
described in the main text is shown. Our experimental data lie on the s = 1 curve, similar to pure
o 15 N PSSR 58

Figure 5.4 Kang-Snyder transport model applied to various PEDOT based composites. (a)
Experimental data of Seebeck (S) vs conductiviy (o) for PEDOT:PSS (half closed green
triangles)?’”, PEDOS-C6 (closed triangles)®, PEDOT:Tos (open squares)*, PEDOT:PSS-
Bi>Tes(closed triangles)?’, PEDOT:PSS-CNT®(half closed spades), PEDOT:PSS-Te(Cux) NW
hybrid system (half closed circles)!® and PEDOT:Tos-Pyridine (half closed triangles)?® modelled
with s=1(solid lines). It is seen that irrespective of the dopant counter-ion used, all hybrid PEDOT-
based systems lies on s=1 curve with different cEO transport coefficient values, indicating that
energy-dependent scattering is not changing in these organic-inorganic hybrid films. (b) Reduced
chemical potential , n = (Er-Ev/ksT) of the PEDOT:PSS-Te(Cux) system plotted as a function of
temperature for 0% (red closed circle), 10% (black closed squares) and 50 % Cu (closed blue
triangles) samples, respectively. In line with expectations from the Kang-Snyder model, the
reduced chemical potential only changes <30% over a large temperature range in the samples and
the change does not depend upon the Cu loading. The data is normalized with respect to the doping
[EVEI At BOOK (1)300K) - -+ rveereeemeereeteaseesteesteeseesteesteaseesseestesseesseesseessesseesseebeaseesseesaeassesseesseensesneeseens 62

Figure 5.5 Kang-Snyder model applied to various P3HT-inorganic composites. (a) The electrical
conductivity vs Seebeck coefficient data of F4sTCNQ doped P3HT (closed circles),
Fe((CFsS0O2)2N)3 doped P3HT (open squares)®, highly aligned P3HT with trichlorobenzene
(closed squares)®®, PSHT:MWCNT (closed triangles)3*2®, P3HT:SWCNT (open star)®¢3" and
P3HT:Bi2Tes (closed stars)® hybrid systems. It is seen that experimental data lies on s= 3 curve,
again consistently identical for the hybrid and the pure polymeric systems. (b) Comparison of
power factor of PEDOT (s=1) and P3HT (s=3) based hybrids. Targeting higher cE0~10 S/cm in
a s=3 polymer can push powerfactors of hybrid materials towards values comparable to inorganic
thermOoelectriC MALEITAIS. ........oovii e 65

Figure 6.1 (a) Cartoon depiction of platform-based design scheme for n-type hybrid
nanostructures, Method A. (b) Chemical structure of PDI small molecule with high thermoelectric
properties. (c) TEM depicts high quality, single crystal Te nanowires. (d) HRTEM reveals
functional organic layer has successfully been strongly adhered to inorganic nanowire core. (e)
SAED confirms inorganic core is single-crystalling Te. ......cccocviieieiie i 72
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Figure 6.2 PDI-Te composite nanostructures prepared via Method A demonstrate enhanced
thermoelectric performance relative to pure components. (a) Significantly, non-monotonic trends
are observed in both electrical conductivity and Seebeck coefficient. These phenomena are
reproducible over five separate experiments. (b) PDI-Te composites demonstrate up to six-fold
improvement in power factors in the high PDI regime. ..., 73

Figure 6.3 EPR measurements allow quantification of unpaired spin concentration in samples with
varying PDI content prepared via Method A. While high PDI composites demonstrate enhanced
conductivity relative to pure PDI, they surprisingly demonstrate slightly reduced spin
concentrations, suggesting that doping is not the key factor in the non-monotonic conductivity
trends 0DSErved N thiS FEGIME. .....ciii it e et eae e sreeaaes 75

Figure 6.4 Two-dimensional GIWAXS performed on solid films of a) Te-S complex, Te-PDI
composites of varying composition prepared via Method A ( (b) — (d) ), and e) pure PDL. In the
low PDI regime, the GIWAXS spectra are dominated by the signal of the hexagonally packed Te
crystal lattice. In the high PDI regime, the GIWAXS spectra feature peaks at lower q values
corresponding to molecular packing and longer order organization of the PDI small molecules.
The 2D GIWAXS data for pure PDI is used to solve the molecular crystal structure. (f, g) Packing
of PDI molecules into a unit cell is viewed along (f) the b-axis and (g) the a-axis. For ease of 3D
visualization, an animation of the unit cell rotating is included in the Supporting Information of
the original published Material..............ccooviiiiii i 76

Figure 6.5 Thermoelectric transport properties measured for Te-PDI composites formed via
hydrazine stripping, Method B. (a) Similar non-monotonic trends are observed in both Seebeck
and electrical conductivity, implying that this technique provides a simplified, one-step route to
make Te-PDI nanostructures with similar properties. (b) Power factors achieved in this system are
significantly greater than those in Method A, demonstrating up to 20x improvement in
performance from pure PDI and three orders of magnitude improvement from the pure inorganic
NANOSTIUCTUIE. ...tttk e e sk bt e bbb e e bbb e e b b e e e be e e e bb e e e nb e e s abe e e anbn e e anbe e e e 79

Figure 6.6 Flexible thermoelectric module design and performance. a) Using solution printing, a
linear thermoelectric device is patterned onto a flexible substrate, which is then folded into a
compact “stacked” structure. b) Photograph of 10-leg stacked TEG module demonstrating
flexibility. c) Power density is measured as a function of load resistance at a variety of applied
temperature gradients. d) Maximum power density observed is reported as a function of applied
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Figure 6.7 UV-vis spectra of thin films of Te-PDI hybrid nanostructures with varying PDI content.
All spectra depict characteristic polaron peaks (~730 nm, 800 nm, 1100 nm), consistent with
previous literature. Peak broadening is observed as the PDI content is reduced, which is attributed
to increased carrier mobility and intermolecular interaction, in line with the evidence provided by
GIWAXS and EPR. It is important to note the lack of bipolaron absorption between 1250 and 2000
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Figure 6.8 Carrier mobilities (a) measured via the Hall effect and (b) extracted from EPR and

room temperature conductivity measurements. Both sets of data indicate a peak in the high PDI
regime, coincident with the peak in electrical conductivity observed the PDI-Te thin films. While
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bipolar transport and energetic disorder is expected to cause the Hall approach to overestimate
mobilities in this system, the qualitative agreement of both independent approaches corroborates
the conclusion that enhanced mobility in the high PDI regime is responsible for improved
thermoelectric performance in these hybrid films. ..., 86

Figure 6.9 GIWAXS data used to characterize morphology of Te-PDI composites. a) Radially
integrated GIWAXS profile of 100% PDI film was used to solve for the PDI crystalline structure.
A simulated diffraction pattern based on our reported solution is included as black lines at the
bottom. b) Radially integrated GIWAXS profiles are shown here for PDI-Te composites of varying
composition. At low PDI loading, the high intensity features clearly match the reference spectrum
for Te (ICDD - PDF-4 #04-016-1605). In the high PDI regime, the spectra include both Te peaks
and peaks stemming from organization of PDI Molecules. .........c.cocviiiiiiiiineeeee 87

Figure 6.10 Ultraviolet photoelectron spectroscopy was used to probe the energetics of Te-PDI
composites. Depicted here are a) The valence band/HOMO onset region and b) the secondary
electron cutoff (SECO) region. The UPS spectra were used to identify work functions and IE for
Te-S NWs, pure PDI, and Te-PDI composites with varying PDI content. The important results are
SUMMANIZEA 1N TADIE B.2. ..ottt nes 87

Figure 6.11 Tauc plots used to calculate optical bandgap of both phases: a) pure Te-S and b) PDI.
Here, h is Planck’s constant, v is the light frequency, and a is the absorption coefficient of the
material. Te-S shows a narrow and direct bandgap, as expected, and the wider band gap in PDI is
consistent with typical HOMO-LUMO gaps in organic sSemiconductors............ccceeeevvvreereraeene 88

Figure 6.12 Te 3d XPS scans at low PDI content and high PDI content reveal a shift in the peak
location. In low PDI films, the Te peak shifts to higher binding energies, implying a decrease in
electron density in the inorganic phase. This corroborates the EPR and UPS results showing
increased carrier concentration in high PDI compoites and implicating a dedoping effect in the low
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Figure 6.13 XPS survey scan of Te-S nanowire complex before addition of PDI reveals strong C
and N signals, indicating that significant PVP ligand remains on the nanowire surface along with
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Figure 6.14 TGA is used to quantify the organic-inorganic composition of the Te nanowires before
and after hydrazine hydrate treatment. The temperature of the composite is ramped to 600°C and
held there, and the weight loss is taken to be the amount of organic material present in the
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Figure 6.15 XPS was used to investigate and compare the interaction between PDI and Te in the
composites prepared via Method A and B. Here, XPS spectra of the Te 3d orbitals of 1) as-
synthesized PVP-Te NWs, 2) PDI-Te composites prepared via Method A (with S linkers), and 3)
PDI-Te composites prepared via Method B (without S) are depicted. These spectra reveal a shift
in the peak location of both PDI-Te composites relative to the PVP-Te control, suggestive of
electronic coupling and charge transfer between the Te and PDI domains. Moreover, the magnitude



of this shift is greater for the PDI-Te composites prepared via Method B, indicating that the
electronic coupling is likely stronger in the composites without S. Note that the PDI-Te composites
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Figure 6.16 XPS experiments implicate sulfur linker in binding and in Te-PDI hybrid
nanostructures. High resolution scans of the S 2p core levels reveal a shift to higher binding energy
in the 10% PDI sample relative to the 0% Te-S complex. This corresponds to a decrease in electron
density around the S linker molecules, indicating that the linker interacts electronically with the
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Figure 6.19 The air stability of PDI-Te composites is evaluated by measuring the decay in
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Chapter 1. Introduction
1.1 Introduction to Soft Thermoelectric Materials

Traditional thermoelectrics applications have been dominated by doped inorganic semiconductors
and their attendant solid-state processing methods, restricting accessible geometries and form
factors.* Propelled by the recent development of new classes of soft materials with good
thermoelectric properties, including organic semiconductors, polymers, and organic-inorganic
composites, there has been a surge of interest in soft thermoelectrics (STEs).>” STEs, including
organic and organic-inorganic composite thermoelectrics, can realize flexible and lightweight
energy generation or heating-cooling devices with conformal geometries, opening up a suite of
new applications for thermoelectric devices.®1° Moreover, STEs are uniquely positioned within
thermoelectric technologies to leverage inexpensive and scalable solution-based processing
techniques (roll-to-roll, inkjet, etc.).1*1 Utilizing existing printing infrastructure, it is possible to
fabricate lightweight, flexible next-generation thermoelectric devices with diverse geometries.
This is a particularly exciting area of research due to the global proliferation of low-power
electronics, including personal or wearable devices, for which STE technology is well suited.*6-8
Basic operational aspects of thermoelectric and soft thermoelectric devices are illustrated in Figure
1.1.

However intriguing, these emerging classes of STE materials pose a new set of research challenges
— relative to inorganic semiconductors, little is known about even very elementary structure-
function relationships. In order to capitalize on the advantages promised by STEs, there is a
fundamental need for further investigation and understanding of the complex carrier physics and
unique material properties present in STE systems. Historically, for room temperature or near-
ambient applications, the industry standard thermoelectric material has long been Bi2Tes.? In the
past decade, driven by rapid progress in the field of organic semiconductors, STEs have made
large strides in catching up with their inorganic counterparts in terms of thermoelectric
performance, particularly for these low-temperature applications.**-2! Nonetheless, as this research
field is relatively young, STE-based thermoelectric devices have not yet realized commercial
deployment. Since near-ambient applications are associated with challenging material property
requirements, the research community has focused primarily thus far on materials development
and optimization.®?? Demonstrations of soft thermoelectric energy generators (STEGSs) are in the
proof-of-principle phase, an area in which there is great opportunity for innovation.
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Figure 1.1 Basic operation of a thermoelectric generator (TEG) utilizes the Seebeck effect, in
which the application of a thermal gradient induces the movement of carriers in a material and
results in the creation of an electrical potential. By connecting p-type and n-type legs electrically
in series and thermally in parallel, an electrical current (represented by the black arrows) can be
sourced. Traditional inorganic TEGs (left) typically comprise rigid, pillar-like pn legs tiled over a
ceramic substrate and require a thermal gradient incident perpendicular to the substrate.
Alternatively, STEs (right) are typically patterned in 2D onto a flat substrate using low-cost,
scalable printing techniques. For STEs, a thermal gradient can be applied parallel to the substrate,
rendering optimization and understanding of in-plane carrier transport key for these materials.®

Realizing the full potential of STEs will require that researchers develop a more complete
understanding of the energetics of organic molecular systems and how these translate into
thermoelectric transport properties. This is not straightforward as the critical factors governing
thermoelectric performance in organic systems are distinct from their inorganic counterparts. Even
less well conceptually understood are vast numbers of hybrid organic-inorganic thermoelectrics
that been developed in an attempt to harness the advantages of both hard and soft material classes.
This is not a pejorative observation — many of the poorly understood aspects of hybrid materials
are quite attractive as starting points for materials development. For instance, standard effective
medium theory would predict that a simple composite of two phases would yield a material with
thermoelectric properties intermediate between those of the starting components.?® Hybrid
materials, on the other hand, have been demonstrated to achieve performances exceeding that of
either pure component.?#26 There are a number of hypotheses regarding the physics underlying
this remarkable phenomenon, but the structural and energetic complexity of these hybrid materials
makes definitive conclusions challenging. Nevertheless, hybrid organic-inorganic thermoelectrics
have become a rich area of investigation within STEs.?"~2°

1.2 Application Requirements for Soft Thermoelectrics

Due to their unique processing advantages, soft thermoelectrics enable a diverse new set of
applications for thermoelectric devices. However, with new applications come new material
requirements and challenges. One obvious challenge, seldom discussed, is material stability. While
thermoelectrics require temperature gradients for operation, most organic-based soft
thermoelectrics degrade upon prolonged exposure to temperatures above 200°C, restricting the use
of this class of materials to low-temperature applications.®® Often, for polymeric materials, doping



is predicated upon use of small molecules, which are also unstable with respect to temperature or
oxygen. For example, property degradation has been observed in organic semiconductors after
prolonged exposure to temperatures above 120°C.3! However, this is far from problematic; mainly
it just limits the scope of STE applications to areas where traditional thermoelectrics are non-
competitive. For example, the suite of potential low-temperature applications for thermoelectric
power generation or spot cooling has expanded dramatically as small-scale and personal electronic
devices become increasingly ubiquitous. In particular, researchers have identified implantable
medical devices, wearables for personal electronics, and Internet of Things as among the most
promising near-term applications for power generation using STEs.21632 Material requirements
for each application differ — implantable medical devices have strict demands for biocompatibility,
power generation for personal electronics necessitates high thermoelectric efficiencies for practical
utility, and Internet of Things applications are associated with highly variable thermal inputs. As
a commonality, large-scale power generation is not required for any of these applications, but
lightweight operation and compatibility with nonplanar substrates are paramount. For these
applications, large power generation is not required, but lightweight operation and compatibility
with nonplanar substrates are paramount. Thermoelectric cooling using flexible devices has also
been identified as of great interest to personal comfort applications.>3* A common theme among
these applications is that a TEG must be paired with devices varying widely in geometry and form
factor. While this is not currently possible with commercial TEGs, STEGs represent a key
technological advance, opening the door to a new suite of applications. Additionally, while STEGs
can be prepared in a variety of ways, it is our view that a crucial element in the road to practical
realization of flexible STEGs is the use of low-cost, solution-based processing techniques
(including roll-to-roll, inkjet, dispenser, screen, and gravure printing) for both financial and
technological reasons. These processes are compatible with existing modern infrastructure and
equipment, making them practically appealing from an industrial perspective.

Implantable medical devices, including biological sensors or actuators, have frequently been
identified as the nearest-term potential application for STEs, in particular since the power source
for such devices can be the body of the user itself.3%343 Life-saving medical implants such as
pacemakers or defibrillators require a continuous source of low-grade power. The four key
specifications for this class of applications are 1) provide sufficient power for the relevant duty
cycle, 2) maintain the required power output without fatigue, 3) reside in a form factor small
enough for implantation, and 4) comprise only non-toxic materials.®> The current best practice in
this field is to use batteries to power such devices, the replacement of which can require frequent
additional invasive surgical procedures, each of which presents an inherent risk to the patient.
Thermoelectric devices provide a key advance here — energy harvesting from body heat obviates
the need for external power sources and enables continuous operation. As long as the temperature
gradient is maintained, TEGs will not fail to provide power, and further surgical procedures can
be avoided. Precedent of such longevity has been well established by the successful
implementation of thermoelectric power generation in unmanned space probes over decades of
operation. For example, the Voyager probes, launched in 1977, have been powered by
thermoelectric generators without any maintenance for over 40 years in their mission to study the
outer solar system.®®¢ Additionally, transitioning towards carbon-based STEG devices greatly
enhances the opportunity to create, flexible, bio-compatible devices that can be implanted or worn
without risk or discomfort to the user.



To successfully power life-saving medical implants with STEGs, it has been suggested that at least
2°C thermal gradient must be maintained.®” While wearable TEGs have been demonstrated to
achieve up to 10°C AT, conservative reports suggest that a 5°C gradient can be maintained for an
implanted device in certain locations, typically a few mm below the skin.?"® To evaluate the
realistic potential for STEGs in this application, we can model the average human body as a 100W
source of energy with an internal temperature of 37°C.%° This energy can be considered a thermal
flux through the surface area of the body (roughly 1.5 m?). For a 5°C thermal gradient, a state-of-
the-art STE material (ZT~1) can theoretically harness around 20 uW/cm? from an average human
body. To power a pacemaker, a power source of roughly 10 uW is required, corresponding to an
STEG device with a surface are of ~1 cm?, a reasonable size for an implanted device. We note that
this analysis is a best-case-scenario — realistic device and systems concerns will increase the form
factor of such a technology; however, the promise is considerable.

Translating this potential from theory to application involves additional technological challenges.
For example, power levels as low as 1 uW may be sufficient for wireless biological sensors, well
within the range that can be supplied by an STEG.*° But in order to translate this energy into a
wireless signal, the STEG must be able to supply this power at a minimum potential. Currently,
state-of-the-art devices can convert signals ranging from 20-250 mV.324! Assuming the use of
STEGs where both the p- and n-leg materials have Seebeck coefficients with magnitude 100 uV/K,
and a temperature gradient of 5°C, a suitable STEG would require between 20-250 p-/n- couples.
More traditional converters require minimum potentials around 500 mV, corresponding to 500
couples, an increasingly impractical number of couples to fit into a small implanted device. The
large number of couples required to operationalize this technology illustrates the device
engineering challenges presented for practical utilization of STEGs in wireless sensors,
independent of STE material optimization. The vast majority of work in this field has thus far
focused on materials development, but this is not sufficient to surmount issues such as minimum
operating potentials on the order of hundreds of milliwatts. With such constraints, the techniques
used in materials synthesis and device fabrication become pivotal. Layer-by-layer deposition and
solid-state processing techniques quickly become prohibitively expensive and time consuming.
Alternatively, promising work has been done in leveraging the automation and scalability
associated with solution-based printing to enable fabrication of devices with large numbers of
couples. For example, Gordiz et al. demonstrate that printing TE legs in a hexagonally close-
packed layout can be used to achieve high voltages and power densities (Figure 1.2).1°
Sgndergaard et al. used roll-to-roll printing to fabricate an STEG with up to 18,000 serially
connecting junctions (Figure 1.2).1* These early results show that solution-based printing
techniques have the potential to overcome the challenges of device design for new applications.
While these are notable advances, practical device design and engineering remain critical open
challenges for the field to address.
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Figure 1. 2 Solutlon based prlntlng techniques can be used to reliably pattern large numbers of
thermoelectric legs with high scalability and low cost. a) Printing thermoelectric inks into a
hexagonally close-packed pattern can achieve high voltages and power densities.® b) Roll-to-roll
fabrication has been demonstrated to produce a conformal cylindrical STEG with 18,000 serially
connected thermoelectric junctions.'* ¢) The breakdown of energy consumption used to create this
cylindrical STEG reveals relatively low processing costs, with the substrate consuming the
majority of energy. Reproduced with permission.* Copyright 2013, Wiley-VCH.

Beyond implantable medical devices and biological sensors, the number of small, low-power
electronic devices available for personal use has been rapidly accelerating. The term ‘Internet of
Things’ (IoT) is being used to refer to this trend, in which everyday objects become interconnected
and endowed with sensing, processing, communication, or energy management capabilities.*>*
The balance of market forecasts predict that this trend will lead to the next boom in the
semiconductor industry.* Specifically, the current phase has been identified as “carly adoption”
of 10T technologies. Trends suggest that massive adoption will be reached in the near future, with
an unprecedented scale of trillions of connected devices in utilization globally possible as early as
2025.424 Due to the astronomical number of sensor nodes implicated in this paradigm, it is crucial
to eliminate reliance on any elements requiring frequent maintenance or replacement, especially
batteries. In this challenge, thermoelectric devices present a unique opportunity. One proposed
approach to 10T power generation is wireless power transfer.*® Current state-of-the-art in this field
involves the use of magnetically resonant coils.*’® Coupling via magnetic resonance is used to
maximize energy transfer efficiency and minimize energy dissipated to extraneous non-resonant
objects. However, efficiency is low, concerns regarding personal long-term exposure to EMF
fields, and scalability of this approach render wireless power transfer increasingly impractical
when considering the potential to realize trillions of 10T devices globally. By harvesting waste
heat, TEGs can operate without fail or recharging, and they can adequately power small-scale



electronics. For this reason, thermoelectric technologies are being investigated as a main element
in 10T power schemes.16:194344.4% The approach to 10T power generation can be divided into two
portions based on power source — wearables, which seek to harness a user’s body heat, and non-
wearables, which seek to harness waste heat directly from the electronic devices.

Wearables have attracted considerable interest in the STE community, as body heat is an appealing
and convenient source of energy that pairs well with personal electronics.'’-*® To date, there has
already been a single instance of successful commercialization of a wearable TEG, the Matrix
Powerwatch. This product is a smartwatch powered solely by a thermoelectric generator
harnessing the user’s body heat. Smartwatch technologies typically require power input on the
order of 20-30 uW, which could reasonably be produced by an STEG with a surface area on the
order of a few cm?.5° Beyond smartwatches, a wearable STEG can, in theory, supply sufficient
power to operate a number of personal devices, including portable music players, wireless
headphones, or wireless GPS units.!” Again, from our previous analysis, such a technology could
theoretically harness up to 20 uW/cm?, or up to ~275 mW from a single human body. However,
when considering the surface area available for an STEG, this number shrinks considerably. For
reference, a smartphone requires roughly 1W for active operation and is thus a poor fit for wearable
thermoelectric technology. While the field has thus far has primarily focused on materials
development, there are a number of recent reports focusing more on module-level strategies for
integration of STE into wearables.3%51-54 This trend is suggestive of a transition towards addressing
device and engineering concerns in the field of STEGs, which represent some of the most critical
and unaddressed open questions in the field. Some of the key concerns are not unique to STE and
include deterioration of thermoelectric properties or structural failure (delamination, cracking)
during typical use of wearable products (bending, folding, etc.). Proper encapsulation is needed to
avoid performance attrition and user exposure. The STEG module must experience a consistent
thermal gradient to act as a reliable power source, and for this purpose must be able to dissipate
unwanted heat — this points to another crucial overlooked materials area of soft heat exchangers.
The majority of heat exchanger materials development has been done with hard inorganic materials
in mind. In practice, for small gradients, this can be a crucial performance limiter. If an STEG is
paired directly with an electronic device, such as in the case of a smartwatch, any resistive heat
generated by operation of the device must be efficiently dissipated.

Non-wearable 10T applications are less well studied. STEG technologies are still attractive in this
area, mostly because they enable a wide variety of form factors. Conformal thermoelectric devices
can be prepared for curved or non-standard surfaces, unlike traditional TEGs. 10T seeks to turn
ordinary objects of any shape or geometry into connected electronic devices, requiring the
flexibility in form factors provided by STEGs. The primary challenge for these applications is the
lack of a dependable and consistent heat source. In order for a TEG to supply power, it must be
able to achieve a consistent output voltage as well as consistent power. But since the output voltage
is directly correlated with the temperature gradient applied to the TEG, both the maximum power
extracted from the TEG as well as the voltage supplied by the device can vary widely. In order to
enable thermoelectric power generation for the IoT, creative new system designs must be
developed. Initial work on this problem involves the use of dynamic impedance matching and
arrays of thermoelectric modules.'8445 Setting TEG modules in parallel has also been suggested
to improve device lifetime, as the device will continue to operate even if one element fails.'* These
considerations add significantly to the form factor of such technologies, the implication of which



is that materials development targets will be impacted. While such studies tend to fall more into
electrical engineering expertise, the authors believe it is important for even materials development
research to be informed by the downstream systems challenges. In particular, the need for
consistent input voltages in the 20-500mV range from a mixed TEG array renders it unlikely that
many thermoelectric materials identified in the literature with reasonable power factors but
Seebeck coefficients under 50 pV/K could practically be applied in such technologies.>>°

1.3 Outline and Summary of Core Dissertation Chapters

The goals of this dissertation are as follows:
1. To identify the fundamental physics behind unique carrier transport in hybrid
thermoelectric materials
2. To assess the role of the major physical mechanisms proposed in the literature in a
prototypical hybrid thermoelectric system
3. To use this knowledge to develop new, high performing p- and n-type soft thermoelectrics

In Chapter 2, I introduce the fundamentals of thermoelectric materials, with an emphasis on the
relevant transport and physical properties. Here, the current understanding of the fundamental
physics of carrier transport in hybrid materials is summarized.

In Chapter 3, the current state-of-the-art in soft thermoelectric materials is reviewed. This
discussion includes the top performing p- and n-type soft material systems, as well as an
examination of soft thermoelectric devices demonstrated to-date.

Chapter 4 details our original efforts to design, synthesize, and characterize a prototypical hybrid
thermoelectric system. This system provides the base for the work of Chapter 5, in which we report
the first systematic investigation of the physical mechanisms underlying enhanced carrier transport
in hybrid materials.

In Chapter 6, we extend our understanding of carrier physics in soft materials to develop a novel,
high performing n-type thermoelectric material platform. Careful structural and energetic
characterization of this system reveals the importance of structure and ordering of the organic
phase in the thermoelectric transport of hybrid materials.

The materials developed in this dissertation achieve some of the highest performance in solution-
processable, air-stable soft thermoelectrics to date. We utilize these new p- and n-type soft
materials to fabricate a fully solution-processed flexible thermoelectric device and demonstrate
reasonable power generation. This work represents a step towards practical realization of flexible
thermoelectric modules for a new host of applications, such as implantable medical devices,
Internet of Things, and wearable technologies.



Chapter 2. Fundamentals of Thermoelectric Materials

Adapted from “Progress and Perspective: Soft Thermoelectric Materials for Wearable and
Internet - of - Things Applications,” EW Zaia, MP Gordon, P Yuan, JJ Urban, Advanced
Electronic Materials, 2019, Early View (DOI: 10.1002/aelm.201800823) with permission of the
authors. Reproduced with permission of Advanced Electronic Materials.

The performance of a thermoelectric material is commonly evaluated by the dimensionless figure
of merit ZT. This figure of merit encompasses three material properties — the electrical
conductivity o, the Seebeck coefficient or thermopower S, and the thermal conductivity k. To be
precise, ZT can be written as:

ar =597 2.1)
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where T is the average temperature. The longstanding benchmark for long-lasting, high performing
room temperature thermoelectric materials is Bi2Tes, with a ZT ~1.2 Considerable effort in the
field of thermoelectrics is devoted to developing materials with high ZT. In order to achieve this,
the material should have high electrical conductivity and Seebeck coefficient but low thermal
conductivity. Optimizing these three parameters is quite difficult since they are fundamentally
coupled (Figure 2.1). In particular, this has proven a difficult challenge in organic and organic-
inorganic composite systems. ZTs in these soft systems have traditionally lagged behind those of
their inorganic counterparts. Since thermal conductivity tends to be low in organic semiconducting
materials, the field has focused primarily on maximizing the quantity S?c, known as the power
faCtOI'.58’6O'61

However, developing strategies to maximize power factors or ZT is nontrivial. In inorganic
crystals, structural and energetic periodicity allow for the development of simple transport models,
the most widely used of which is the Boltzmann transport equation.®? Such models provide
experimentalists with critical tools for developing and optimizing next-generation thermoelectric
materials. However, the structural complexity and heterogeneity present in organic systems
presents a barrier to developing similar theoretical or predictive tools. While hopping or mobility
edge models do exist for organic systems, their applicability has been restricted to certain property
regimes. Organic material systems can exhibit conductivity ranging from insulating to nearly
metallic and exhibit a universal but poorly understood S o o~/# empirical trend, suggesting a
need for more versatile models. Recently, Kang and Snyder presented the first universal
thermoelectric transport model for conducting polymers.52 This is a significant step for the field,
providing experimentalists with tools to understand and tune the role of critical parameters such
as morphology and carrier concentration in dictating observed thermoelectric transport trends.*
Nevertheless, there remain myriad mysteries surrounding carrier dynamics and transport in soft
thermoelectrics, both conceptually and practically. In particular, the scattering parameter s takes
on new meaning within this framework, wherein the classical solid-state description no longer
applies. Notably, while nearly all semiconducting polymers exhibit s=3 behavior, the highest
performing materials (PEDOT-based derivatives) alone demonstrate s=1 transport. That the
highest performing organic polymer system also demonstrates fundamentally distinct transport
behavior is an intriguing and unresolved mystery. Further subtleties exist here — the parameter s



and the transport coefficient, ceo, appear to be somehow linked, although the true physical
manifestation of either of these parameters is not clear. Kang and Snyder suggest that discovery of
more s=1 polymers may yield polymers with greater values of oeo and therefore higher performing
organic thermoelectrics. Indeed, discovery of additional s=1 polymers is a critical step in
understanding the physical basis of the model parameters, as well as what makes PEDOT distinct
among semiconducting polymeric materials. While the work of Kang and Snyder represents a key
breakthrough for the field, it also highlights the opportunities for further investigation in the field
of STEs.
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Figure 2.1 Soft materials exhibit a range of thermoelectric properties, from insulating to nearly
metallic. High conductivity materials are characterized by high degrees of order and crystallinity,
whereas lightly doped, polycrystalline materials demonstrate high Seebeck coefficients. Organic-
inorganic hybrids potentially leverage the advantages of multiple materials, allowing for tunability
of the thermoelectric properties. 125525765
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2.1 Electrical Conductivity

Electrical conductivity, o, for a given material can broadly be described as
o =neu
where n is the charge carrier concentration, e is the elementary charge, and u is the carrier mobility.

The microscopic details of conduction are, of course, treated differently in organic and inorganic
systems. Central to this difference is structure. The strong directional bonding and beautiful
translational symmetry inherent to pristine inorganic semiconductors leads to bands with a well-
defined Fermi edge whose states primarily contribute to conduction. Alternatively, organic
systems are often studied mostly as disordered or polycrystalline materials, featuring structural
heterogeneity and weak intermolecular forces. The lack of long-range structural order in organic
systems is a contributing factor to localized states falling below the mobility band edge, leading to
trap states and hindered conduction.®® On the other extreme, highly doped organic systems can



demonstrate conductivities rivaling that of metals, though this is difficult to achieve for all but a
few systems in practice.?.66

The mobility of carriers in organic systems is strongly tied to intermolecular (or interchain for
polymers) coupling and film crystallinity.67-6° The main transport pathway in an organic system is
typically along the conductive backbone of the molecule or polymer. However, bonding between
molecules tends to be comprised of weaker interactions such as van der Waals bonding, resulting
in large intermolecular/interchain energetic barriers.”® Weak intermolecular interactions can also
result in spatial and energetic disorder. The macroscale implication is that carriers can become
trapped in localized states at domain boundaries due to the lack of long-range electronic
coupling.>7 As such, it is observed that mobility is highly sensitive to energetic and structural
disorder in organic systems. Because of this, transport in organic films is strongly dependent on
processing conditions and filling of trap states and domain boundaries via doping. That is, doping
an organic material can result in nonlinear increases in electrical conductivity due to a
simultaneous mobility enhancement from trap state filling. In heavily doped organic systems, the
opposite trend may be observed, as large carrier concentrations are associated with increased
frequency of carrier scattering events, as well as distortion of the molecular scale packing.
Needless to say, this broad range of phenomenology is challenging to capture in one transport
model.

The charge carrier concentration is defined by the number of charges available to participate in
transport. Unlike traditional inorganic semiconducting systems, electrons and holes are not always
the predominant charge carrier species in organic systems. Polarons, a type of quasiparticle
comprised of a charged species (electron/hole) coupled to a phonon, are often the dominant species
of charge carrier in disordered organic systems.”®’* Polarons, and bipolarons, result from addition
or removal of electrons from an organic molecule’s conjugated pi orbitals, which then leads to
structural distortion in the backbone.® The existence of these quasiparticle excitations can cause a
decrease in carrier mobility in the system due to the heavier effective mass and increased
probability of polarons participating in self-trapping. Polaron formation can be monitored in
organic systems via optical absorbance spectroscopy, as polaronic species give rise to unique
absorptions distinct from pure electronic excitations. In both organic and inorganic materials, the
mobility of carriers tends to decrease as a function of carrier concentration in the heavily doped
regime due to an increased frequency of carrier scattering events.

Hybrid systems are complex, with both organic and inorganic transport domains. Conclusive
understanding of underlying transport mechanisms and relative contributions of the
organic/inorganic phases on the overall material transport remains an active area of investigation.
Hybrids feature synergistic effects at the organic-inorganic interface, resulting in even more
complex transport physics. At this interface, the discrete molecular orbitals of the organic phase
interact directly with the continuum band states of the inorganic phase, resulting in interphase
charge transfer and band bending.”? While many groups have observed enhanced electrical
conductivity in hybrid materials, there is still active debate regarding the fundamental physics
underlying this enhancement.?4255L.73

One effect that has been implicated in hybrid systems is interfacial charge transfer, or surface
doping. Surface transfer doping implies that, at the inorganic-organic interface, some extent of
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band bending occurs, causing charge accumulation at the interface. Because of this phenomenon,
there is a local doping effect, wherein the carrier concentration is increased in either the organic
or inorganic phase.?® This form of doping reduces the impact of impurity scattering, providing
greater carrier mobility at the interface and local regions of enhanced carrier concentration. Such
a phenomenon necessitates proper matching of energetic states between the organic and inorganic
molecules at the interface. The major point of contention here is related to the relative roles of the
organic and inorganic phases. Some groups have suggested that the inorganic phase dominates
conductivity in hybrid films.?6.4 More recently, several studies have implicated the organic phase
as being the dominant phase in hybrid carrier transport.”" These studies have suggested that the
inorganic phase aids in reducing thermal conductivity by scattering phonons, or provides an
interfacial doping effect to increase the local carrier concentration in the organic component at the
organic-inorganic interface.

A second effect that has recently been implicated as a key factor in hybrid thermoelectric transport
is physical templating of the organic phase on an inorganic surface.”7 In this effect, the surface
of an inorganic nanoparticle acts as a template. Upon deposition of the organic component on this
surface, the template encourages highly organized packing of the conductive organic molecule.
Since the mobility of carriers in the organic phase is highly sensitive to the morphology and
packing, such a templating effect can cause the formation of locally high mobility carrier transport
pathways at the organic-inorganic surface.

Despite the progress described here, consensus over the relative importance of these two effects in
hybrid systems has been elusive. Attempts at direct observation of these phenomena have met with
little success, in particular due to the structural and energetic complexities of hybrid systems. Large
AC conductivities, representing current driven by an oscillating electric field, have been observed
in hybrid materials with relatively low DC conductivities. Because AC conductivities
measurements are sensitive to carrier dynamics within localized domains, whereas DC
conductivity measurements probe the aggregate thin film properties, this result is suggestive of
critical differences between intra-domain and inter-domain transport within hybrid films.”® At a
fundamental level, the field still lacks a satisfying description of identity and role of dominant
charge carriers in hybrid materials. Dense networks of bipolarons have been implicated in the
formation of semimetallic states in highly conductive polymers, but this model is difficult to assess
experimentally or extend into hybrid systems.?® Further investigation of the interaction between
free carriers and polarons/bipolarons, and the structural and energetic inhomogeneities present at
the organic-inorganic interface will be key in furthering the field’s understanding of conduction in
hybrid materials.

2.2 Seebeck Coefficient / Thermopower

In addition to responding to a voltage bias, charge carriers can also be induced to migrate in a
material by the application of a temperature gradient, an effect whose magnitude is characterized
by the Seebeck coefficient, or thermopower. The Seebeck coefficient represents the open circuit
voltage developed across a material per degree of thermal gradient applied. Physically, this
phenomenon occurs as carriers on the hot side of the material will tend to diffuse towards the cold
side, creating a gradient in carrier concentration. This gradient is also opposed by drift of carriers
due to the internal electric field that develops as a consequence. Thus, the Seebeck coefficient has
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a complex dependence on the carrier concentration and energetic landscape of a material.
Generally, the Seebeck coefficient in organic materials can be described as

s=5(2) [ G (-5g) e

where o is the electrical conductivity, ks IS the Boltzmann constant, e is the elementary charge, Er
is the Fermi energy, ok Is the transport function, and f is the Fermi function. The form of ce(E,T)
depends on the mechanism of transport, and thus the temperature dependence of S also depends
on the transport mechanism. The matter is further complicated by experimental measurements that
do not fit with a single transport measurement. That is, oe(E,T) sensitively depends on a complex
mixture of the density of states (DOS), carrier velocity, and relaxation times, all of which have a
nonlinear dependence on the energy of the carrier above the transport edge. In Kang and Snyder’s
recent work, a general form of ce(E,T) is given:

og(E, T) = ago(T) (Ek;ft>s

where ceo(T) is a key parameter that arises from Kang and Snyder’s work called the transport
coefficient, Et is the transport edge, and s is the scattering parameter. Note that ce=0 for all E<E+.%
One remarkable result from analysis is the emergence of the power law Sao~1/#, a universal
empirical relation that has previously eluded theoretical description.54

The position of the Fermi level within the DOS strongly affects the Seebeck coefficient in a
material. By distorting the DOS via nanoconfinement in quantum well structures or band
engineering researchers have sought to produce enhanced Seebeck coefficients.””’® Alternatively,
moving the Fermi level via dedoping can be an effective technique for increasing the Seebeck
coefficient, although it also leads to a simultaneous reduction of electrical conductivity. For
example, the Seebeck coefficient in the polymer blend poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) can be increased by using solvent
treatments to dedope the system via removal of PSS.51.728 Electrochemical dedoping has also been
used to analogous effect; electrochemically oxidizing a PEDOT:PSS thin film was shown to tune
the thermoelectric properties and achieve a maximum power factor of 25pW/mK?2.8! Chemical
oxidation has been shown to similarly tune the thermoelectric properties in poly(3,4-
ethylenedioxythiophene):tosylate (PEDOT:Tos) films. Bubnova et al. used chemical oxidation to
vary the carrier concentration in PEDOT:Tos from 15 to 40% oxidation, reaching a maximum ZT
of 0.25.1°

Another strategy for increasing the asymmetry of mobile carriers about the Fermi level is energy
filtering. This approach seeks to scatter low-energy (cold) carriers without hindering transport of
high-energy (hot) carriers. Typically, a moderately sized energetic barrier is introduced for this
purpose. In theory, this method reduces the electrical conductivity since some cold carriers are no
longer able to participate in conduction, but since ZT is quadratically dependent on S and linearly
on o, this is still a viable technique for enhancing the thermoelectric efficiency of a material.
Energy filtering has been implicated in several reports of high thermoelectric performance,
especially in hybrid material systems.?*26 But since direct observation of energy filtering is an
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experimental challenge, no study has been able to definitively demonstrate this phenomenon. In
fact, several reports have suggested that the role of energy filtering has been overestimated in the
thermoelectric literature.”82

2.3 Thermal Conductivity

Thermal conductivity (k) represents a material’s ability to conduct heat. This parameter represents
a unique challenge to the thermoelectric community. To achieve high thermoelectric performance,
the thermal conductivity of a material must be minimized. This requirement typically conflicts
with the need to achieve high electrical conductivities, as the two are often closely coupled and
relate to some degree to bond strength and material order. Moreover, among the main three
thermoelectric material properties, the accurate measurement of thermal conductivity is the most
challenging due to the strong sensitivity of measurement techniques to parasitic heat conduction
paths. Generally, the thermal conductivity can be thought of as a combination of thermal
conduction via lattice vibration (phonons) and thermal transport via electrons. Significant
improvements in the performance of traditional inorganic thermoelectric materials over the past
couple decades have largely been the result of nanostructuring. The foundational principle of
nanostructured thermoelectrics is to reduce the length-scale of materials to below the phonon mean
free path, reducing the thermal conductivity via increased phonon scattering without impeding
electronic transport.>8384  Additional approaches include grain boundary engineering and
introduction of mesostructure.8>8 Theoretically, the thermal conductivity can be written as

1
K= f (L TY(DL(L TYdA

where A is the wavelength, Cy is the specific heat per unit wavelength, v is the group velocity, L is
the spectra mean-free path, although this description applies more satisfactorily to inorganic than
organic systems. According to this prediction, k can be reduced either by reduction in the product
Cu(\, T)v(L) through phonon confinement in nanomaterials and superlattices with extremely small
dimensions, or by reducing L(A ,T) through enhancement of phonon boundary and interface
scattering. In order to optimize the thermal conductivity in a given material, theoretical approaches
have been developed including molecular dynamics simulations,®” first-principles calculations,?
and machine learning, data-driven methods.8%%° Experimental measurement of phonon transport is
more challenging. The most common techniques to measure thermal conductivity include time-
domain thermoreflectance (TDTR) and the 3w-method.®® Thermal conductivity measurements
using Raman spectroscopy®? and inelastic neutron scattering are also useful in certain instances.®?

While TDTR and 3o are the most commonly used techniques to measure thermal conductivity of
thermoelectric thin films, both methods most easily measure the out-of-plane thermal conductivity.
Since it’s well known that STE materials can feature high degrees of anisotropy, greater emphasis
must be placed on measurements of in-plane thermal conductivity, especially given that in-plane
tends to be the relevant direction of transport for a device. For example, the thermal conductivity
of PEDOT:PSS, a polymer blend that exhibits remarkably high thermoelectric performance, has
been shown to possess considerable anisotropy in thin films, with the in-plane thermal conductivity
up to three times greater than the out-of-plane value.®* This finding suggests that, if only out-of-
plane thermal conductivity is measured, then the reported material ZT may be off by large margin.
Indeed, in organic materials, the thermal conductivity is often assumed to be low due to the
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presence of organic components, but it is important to note that this is an assumption. Using
suspended microdevices, the thermal conductivity of high conductivity PEDOT thin films has
recently been reported to be greater than expected.® Despite the difficulties of obtaining reliable
thermal conductivity measurements in the direction relevant to transport, it is nonetheless an
important measurement for the accurate characterization of thermoelectric efficiency.%

Hybrid films provide an opportunity to reduce the thermal conductivity via inclusion of
nanostructures to enhance phonon scattering. Wang et al. recently showed that a hybrid film of
PEDOT deposited on top of a periodic superlattice of BizTes nanoparticles reduced the thermal
conductivity from 1.52 W/mK (pure PEDOT) to below 0.6 W/mK with the inclusion of 50%
Bi2Tes nanoparticles.” Using an exfoliation-and-reassembly method, Tian et al. demonstrated that
a flexible n-type TiS2/hexylamine composite exhibited in-plane thermal conductivity as low as
0.37, which is an order of magnitude smaller than that of single-crystal TiS2 (4.2 W/mK).% In
another result, a high performing TiSz/fullerene composite (ZT~0.3 at 400K) was measured to
have thermal conductivity of 0.61-0.96 W/mK.52 These studies illustrate that rational design of
organic-inorganic composite thermoelectrics can provide significant advantage over single-
component films.

2.4 Mechanical Properties

Beyond thermoelectric properties, STEGs capitalize on favorable mechanical properties of organic
materials. To fabricate conformal geometries, the STEG must function properly under strain
without cracking or delamination. Indeed, stress or strain on a thermoelectric module can have
strong effects on the electrical and thermal transport properties, and thus the overall thermoelectric
efficiency.®®% Hokazono et al. showed that a STEG made from PEDOT:PSS was able to undergo
up to 10,000 repeated bending operations without significant reduction in thermoelectric
properties.®® Similarly, Dong et al. performed up to 6,000 bending test on a composite organic-
inorganic STEG, which experience little to no loss in thermoelectric performance after up to 5,000
bending cycles.® While bending tests are important, it is important to perform additional stress
tests for other failure modes, such as in-plane stretching and out-of-plane compression, although
such experiments are infrequent as of yet.%° Stability can also be a critical issue in organic systems
due to the risk of photo-induced oxidation, and rigorous stability tests are often missing from
STEG demonstration reports. Hokazono et al. showed that a pure PEDOT:PSS STEG experienced
only 17% decrease in electrical conductivity after 3600 hours of heating to 353K in air.3° However,
stability requirements for commercial applications are stringent, and a given material’s stability
will be strongly influenced by molecular design and module architecture and thus warrants greater
emphasis in the field.
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Chapter 3. State-of-the-Art: Soft Thermoelectric Materials
Development and Device Demonstration

Adapted from “Progress and Perspective: Soft Thermoelectric Materials for Wearable and
Internet - of - Things Applications,” EW Zaia, MP Gordon, P Yuan, JJ Urban, Advanced
Electronic Materials, 2019, Early View (DOI: 10.1002/aelm.201800823) with permission of the
authors. Reproduced with permission of Advanced Electronic Materials.

3.1 Organic Materials

In recent years, state-of-the-art in single component soft TE materials have rapidly caught up with
their inorganic counterparts (Figure 3.1), at least for hole transporting materials. In particular, p-
type polymers, driven by the emergence of highly conductive PEDOT, have seen explosive
improvement in thermoelectric performance, achieving up to ZT=0.2.1°20101 Generally, these
polymers have a conjugated backbone, often containing thiophene-derivative repeat units. It is
these conjugated core motifs that enable charge transport, while side chains are usually responsible
for aiding in solution-processability and molecular assembly in the solid state (see Figure 3.1 for
several prototypical organic thermoelectric molecules). Such organic materials usually manifest in
the solid-state as polycrystalline solids. Because the mobility of carriers in organic domains is
known to depend strongly on electronic coupling between molecules, both molecular structure and
assembly are critical factors in determining the overall thermoelectric properties of organic
materials.%? This material class is rich with recent work and developments, which several excellent
reviews have recently detailed comprehensively.>71% Here, we will focus instead on gaps and
critical challenges remaining within the field. Further, in light of the potential applications for
STEGs, we believe it is important to place particular emphasis on solution-processed materials,
which are exceptionally attractive in the effort to realize printed thermoelectrics for practical
application.

On the other hand, high performing, stable n-type STEs remain relatively scarce. Organic
molecules typically exhibit large HOMO-LUMO (highest occupied molecular orbital-lowest
unoccupied molecular orbital) gaps with shallow LUMOs. Carriers occupying shallow LUMO
levels tend to be highly reactive, causing n-type doping in such materials to be unstable, and
designing molecules that circumvent this issue has proven challenging.%* Nonetheless, several
STEs have recently been reported to have stable n-type thermoelectric properties, albeit with
performances lagging behind their p-type counterparts. State-of-the-art in this material class
include poly(metal 1,1,2,2-ethenetetrathiolate) (poly(M-ett)) derivatives — conjugated polymers
with metal ions in the backbone.® Using Nickel as the central metal ion, Sun et al. demonstrated
power factors up to 66 uW/mK?2.1% A critical drawback to this material class is that the polymers
themselves tend to be insoluble, relying on solid-state powder processing. This element makes
them unsuitable for solution-based techniques and thus unfavorable from a processing/fabrication
standpoint. While utilizing a soluble binder could circumvent this issue, the necessary powder
processing increases fabrication complexity and incurs additional associated costs. It is preferable
to instead develop solution-processed n-type STEs, among which the highest thermoelectric
performances have been observed in doped single-walled carbon nanotubes and halogenated
benzodifurandione-based oligo (p-phenylene vinylene) (BDPPV) derivatives, with power factors
of 18 and 28 pW/mK?, respectively.1%-108 Also worth noting are perylene diimide derivatives
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(PDIs), a family of small molecule n-type semiconductors with excellent solution processability
capable of being synthesized large scale / low cost, and fullerenes, spheroidal conjugated carbon
networks with notably low thermal conductivities.'%®%1° The top performing PDI has demonstrated
power factors up to 1.4 pW/mK? and top performing fullerenes 30 uW/mK?, as of yet insufficient
for practical applications.109111-114
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Figure 3.1 Summary of common STE materials. Chemical structures are given for (a) common
thermoelectric polymers and b) inorganic thermoelectric semiconductors. High performing hybrid
organic-inorganic composites include p-type Te-Cu1.75sTe/PEDOT:PSS nanowires ( (c) schematic
depiction of synthesis, (d) transmission electron microscopy (TEM) image, and (e) optical image),
and n-type TiS2/Ceo nanosheet/nanoparticle composite ( (f) schematic depiction of Ceo
nanoparticle intercalation, (g) TEM image and (h) optical image).

3.2 Organic-Inorganic Composite Thermoelectrics

Drawing on developments in both organic and inorganic semiconductors, the field of hybrid
organic-inorganic composite thermoelectrics has seen rapid progress in the past decade. While
there is still contentious debate over exactly how hybrid materials are able to outperform their
individual components, it is clear that the organic-inorganic interface plays a critical role.26:115-117
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Thus, ideal hybrid material design includes large interfacial areas and precise control over the
interfacial properties, as well as favorable physical interaction between the organic and inorganic
phases. Additionally, composites of organic and inorganic materials are not necessarily
mechanically flexible. Creative and intelligent design procedures must be employed to leverage
the mechanical properties desired from the organic phase while achieving satisfactory
thermoelectric performance. Hybrid design strategies will be discussed in the following sections.
A large selection of state-of-the-art STE materials are collected, and their thermoelectric properties
are shown as a function of electrical conductivity in Figure 3.2. Hybrid materials systems are
highlighted as among the highest performing STE materials and are particularly able to contribute
high-performance n-type materials, which organic materials alone have difficulty doing.

While STE materials development has seen encouraging and rapid progress in recent years, there
is room for the field to advance at a process-level. With a large pool of candidate materials and
extensive list of tunable material and film parameters, it is only natural that exhaustive trial-and-
error materials discovery efforts are limited in both rate and scope. Data-driven methodologies
such as machine learning have been integrated with encouraging results in fields like
bioinformatics, but have been slow to spread in materials science, likely due to the complexity and
variety of materials data.''®1® Early efforts have been slowed by challenges such as
communicating between data sets with nuanced structural differences, parsing unstructured data,
and combining multiple data sources.?®120-122 Considerable interest in this line of investigation has
sparked the launch of multi-agency initiatives such as the Materials Genome Initiative and
Materials Project.*?3124 This is an area of active and dynamic research facing substantial challenges.
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Figure 3.2 Summary of the thermoelectric properties of a wide variety of organic and organic-
inorganic STE materials.® The Seebeck coefficient (S, top) and power factor (PF, bottom) are
plotted as a function of electrical conductivity (). The black lines represent the empirical relations
S o< 6~1/% (top) and PF o /2 (bottom). Hybrid material systems are highlighted as among the
highest performing STEs,12:24-26:51.52,52,56-60,74,82,116,125-134 Hjgh performing Bi2Tes compounds are
included for reference as the benchmark room-temperature thermoelectric material.

3.3 p-type Organic-Inorganic Composite Thermoelectrics

There are several ways to design composite materials, the most popular of which is to separately
synthesize the inorganic and organic components, and then to physically mix them, either in
solution or in the solid state. Often this takes the form of inclusion of inorganic nanoparticles in a
polymer matrix. This is an intuitive approach, but by no means the most effective. When mixing
distinct components, one has little control over the formation of interfaces and dispersion of
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nanoparticles and phase segregation or discontinuity can lead to poor or anomalous and
irreproducible transport properties. Additionally, because nanostructures typically require surface
ligands to provide stability and solution-processability, interaction between the active materials is
softened by inactive surface species. Surface ligands tend to be electronically insulating, detracting
from the aggregate performance of the resulting composite. While these composites can
demonstrate enhanced thermoelectric performance, the underlying physics is often elusive due to
the complex and chaotic nature of the composites. Nonetheless, this approach represents a viable
method for preparation of hybrid organic-inorganic composites with enhanced thermoelectric
performance. For example, He et al. demonstrated high performing hybrid composite comprising
Bi2Tes nanowires embedded in a P3HT matrix.?® The authors observed a fivefold improvement in
the Seebeck coefficient, which they attributed to carrier energy scattering. The physical mixture
approach can be extended to increasingly complex systems. Choi et al. prepared three-component
composite thermoelectrics using PEDOT:PSS, single walled carbon nanotubes (SWCNT), and
gold nanoparticles, observing very high conductivities.*?® The authors concluded that the gold
nanoparticles acted as dopants to the SWCNT in the system, and treated the PEDOT:PSS as mostly
an inactive matrix.

Alternatively, in situ approaches tend to provide more intimate interphase interactions, with direct
control over the interfacial properties. In 2010, See et al. reported a synthesis for PEDOT:PSS-Te
nanowires (NWs), where PEDOT:PSS acts as both a structure-directing agent and stabilizing
ligand in the formation of the Te NWs. These composites demonstrated surprisingly high electrical
conductivity, exceeding either individual component and achieving a ZT~0.1.2* Using a three-
component model and AC impedance studies, it was suggested that, at the nanoscale organic-
inorganic interface, there exists a high conductivity interfacial region that is responsible for the
enhanced transport observed at the macroscale.’®!!° In addition to enhanced transport at the hard-
soft interface, the authors suggest that energy filtering likely plays a role in the composite
performance due to the work function matching between PEDOT:PSS and Te. In fact, most reports
in this hybrid class of materials implicate one of the following mechanisms in observed high
thermoelectric performance: 1) energy filtering, 2) locally enhanced transport at the organic-
inorganic interface, and 3) interphase charge transfer/doping. While it is likely all three
mechanisms are active to some degree, it is our opinion that the role of energy filtering has been
overestimated in this field, in large part due to the difficulty of directly observing these three
phenomena or disentangling the complex set of interactions. In principle, to strongly suggest that
energy filtering as an operative mechanism requires careful temperature-dependent measurements
and materials of high-enough quality such that the relevant scattering lengths exceed material
dimensions. In practice, few works have achieved this level of rigor for these families of organic
and hybrid materials.

Researchers often cite theoretical values for work functions or HOMO/LUMO levels to predict
material combinations that will enable energy filtering. However, these theoretical values are often
tabulated for bulk materials; it is well known that nanomaterials exhibit shifts in these energetics.
In 2017, Liang et al. reported on the role of energy filtering in enhanced thermoelectric
performance of a hybrid P3HT-Te nanowire system.8? In this work, the authors used ultraviolet
photoelectron spectroscopy to confirm the relevant work functions instead of using tabulated
values. Despite the appropriateness of the work functions and the observed improvement in
thermoelectric performance, the authors concluded that energy filtering was not a contributing
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factor. More recently, we performed a detailed study of a PEDOT:PSS-Te(Cux) hybrid material
system, in which energy filtering had been similarly implicated. A full suite of experiment,
simulation, and modeling was used to disentangle the complex physics underlying the observed
thermoelectric trends. Again, it was concluded that energy filtering, or a modification of the energy
dependent scattering in the system, was not responsible for the high thermoelectric performance
achieved in these composites. Instead, the key transport properties were dominated by the effects
of polymer morphology at the organic-inorganic interface and interfacial charge transfer. That is,
it was observed that the organic polymer, in this case PEDOT, self-assembled into a highly ordered
structure at the inorganic surface (Figure 3.3). It is well known that the crystallinity and structure
of polymeric domains is strongly correlated to the electrical conductivity and carrier mobility of
the polymer.1% This physical templating effect caused the formation of a region of locally
enhanced carrier transport at the organic-inorganic interface. While this is in line with the early
hypotheses proposed by Coates et al., this was the first theoretical observation of such a templating
effect in an organic-inorganic hybrid thermoelectric system.'%> Further, DFT calculations revealed
that charge transfer occurred at the PEDOT-Te/PEDOT-Cui.7sTe interfaces, causing a de-dedoping
effect in the PEDOT phase. This dedoping was in part responsible for the enhanced Seebeck
coefficient observed in this system, which had been previously interpreted as indicative of a
modification in the energy-dependence of carrier scattering. Given that this physical templating
effect is a key factor in high performing organic-inorganic hybrid thermoelectrics, next-generation
materials should be designed with this phenomenon in mind. While pursuit of record-breaking
performance is critical in the field of STEs, careful study of the physical mechanisms behind

enhanced transport in complex hybrid systems remains a subject in need of further and broader
investigation in this field.
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Figure 3.3 Theoretical studies reveal that a physical templating effect of PEDOT on the inorganic

Te surface in PEDOT:PSS-Te(Cux) nanowires creates regions of high local ordering/alignment of
PEDOT molecules at the hard-soft interface.” Cartoon depiction are shown for (a) PEDOT:PSS-
Te NWs and (b) PEDOT:PSS/Te-Cur7sTe NWSs. Molecular dynamics simulations reveal
morphology and alignment of PEDOT (blue) and PSS (red) molecules on the surface of (c) Te and
(d) Cuw75Te surfaces, both accompanied by respective atomic concentration profiles.
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Another point of contention in the hybrid thermoelectric literature is the relative contribution of
the organic or inorganic phases to the overall transport properties. While many reports treat the
inorganic components as active thermoelectric material and the organic as a filler matrix, there is
abundant evidence that the organic component plays an active role in carrier transport. For example,
by applying the Snyder model, our recent work provides evidence that the high performance in the
PEDOT-Te(Cux) system is driven primarily by thermoelectric transport in the organic phase. The
thermoelectric trends in this system are only fit by a scattering parameter s=1, a signature of
transport in PEDOT domains. Careful controls were used to show that transport in the Te domain
in the absence of PEDOT did not adhere to the same s=1 fit. The implication here is that the
contribution of the inorganic phase is largely as a template for the organic component and for its
role in the interfacial dedoping of PEDOT. In the case of PEDOT, this result is ultimately not too
surprising; single crystal PEDOT has been reported to achieve up to a remarkable 8800 S/cm, and
so highly ordered PEDOT channels can be expected to dominate carrier transport in semiconductor
composite systems.®

In fact, PEDOT has been such a critical element in recent STE progress that almost all top
performing hybrid systems utilize PEDOT as the organic component. One element that is shared
between current state-of-the-art materials is careful control over the organic-inorganic interface.
The PEDOT-Te nanowire system, created in situ and therefore with very intimate bonding between
the hard and soft phases, has been reported to reach power factors as high as 280 uW/mK? using
sulfuric acid post-treatment.® Ju et al. prepared a composite of exfoliated nanosheets of SnSe and
PEDOT:PSS, exhibiting a power factor of 380 uW/mK? (ZT~0.32 at room temperature).?® More
recently, Wang et al. demonstrated remarkably high performance in a flexible PEDOT-Bi2Tes
nanoparticle system, achieving a power factor up to ~1350 uW/mK?2, corresponding to ZT~0.58 at
room temperature.” For reference, prototypical Bi2Tes materials demonstrate power factors
around 2000-4000 uW/mK?2.13>136 |n this work, nanoparticles of Biz2Tes are periodically and
carefully deposited on a substrate in a regular pattern (Figure 3.4). A continuous phase of
conducting PEDOT is formed directly onto these nanoparticles using vapor polymerization. Here,
the authors suggest that the organic PEDOT phase is responsible for the high conductivity of the
films, whereas the monodispersed Bi2Tes particles provide phononic scattering modes that reduce
the thermal conductivity and enhance the overall thermoelectric figure of merit. In addition to the
periodic nanoparticle dispersion, this technique benefits from vapor polymerization of PEDOT
directly onto the nanoparticle surface; vapor polymerization has been shown to form PEDOT films
with a high degree of crystalline ordering and circumvents the need for insulating PSS moieties.
However, vapor techniques are costly to scale up and tend to be much more expensive from a
fabrication standpoint than solution-based techniques, restricting the practical application of such
an approach.
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Figure 3.4 High thermoelectric performance is achieved in a PEDOT-Bi2Tes nanoparticle
composite via deposition of a periodic array of Bi2Tes to disrupt phonon transport.” (a) Schematic
diagram of synthetic method. Scanning electron microscopy (SEM) images are depicted for b)
closely packed polystyrene nanoparticles used to create the periodic pattern, c) Bi2Tes
nanoparticles deposited using this pattern, and d) PEDOT-Bi2Tes hybrid films after vapor
deposition of PEDOT. All panels reproduced with permission.” Copyright 2018, Springer Nature.

3.4 n-type Organic-Inorganic Composite Thermoelectrics

The impressive progress in hybrid STE materials discussed thus far has focused on p-type systems.
There has also been progress in n-type hybrid thermoelectrics, but these instances are far scarcer,
as can be seen in Figure 3.2. The fundamental reasons for this were stated earlier and developing
high-performing n-type materials remains a fundamental challenge to the field of STE, perhaps
requiring synthesis of new derivatized polymers or new classes of hybrid materials. Currently, the
top performers in this category tend to rely on n-type Bi2Tes materials. For example, Zhang et al.
used a layer-by-layer deposition technique to achieve a power factor of 80 pW/mK? in n-type
PEDOT-Bi2Tes films.??” Combining n-type Bi-Tes with carbon nanotubes, An et al. were able to
prepare flexible thermoelectric films with a power factor of 225 uW/mK?2.116 Recently, Wang et
al. reported an approach to creating composites of C60 fullerenes with TiS2 to rival the
performance of single crystal TiSz, achieving a power factor of ~ 400 uW/mK? and ZT=0.3 at
400K, significantly exceeding other state-of-the-art in solution printable n-type materials.5? While
the TiS2 was synthesized in the solid-state, the composite was solubilized, enabling solution
printing of the hybrid material onto flexible substrates (Figure 3.1f). Further, the authors prepared
a flexible thermoelectric device (using a PEDOT:PSS/SWCNT ink as the p-leg), generating up to
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350 nW of power at a 20K temperature gradient. While these materials are able to leverage
solution-based printing techniques, the synthetic requirements still represent an issue practically,
as the TiSz synthesis involves 4 days of continuous heating between 450-650°C, followed by solid-
state processing and ball milling.*3” Nonetheless, this represents a remarkable step forward in n-
type hybrid material development. Further work on this material system will likely be fruitful in
advancing state-of-the-art and expanding the number of feasible n-type hybrid material systems.

3.5 Demonstrated Thermoelectric Devices

Typical thermoelectric modules are composed of alternating p- and n-type legs connected
electrically in series and thermally in parallel. While unileg devices are possible, by utilizing both
p- and n-legs, and by connecting many legs in series, it is possible to produce large output voltages
across the device. As previously discussed, this device voltage is an important consideration for
pairing a TEG with a compatible technology. However, many other considerations are relevant for
the effective design of functional TEGs. Beyond the choice of high-performing materials,
considerations such as leg geometry, fill factor, and electrical impedance matching all contribute
to optimizing power generation from a TEG. Due to decades of development, design strategies for
rigid, inorganic-based thermoelectric modules are well established. On the other hand, design of
STEG modules presents challenges quite distinct from the current best practices. Solution-based
techniques, specifically roll-to-roll and other printing methodologies, typically result in structures
with micron-scale thickness, deposited onto a substrate. In most approaches, this translates to
precise 2-dimensional control over leg width and length, but a lack of control over leg thicknesses.
The STEG field is currently in early development stages, with focus on proof-of-principal
demonstrations.®3%51.138-142 Many of these reports include power generation measurements
performed on 2D planar modules. However, to probe the practical performance of new materials
in STEG modules, it is important to design more realistic module architectures. State-of-the-art
involves creative strategies to convert printed 2D arrays into functional 3D architectures (Figure
3.5). Often, leveraging the unique mechanical advantages offered by STEGs, these 3D
architectures involve rolling, folding, or stacking of 2D printed arrays of thin film legs.1®
Corrugated architectures have been fabricated using thermal and mechanical techniques as well.#
Proof-of-concept demonstrations have been promising, but it will be crucial to ensure that such
devices are robust against mechanical failures, including cracking and delamination.
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customizable 3-D architectures

Figure 3.5 Transitioning to soft thermoelectric materials necessitates new strategies for
thermoelectric module design relative to traditional inorganic thermoelectric devices. While
traditional inorganic thermoelectric devices are constructed in rigid wafer geometries, STEs
leverage inexpensive solution-based processing techniques, enabling the reliable patterning of 2D
arrays of thermoelectric legs. These 2D arrays can be transformed into flexible and lightweight 3D
architectures with a variety of geometries relevant for wearable and 10T applications.

Since the development and demonstration of STEG modules is relatively new, it is difficult to
compare across reports. Every design is different, and maximum power generation depends on
factors such as number of p-n couples, applied thermal gradient, and average measurement
temperature. Some groups report power generation in units of energy, whereas some report in
terms of energy per unit area. With printed STEGs, cross-sectional areas can be quite small, which
can cause inflated results and confusion. We urge readers to be aware of these factors when
evaluating the performance of STEGs in the literature. Additionally, only few reports as of yet
include an assessment of device weight or power density per unit mass. As the field progresses
towards more realistic devices, the weight of a device will become increasingly relevant. Table 3.1
provides a brief summary of some of the key STEG demonstrations in the current literature. Note
that this table is not intended to be comprehensive, but to highlight several key results and to
illustrate the heterogeneity of experimental conditions, as well as the variety of solution-based
processing methods, being explored in the field.

In order to fabricate flexible thermoelectric devices, researchers have utilized strategies including
all-organic devices®14 active organic-inorganic hybrid composites®15213° and organic-
inorganic composites where the organic component acts as an inactive binder element.13.141.142
Initial demonstrations resulted in flexible STEGs capable of producing nanowatt level power. Top
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performing organic-based STEGs typically produce on the order of 100s of nW/cm? to ~1 uW/cm?,
Successful STEGs have been fabricated using carbon nanotube®3144-146 and PEDOT-based
materials®30:140.147 byt the highest performances in this class of materials have been achieved
using the organometallic poly(M-ett) polymers discussed in section 4.1.1% However, as previously
mentioned, these particular polymers are typically insoluble and require solid-state processing
unless solubilized with an additional binder element, rendering them less than appealing candidates
for integration into large scale manufacturing processes.

There have also been several reports of organic-inorganic hybrid STEG devices. Most of these
reports feature PEDOT-based materials, and the power generation achieved is on the order of 10s-
100s of nW.®51139 |n a particularly promising result, Kim et al. produced flexible TEGs capable
of generating remarkable power densities using a combination of screen printing and lift-off
techniques (Figure 3.6).141142 |n this approach, a thermoelectric paste is made using traditional
inorganic alloys as the active materials (i.e. Bi2Tes/Sb2Tes or Bio.sShi1.7Tes/Bi2SeosTez7) and
organic binder materials for processability.'%* Such a paste can be made compatible with printing
techniques, enabling the fabrication of flexible devices compatible with wearable or loT
applications. These designs resulted in outstanding power densities of ~3-5 mW/cm? using a 50K
temperature gradient and 8 pn couples, indicating that this approach has strong merit for future
work. However, the continued need for more expensive solid-state processing and use of toxic or
rare elements limits the use of such devices in biological or personal-use applications.
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Figure 3.6 Innovative approaches to soft thermoelectric device design are being developed to
fabricate flexible and lightweight thermoelectric devices compatible with wearable and loT
applications. (a) Rendering and (b) optical image of a high performing flexible thermoelectric
module fabricated using a combination of screen printing and lift off techniques with a composite
paste of inorganic alloy and organic binder.'#! (c) Schematic describing the process of fabricating
interconnected arrays of 3D helical thermoelectric coils. The thermoelectric legs are first patterned
in 2D using printing techniques, then transformed into a functional 3D array. (d) Optical images
show lightweight and flexible mechanical properties of the resulting device.'® Reproduced with
permission.'*! Copyright 2016, American Chemical Society.

In another promising result, Wang et al. used exfoliated TiS2 nanosheets, combined with Ceo
fullerene nanoparticles, to prepare a flexible STEG using solution-printing (discussed in section
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4.2.2).52 While TiS2 is synthesized in the solid-state, the composite becomes solution-processable
and therefore amenable to printing techniques.137 Under a temperature gradient of 20K and using
a simple SWCNT/PEDOT composite as the p-leg, the authors achieved up to 350 nW power
generation using only 2 pn couples.

Table 3.1 Summary of key reports in recent literature demonstrating power generation in STEG
devices. A number of solution-based fabrication and processing methods are utilized. The
heterogeneity in experimental conditions is highlighted in the various values for AT applied during
the power generation measurements, as well as the number of pn couples used in device design.
*No effective device area was given, so the maximum power density is reported rather than
maximum power output. **Note that fabrication of this device utilized solid-state processing
(compressed pellets of polymer), allowing for the realization of significantly more power output.
This approach does not leverage solution-based processing and likely does not achieve a
mechanically flexible device but has been included as a reference point for high performing

organic TEGs.

Fabrication p-type n-type No. of | Max Power
T . . Ref
ype Methods Material | Material AT (K) Couples Output €
Organic Ink Coat!ng PEDOT:PSS none 75 5 12 nW [140]
of Fabric
Organic | Ink Printing | PEDOT:PSS none 100 5 334 nW [30]
. Compressed | poly[Cux(Cu- | poly[Nax(Ni
Organic Pellet** ett)] ett)] 82 35 750,000 nW | [105]
. Vacuum PEDOT-Te .
Hybrid Filtration NWs Bi2Te3 NW 60 6 23 nW [139]
Hybrid | Spin Coating | PEDOT:PSS PED_(IJTEPSS 30 8 1.75 nW [9]
. _— PEDOT:PSS-
Hybrid Ink Printing Te NWs none 10 10 10 nW [51]
Screen
. Printing; . . 6320
Hybrld Laser MUlti- BIo_55b1_5TE3 BIzTEz_7SEo_3 26 72 uW/cmZ* [13]
scanning
. Screen : 3800
Hybrid Printing Sb,Tes Bi,Tes 50 8 UW/cm2* [142]
. _— PEDOT:PSS- .
Hybrid Ink Printing SWNT TiS2-Ceo 20 2 335 nW [52]
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Chapter 4. Enhanced Power Factors in PEDOT:PSS Hybrid
Thermoelectrics

Adapted from “Carrier Scattering at Alloy Nanointerfaces Enhances Power Factor in PEDOT:PSS
Hybrid Thermoelectrics,” EW Zaia, A Sahu, P Zhou, MP Gordon, JD Forster, S Aloni, YS Liu, J
Guo, JJ Urban, Nano Letters, 2016, 16.5, 3352-3359 (DOI: 10.1021/acs.nanolett.6b01009) with
permission of the authors. Reproduced with permission of Nano Letters.

4.1 Abstract

This work demonstrates the first method for controlled growth of heterostructures within hybrid
organic/inorganic nanocomposite thermoelectrics. Using a facile, aqueous technique, semimetal-
alloy nanointerfaces are patterned within a hybrid thermoelectric system consisting of tellurium
(Te) nanowires and the conducting polymer poly(3,4-ethylenedioxythiophene): poly(styrene-
sulfonate) (PEDOT:PSS). Specifically, this method is used to grow nanoscale islands of Cui.75Te
alloy subphases within hybrid PEDOT:PSS-Te nanowires. This technique is shown to provide
tunability of thermoelectric and electronic properties, providing up to 22% enhancement of the
system’s power factor in the low-doping regime. This work provides an exciting platform for
rational design of multiphase nanocomposites and highlights the potential for engineering novel
hybrid thermoelectrics via introduction of interfaces with controlled structural and energetic
properties. Additionally, this material platform represents an ideal prototype to systematically
examine the physics underlying enhanced carrier transport in hybrid materials and the role of
carrier filtering; such an investigation is detailed in Chapter 5.

4.2 Introduction

Hybrid solution-processed thermoelectric devices are uniquely poised among renewable energy
technologies as they offer the opportunity to directly convert waste heat to electricity while
simultaneously leveraging the advantages of inexpensive roll-to-roll fabrication and conformal
geometries to maximize heat capture'. To date, application of traditional inorganic thermoelectric
devices has been restricted to niche markets by high costs and low efficiencies®. Solution-
processed hybrid materials offer a promising route to develop new, low cost thermoelectric devices
by avoiding high-energy processing methods, but as of yet still require efficiency gains to become
commercially feasible'®8. For a given temperature T, the efficiency of a thermoelectric device is
typically characterized using a dimensionless figure of merit, ZT=S26T/x, which encompasses
three material properties: the Seebeck coefficient or thermopower S, electrical conductivity o, and
thermal conductivity k. Despite the fact that ZT has no theoretical limit, device performance has
proven difficult to enhance due to the anti-correlation of S and o in both inorganic and organic
material systems; improving one parameter often comes at the expense of the other®.

Classical approaches to optimizing the power factor (S%c) have typically involved optimizing
semiconductor doping to balance S and °. However, only a few materials have bypassed ZT=1
using this approach, even at the lab-scale®%. Thus, in recent years, great research emphasis has
been placed on using the unique tools of materials science to introduce alternative approaches to
enhancing the power factor, such as resonant states, minimizing bipolar effects, and modifying the
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energy-dependence of carrier scattering'>®3. This latter strategy leverages a phenomenon known
as carrier filtering. In this mechanism, a tall energetic barrier is established in either the conduction
or valence band (for n- or p-type conductors respectively) which selectively scatters low-energy
charge carriers, causing asymmetry in the distribution of mobile charge carriers around the energy
level of the potential barrier!*16. Since the Seebeck coefficient of the system is directly related to
the asymmetry of the carrier distribution about the Fermi energy, careful alignment of this potential
barrier near the Fermi level can provide systematic improvement in thermoelectric
performance>!’. Alternatively, introduction of energy-independent scattering mechanisms has
been shown to drastically impact electrical conductivity while leaving Seebeck coefficient largely
unaffected!®. Successful examples of controlling the energy-dependence of scattering events are
few in number and typically involve careful engineering of carrier transport paths within the
system!%-2L, In these cases, the system experiences a modest decrease in overall conductivity while
realizing large gains in Seebeck coefficient. Since ZT is quadratically dependent on Seebeck
coefficient and only linearly dependent on electrical conductivity, an overall enhancement in the
power factor S%c can be realized. However, many of these studies involve complex and poorly
characterized structures or carrier transport paths with very specialized interfacial interactions,
rendering it difficult to extend the results into other systems.

In this work, we present a novel and versatile colloidal technique for the patterning of alloy
subphases with known energetics within solution-processable hybrid nanocomposites. To our
knowledge, this is the first example of controlled growth of alloy subphases within hybrid
nanocomposites. This is an appealing concept — allowing for controlled nanoscale doping or
subpatterning within the growing class of complex organic/inorganic hybrid materials enables
rational design of materials with three or more distinct subphases. However, the challenges are
manifold: at the most basic level it is entropically more difficult to reliably structure three different
materials classes than it is two, or one. Mitigation of these challenges is assisted by the choice of
a favorable base material system. Beneficial criteria include (1) a well-defined nanostructure,
which allows for isolation of any structural changes due to subphase growth, (2) a single crystalline
primary phase so as to form predictable and reproducible interfaces upon initial subphase growth,
and (3) facile solution-based synthesis. Our model system for this alloy patterning study is a well-
characterized hybrid nanocomposite system composed of tellurium nanowires (Te NW) coated
with  conducting polymer  poly(3,4-ethylenedioxythiophene):  poly(styrene  sulfonate)
(PEDOT:PSS). We have previously reported aqueous synthesis of the PEDOT:PSS-Te NW
resulting in well-defined, single crystalline Te nanowire cores coated with a layer of PEDOT:PSS
(~150 meV work function offset)?2. This material demonstrates high thermoelectric performance
(ZT~ 0.1 at room temperature), in part because the PEDOT:PSS-Te nanocomposite unexpectedly
achieves greater electrical conductivity than either pure component while maintaining the
inherently low thermal conductivity of the native polymer (~0.2 Wm-K-1)?2-24, Significant effort
has gone into characterization of the carrier dynamics in this system, as well as optimization of the
power factor (up to 100 pWm?1K2)12325 |n this work, we induce the controlled patterning of
varying amounts of Te-metallic alloy subphases within the existing nanostructure and characterize
the resulting change in thermoelectric and electronic properties. Due to the facile, robust nature of
the material synthesis, we are able to produce large volumes of material in a single batch, enabling
statistical analysis of properties as a result of differing extents of subphase patterning while
avoiding batch-to-batch variation. In theory, such a material system should have energetics
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appropriate for energy dependent scattering, although further investigation is needed to draw any
conclusions on this effect (see Chapter 5).

In order to effectively leverage carrier filtering effects, a high degree of interfacial area must be
established with an appropriately sized energy barrier across the interface. This barrier should be
high enough to scatter low energy carriers, but low enough to maintain a high carrier concentration
and electrical conductivity, typically in the range of 1 — 10 ksT, where ks is the Boltzmann
constant'41°, One established strategy for the formation and control of these barriers is the growth
of metal-metal or metal-insulator heterostructures in existing materials?¢?’. First, two-dimensional
(2D) quantum wells and superlattices were studied and shown to have significant potential for ZT
enhancement. However, these systems are limited by strict requirements for epitaxy, scalability,
and cost. One-dimensional (1D) nanowires are advantageous because they feature relaxed epitaxy
and physics can be directly interrogated on a single nanowire basis. A host of well-explored vapor-
phase deposition techniques exist for precise patterning of one-dimensional (1D) nanostructures®-
32 For example, scientists have carefully grown 1D superlattices using molecular beam
epitaxy3132, These structures provide an important proof of principle for precise tuning of energetic
and optical properties in 1D systems but are limited by high costs and lack of scalability.
Alternatively, inclusion of nanoparticles in a matrix of thermoelectric material has been
successfully used to improve thermoelectric performance, but this route suffers from insufficient
control over the resulting interfaces and nanoparticle dispersion®3-3'. Instead, what is required is
engineering of target materials with well-defined interfaces and energetics. Recent advancements
in colloidal approaches have opened the door for controlled formation of versatile 1D
heterostructures or superlattices with low cost solution-based techniques3®-4%. While this route has
been successfully utilized with purely inorganic materials, we are the first to adapt it to rationally
designed nanopatterned hybrid materials, with implications for not only thermoelectric
applications, but also light-emitting diodes, photovoltaics, and other optoelectronic devices*%4243,
By leveraging interfacial control within patterned colloidal nanostructures, we utilize alloy
subphase growth within the PEDOT:PSS-Te NW system to attempt to tune the energy dependence
of carrier scatting.

For the identity of the subphase, copper was selected based on its high ionic mobility and modest
energetic mismatch with Te (~300 meV offset in work functions between Te and Cu or ~150 meV
offset between Te and Cuw.7sTe, a commonly observed alloy)#-46, This work function mismatch
corresponds to the generation of an energy barrier of roughly 12 keT for the pure components, or
6 ksT for the Te-alloy system. This model system is well suited to robustly demonstrate the effects
of energetic barriers on carrier transport, although the barrier is tall enough that we expect some
“hot” carriers to be scattered along with the majority of “cold” carriers. Using a simple aqueous
technique, we demonstrate formation of Cui.7sTe alloy subphases with precise conversion within
PEDOT:PSS-Te NWs (Figure 4.1a). The synthesis closely follows established methods to
fabricate PEDOT:PSS-Te NWs with aspect ratios of 36 + 4.0, consistent with previous studies®.
After growth of the wires and prior to any cleaning steps, the reaction mixture is divided and
aliquots of aqueous copper ions are injected to produce nanowires with varying amounts of copper
loading, PEDOT:PSS-Te(Cux). Regardless of the copper precursor used, identical structures and
material properties are obtained. The reactants are then stirred at room temperature for one hour.
The nanowires are subsequently cleaned, and devices are prepared for characterization following
established methods. Here, copper-loading ladders were performed with multiple samples
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prepared at each of twelve copper loading levels. These samples range from undoped to lightly
doped to fully exchanged nanowires. The extent of copper doping was measured using Inductively
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) and confirmed with Energy
Dispersive X-ray Spectroscopy (EDS), and the concentrations of organic and inorganic
components in each sample was quantified using Thermogravimetric Analysis (TGA). Throughout
this chapter, error bars represent the variation in measurements between samples. Any x or y error
bars not visible are captured within the data points. Full experimental details are provided in the
Supporting Information section.

4.3 Results and Discussion

Leveraging robust, large-scale PEDOT:PSS-Te NW synthesis, our method of colloidal subphase
nanopatterning permits fabrication of PEDOT:PSS-Te(Cux) NWs with a variety of Cu loading
extents from the same synthetic batch. This removes the need to perform a separate reaction to
tune any given parameter of interest and isolates the system from unnecessary degrees of freedom.
With this technique, we establish a precise baseline to isolate the effects of Cu doping on the carrier
transport in the system. Since we are introducing foreign atoms into an existing lattice, it is first
critical to understand how these atoms might distort the tellurium crystal structure and if Cu-Te
alloys, metallic Cu nanodomains, or simply defects are formed. Hence, it is necessary to perform
structural characterization of the resulting NWs. High-resolution transmission electron microscopy
(HR-TEM) images of both PEDOT:PSS-Te and PEDOT:PSS-Te(Cux) NWs before and after
subphase growth are shown in Figure 4.1. Since TEM samples only a countable few nanowires,
scanning-electron micrographs are included in the Supporting Information to depict larger-scale
organization. The nanowires are relatively monodisperse in size with an average length of 540 +
50 nm and diameter of 15 = 1.2 nm. The as-prepared PEDOT:PSS-Te NWs are rigid and primarily
single crystalline, consistent with previous reports?>#’. Interestingly, the TEM images reveal that
the growth of alloy subphases is accompanied by a morphological transition from rigid rods to
curved rods. Other groups have found this same phenomenon in similar systems, and it has been
suggested that the curving of the nanowires is a signature of an increase in general material
flexibility, presumably associated with a decrease in the elastic modulus of the nanowires*’. We
disagree with this hypothesis and propose that rod curvature is actually a result of structurally
misaligned but highly crystalline semimetal or alloy domains at grain boundaries. HR-TEM
images reveal a high degree of crystallinity at these bent regions instead of amorphous domains
that would be expected to have enhanced flexibility. Instead, grain boundaries between misaligned
crystal lattices exist at these bent regions, as seen in Figure 4.1e. STEM-EDS experiments revealed
that Cu is concentrated within the bent regions, whereas Te is present throughout the full nanowire
(Figure 4.8, in this chapter’s Supporting Information section), implying that the bent regions of
the nanowires are composed of Cu-Te alloy. Further, TEM analysis reveals that the kink angle in
the PEDOT:PSS-Te(Cux) nanowires is widely distributed between 100 and 160 degrees.
Mechanistically, this suggests that, during the transition from PEDOT:PSS-Te to polycrystalline
PEDOT:PSS-Te(Cux) NWs, highly mobile Cu ions penetrate the Te lattice, likely at defect sites
or grain boundaries, and nucleate an alloy crystallite from within the existing Te core. As
additional Cu ions penetrate the nanowire, the alloy crystal grows and incorporates Te atoms
already present. The growth of this new crystalline phase occurs at an angle relative to the original
Te nanowire orientation (labeled 6 in Figure 4.1e), causing the wire to kink in the process. In
other words, structurally mismatched interfaces at grain boundaries cause kinks in the previously
straight nanowires. Rather than an increase in mechanical flexibility, these angled domains are
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responsible for the rod curvature, suggesting that mechanical flexibility would not be much altered
from the original PEDOT:PSS-Te NWs. While the angle of the kink is related to both the lattice
plane of Cui.75Te growth and the Te facet at which the alloy nucleates, the heterogeneity of angles
observed in the nanowires implies no strong orientational preference for growth of the alloy
nanocrystals. However, due to the polycrystallinity of the alloy subphases and random distribution
of crystalline orientations observed in these domains, more in-depth TEM studies are required to
conclusively confirm or reject this hypothesis.

a)
Cu,,le
Te /PEDOT:PSS 4 ~ ions Te-Cu,,Te/PEDOT:PSS
Nanowires Nanowires

s

Figure 4.1 TEM images of nanowires with alloy subphases. (a) Cartoon depiction of Cu
incorporation and nucleation of alloy phases within PEDOT:PSS-Te NWs. (b) The original
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PEDOT:PSS-Te NWs are straight and rigid. (c) PEDOT:PSS-Te(Cux) NWs exhibit morphological
transition to bent wires. (d) High-resolution TEM shows PEDOT:PSS-Te NWs before conversion
are single crystalline. (e) PEDOT:PSS-Te(Cux) NWs appear polycrystalline and grain boundaries
are observed at angled portions of ‘bent’ wires. The interface between two crystal domains results
in angles ( 6 ) ranging from 100 to 160 degrees, which defines the curvature of the ‘bent’ wires.

The extent of subphase growth can be carefully controlled by the addition of precise amounts of
copper ions. Twelve samples were prepared with varying alloying extents, capturing the full
spectrum from minor subphase growth to complete conversion of the Te core to a Cu-Te alloy. X-
Ray Diffraction (XRD) spectra of these samples are shown in Figure 4.2. As expected, the as-
prepared PEDOT:PSS-Te NW can easily be indexed to metallic Te® (International Center for
Diffraction Data (ICDD) — PDF-4 #04-016-1605). After Cu addition, the majority subphase
formed is Cur7sTe (ICDD — PDF-4 # 04-007-0008), a copper-deficient analog to CuzTe, which
has been observed as the thermodynamically-favored structure in several similar systems*’48,
Surprisingly, the XRD patterns indicate the growth of the Cuwr7sTe alloy phase even when very
small amounts of Cu have been added to the system. In this low Cu loading regime, XRD patterns
also depict the primary peak for CuO (ICDD — PDF-4 #04-014-5856), implying that a small
amount of oxide impurities is present, which is unsurprising considering the reaction and film
deposition are both carried out in air. No XRD peaks are observed for CuTe, the favored alloy at
low copper loading in a bulk Cu-Te binary system. These results are corroborated by Cu L2,3-edge
X-ray absorption spectroscopy (XAS) using a synchrotron radiation source, which shows 2p3/?
characteristic transitions of both Cu** and Cu*2 species for samples even in the low copper-loading
regime (Figure 4.12). These XAS spectra are consistent with previous reports of materials
composed primarily of Cu*! species (such as CuizsTe) with a small amount of Cu*? oxide
impurities (CuO) due to the much larger absorption cross-section for Cu*? than for Cu*! species.
The preference for Cui75Te over CuTe subphases indicates a departure from bulk phase behavior,
which is likely the result of strain fields caused by the presence of copper alloy nanoregimes
between two segments of Te. Robinson et al. showed that the complex strain fields in one-
dimensional colloidal nanocrystals can be leveraged to form periodic superlattice structures during
growth of Ag2S subphases within existing CdS nanorods®. A critical result was the formation of
Ag-rich, locally stable Ag2S islands in the high Ag loading regime. This phase segregation is
driven by positive interfacial energies between the two materials and maintained by epitaxial
strain. Alternatively, in systems where epitaxial strain does not play much of a role, Ostwald
ripening causes the heterostructures to spontaneously convert to single-metal domains over time®°.
Here, the presence of stable localized Cu1.75Te subphases suggests that (1) there exists a positive
interfacial energy between the Te and Cui7sTe nanoregimes and (2) epitaxial strain and the
geometric constraint of a 1D system is significant enough to cause stability against ripening and
phase-mixing.
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Figure 4.2 XRD spectra are shown for the PEDOT:PSS-Te(Cux) NWSs. The reference lines given
at the bottom of the figure correspond to Tellurium (ICDD - PDF-4 #04-016-1605) and match
excellently with the PEDOT:PSS-Te (0% Cu) NWs. The reference spectrum for Cui.7sTe (ICDD
- PDF-4 # 04-007-0008), shown at the top of the figure, matches the high copper-loading samples,
indicating complete conversion to the alloy phase beyond 65 mol% Cu. The blue and red shaded
regions respectively emphasize the disappearance of Te peaks and appearance of Cui.7sTe peak as
copper loading is increased. The peak marked with an asterisk on the top spectrum does not match
either starting material or product, but instead indicates the presence of Cu20 impurities.

In the high copper loading regime, the XRD peak intensities corresponding to the CuizsTe
structure increase relative to the Te peaks, indicative of higher conversion of Te to the alloy
subphase. Also notable is that CuTeOs (ICDD PDF-4 #04-001-8705) and Cu20 (ICDD PDF-4
#04-002-0905) are formed as minor products in the presence of large amounts of copper. The peak
in Figure 4.2 marked with an asterisk corresponds with the major peak from a reference Cu20
spectrum, and additional peaks for both impurity species are convolved with existing peaks in the
Cuz7sTe spectrum. XPS spectra also support this claim and indicate the growth of characteristic
Te** 3d52 peaks for samples above 40 mol % Cu (Figure 4.11 in the Supporting Information). The
data also suggest that metallic copper domains exist in samples with high copper loadings, but
quantification is difficult due to the convolution of Cu® and Cu1.75Te XRD and XPS peaks. Above
65 mol% Cu, no Te peaks are measurable, indicating complete conversion to PEDOT:PSS-
Cu17sTe NWs.

Given the coexistence of several Te and Cu oxidation states in the fully converted nanowires, the
reaction mechanism is of particular interest. Originally, metallic tellurium nanowires are formed
in a mild reducing environment (ascorbic acid) with a thin coating of PEDOT:PSS. Upon addition
of the Cu precursor, highly mobile Cu*? ions are reduced by the ascorbic acid to form some Cu*!
and some metallic Cu ions, which diffuse through the organic layer. Cu ions travel easily through
the thin (~2 nm) PEDOT:PSS layer, as PEDOT:PSS forms an ion-transporting polymer layer with
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high H* mobility??. Other studies have proposed that Cu ions induce the following surface reaction
on the Te core: 3Te - Te™ + 2Te~2 47, Also likely is direct redox coupling by 2Cu + Te —
2Cu*l + Te™2. Cu*! ions then react with Te* to form a stable, copper deficient Cu17sTe alloy
phase localized within the Te core. Additionally, since the reaction is carried out under air, some
oxygen is expected to diffuse into the nanostructure. In the presence of large enough amounts of
copper, Te** reacts with Cu ions and available oxygen to form detectable amounts of CuTeOs and
unreacted Cu*! ions form Cu:O.

The thermoelectric and electronic properties of the hybrid system are shown in Figure 4.3. Most
notably, at low copper loadings, an increase in the Seebeck coefficient is observed, which
coincides with a modest drop in electrical conductivity. After optimization of PEDOT:PSS loading
(details provided in the Supporting Information), a 22% increase in the maximum power factor of
the system, up to 84 uW/mK?, was realized. This is an unexpected result; standard effective
medium theory predicts that the Seebeck coefficient of the composite will be intermediate between
that of the endpoint materials (~190 pV/K for PEDOT:PSS-Te and ~10 uV/K for PEDOT:PSS-
Cui75Te at room temperature)*’. Instead, we measure enhancement of the Seebeck coefficient up
to 220 uV/K in the composite, representing a 16% increase over the Seebeck coefficient of the
unalloyed hybrid even before optimization of PEDOT:PSS loading. This trend was confirmed with
four separate experiments to ensure reproducibility and demonstrate that this hybrid material
robustly exceeds mean field predictions. This trend is possibly caused by a modification of the
energy dependence of scattering due to the formation of an additional carrier scattering mechanism
upon subphase formation. However, more deliberate study of the carrier physics in this system is
necessary to make any further conclusions (see Chapter 5).
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Figure 4.3 Electronic and thermoelectric properties of the PEDOT:PSS-Te(Cux) NW as a function
of copper loading. (a) Non-monotonic trends in both Seebeck coefficient and electrical
conductivity suggest the energy dependence of carrier scattering has been modified by growth of
semimetal-alloy nanointerfaces. (b) Up to 22% improvement in the power factor of the system is
realized upon initial subphase growth. Note that power factors are reported after optimization of
PEDOT:PSS content, whereas the Seebeck coefficient and conductivity are reported before this
optimization.

It is important to note that the net Seebeck coefficient and electrical conductivity values are
measured from the nanowire mesh, so carrier transport at the interface between nanowires plays a
significant role. However, in this study all thin films prepared have consistent close-packed
nanowires mesh geometries, so that observed changes in electrical and thermoelectric properties
are due solely to additional carrier dynamics induced by subphase growth. Additionally, it is
known that PEDOT:PSS, as a blend of two ionomers, can interact strongly with additional ions.
It is necessary to probe the interaction between PEDOT:PSS and Cu ions to ensure that it is, in
fact, heterostructure formation that is responsible for the thermoelectric performance
enhancement. For this purpose, PEDOT:PSS films were doped with varying amounts of copper,
and the thermoelectric performance was characterized (full details in the Supporting Information
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section). Figure 4.14 demonstrates that the Cu ions negatively impact transport in PEDOT:PSS,
resulting in a decrease in Seebeck coefficient and power factor at all copper loadings. We conclude
that the observed changes in electrical and thermoelectric properties of the presented hybrid system
are dominated by the effect of heterostructure growth.
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Figure 4.4 Normalization procedure for comparing Seebeck coefficient values across hybrid
samples. (a) The Seebeck coefficients of two PEDOT:PSS-Te(Cux) NW systems, each with
different Cu loading, vary as a function of inorganic content. A linear fit was performed on each
to interpolate the data. The dotted line represents 50 wt% inorganic content for each system. The
point where the dotted line intersects with the linear fit was taken to be the normalized Seebeck
coefficient for each system at 50% inorganic-50% organic content. (b) Seebeck coefficients
normalized to 50 wt% inorganic content demonstrate the same Seebeck coefficient enhancement
seen in Figure 4.3, ruling out incorporation of more inorganic material as the mechanism
underlying this trend.

The low-doping Seebeck coefficient enhancement was reproduced across five synthetic batches
(each with typically 8-12 doping levels, 3 samples per doping level) using two different copper
precursors. However, it was noticed that the samples measured in Figure 4.3 had an additional
uncontrolled degree of freedom. Each sample had a slightly different amount of PEDOT:PSS
polymer in the NW coating as measured by TGA. This effect can potentially lead to trivially
enhanced thermopower in samples with larger amounts of the high-Seebeck coefficient component
(Te) and less of the low-Seebeck coefficient component (PEDOT:PSS). To remove this
compositional effect and isolate the effect of subphase growth on the performance of the samples,
a normalization procedure was used. In this procedure, samples were prepared at each of six
different extents of subphase growth. Each of these six were split into twelve sub-batches, and
each sub-batch was diluted with a different amount of PEDOT:PSS. The Seebeck coefficient and
electrical conductivity of each were measured at each point along this PEDOT:PSS ladder. By
interpolation, the normalized thermoelectric performance of each sample at 50 wt% PEDOT:PSS
— 50 wt% inorganic content was calculated. Two representative PEDOT:PSS ladders for Seebeck
coefficient are shown in Figure 4.4 with the extracted normalized values indicated by the dotted
line. After normalization of all data, it is clear that the trend depicted in Figure 4.3 is recovered,
indicating that the performance enhancement is indeed a result of controlled subphase patterning
within the hybrid NWs.
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Figure 4.5 Band structure in Te-Cuwr7sTe nanocomposites illustrates potential mechanism of
energy-dependent scattering events. (a) Band structure of Te and Cui7sTe before contact. (b)
Equilibrium band alignment in Te-Cui.7sTe nanocomposites. Bending of the valence bands at the
interface introduces an energetic barrier that preferentially scatters low energy holes. All work
functions, and band gaps are bulk values*>#655, Note that while this was our original hypothesis
for the mechanism behind enhanced thermoelectric properties in this material system, later
investigation revealed that the role of energy dependent scattering is minimal compared to other
structural and energetic effects in the system (see Chapter 5).

4.4 Conclusions

In conclusion, controlled patterning of Cu-Te alloy subphases are demonstrated in hybrid
PEDOT:PSS-Te NWs, representing the first alloy patterning of hybrid thermoelectric materials to
our knowledge. This technique represents a new knob for hybrid materials design — fine-tuning
the energy landscape for carriers — and has been used here in an attempt to modulate carrier
scattering through regulated formation of alloy-semimetal interfaces. Specifically, polycrystalline
Cu1.7sTe domains were observed, causing a simultaneous morphological transition from straight
to bent nanowires via growth of structurally misaligned crystal domains. A full range of alloy
phase patterning is demonstrated, from minor subphase formation to complete conversion of the
nanowires. After optimization of PEDOT:PSS loading, up to 22% enhancement of the power factor
is observed. Note that, in complex hybrid systems, the power factor can be additionally enhanced
via optimization of many parameters, in this case including nanowire aspect ratio, doping or
dedoping of the PEDOT:PSS layer, and doping of the semimetal nanowire core.'8225! The work
reported here demonstrates power factor enhancement in a relevant, high-performing hybrid
material system using a unique synthetic technique. However, it does not include these additional
layers of optimization, so it is expected that the power factors reported here could be further
improved using these well-known techniques. Moreover, while we apply this technique to our
model PEDOT :PSS-Te system, the approach is highly general and can easily be adapted to realize
power factor enhancements in other high-performing material systems. In the future, we hope to
explore other metal-Te alloy phases to systematically probe the effect of energetic and structural
matching across interfaces on carrier scattering and dynamics. This technique provides an exciting
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new platform for rational design of solution-processable thermoelectrics, enabling investigation of
how interfacial properties affect carrier dynamics in complex systems. This is a topic of
fundamental importance, especially for nanostructured solid-state devices such as thermoelectrics,
photovoltaics, or optoelectronics, in which carrier scattering mechanisms have huge implications
for device performance. Moreover, this material system provides an ideal platform for systematic
investigation of the physical mechanism underlying enhanced thermoelectric transport in hybrid
organic-inorganic materials, which we pursue further in Chapter 5.

4.5 Experimental
4.5.1 Materials Synthesis

L-ascorbic acid (CsHsOs), sodium tellurite (Na2TeOs), copper(ll) nitrate hemipentahydrate
(Cu(NOs3)222.5H20) , and copper(l) chloride (CuCl2) were purchased from Sigma Aldrich. Poly
(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS - Clevios PH1000) was
purchased from Heraeus. Acetone (J.T.Baker®), dichloromethane (CH2Cl. — BDH®), isopropyl
alcohol (CsHsO — ACS Grade), and nitric acid (HNOs — BDH®) were purchased from VWR
International. All chemicals were used as delivered without further purification.

Large-scale synthesis of PEDOT:PSS-tellurium nanowires (PEDOT:PSS-Te NW) was performed
by dissolving 56.8 mmol L-ascorbic acid in 450 mL of ultrapure water (deionized >18 MQ-cm) in
a round bottom flask. 10 mL of PEDOT:PSS was filtered through a 0.45 pm PVDF syringe filter
into the flask and stirred vigorously for 5 minutes. 3.2 mmol sodium tellurite was separately
dissolved in 50 mL deionized water and then injected into the stirring reaction flask (~510 mL
total solution). The reaction was heated to 90°C and held at that temperature for 20 hours with
continuous stirring.

After the reaction was complete, the mixture was cooled to room temperature and divided evenly
into twelve flasks (sub-batches). To each flask was added a different amount of copper(Il) nitrate
hemipentahydrate to achieve targeted doping concentrations using a stock 10 mg/mL aqueous
solution. Copper(I) chloride was tested as an alternative copper source and demonstrated identical
behavior. The copper precursor was added in one to four cycles depending on the amount of copper
required. Between each addition, each flask was stirred for 1 hour to allow for copper diffusion
and subphase growth. Then, an additional 1 mL of PEDOT:PSS was added to each flask to
restabilize the NW. Purification was performed by centrifuging the nanowire (NW) solutions at
9000 rpm for 45 minutes, then pouring off the supernatant and resuspending in ultrapure water.
This procedure was performed 3 times, and NWs were finally resuspended in 2-4 mL water per
sub-batch and stored for further use.

Dropcast films (typically 3-5 um in thickness) on square glass substrates (9.5mm x 9.5mm - Thin
Film Devices) were used for electrical/thermoelectric measurements, temperature dependent
conductivity, X-ray diffraction, and X-ray photoelectron spectroscopy studies. The glass substrates
were cleaned before use — typically the substrates were sonicated in water, acetone, and
isopropanol for 15 minutes each, followed by nitrogen drying and UV-ozone treatment for at least
10 minutes. The substrates were placed on a large aluminum block acting as a thermal reservoir at
80°C, and 75 pL of NW solution (at concentrations varying between 20-50 mg/mL) were drop cast
onto the substrates. Films were dried in this manner for 20-30 min.
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45.2 Electrical and Thermoelectric Measurements

Gold contacts (100nm) were patterned onto each of the four corners of the dropcast films via
thermal evaporation using a shadow mask to pattern the contacts. Both the shadow mask and
resulting test devices are shown in Figure 4.6. Sheet resistance of each film was measured using
Keithley 2400 Sourcemeters in 4-wire van-der-Pauw configuration. Film thickness was measured
by scratching the film and measuring the step height with a Veeco Dektak 150 profilometer.
Electrical conductivity was extracted from the sheet resistance and thickness measurements.
Seebeck coefficient (thermopower) was measured using a homemade probe setup. Two Peltier
devices (Ferrotec) were placed ~4mm apart and a single current was passed through them in
opposite polarities. This caused one device to heat and the other to cool approximately the same
amount relative to room temperature. The sample was placed across these two devices such that a
thermal gradient was established (thermal paste was used to ensure thermal contact — Wakefield
Thermal S3 Solutions), and the resulting open circuit voltage was measured using an Agilent
34401 multimeter. The temperature gradient was measured using two T-type thermocouples
mounted in micromanipulators. The magnitude of the temperature gradient is directly correlated
to the amount of current driven through the Peltier devices. Typically, five different gradients were
established (allowed to equilibrate for 200 sec between temperature changes), with 10 voltage
measurements taken and averaged at each AT. All samples exhibited linear variation of open
circuit voltage with AT ; this trend was used to extract Seebeck coefficient values. Data for both
electrical conductivity and Seebeck coefficient were acquired using homemade Labview
programs. Ohmic contacts were confirmed before all room temperature and temperature dependent
conductivity studies - a representative |-V curve is shown in Figure 4.15.

45.3 Characterization

Scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy (EDS), transmission
electron microscopy (TEM), X-ray diffraction (XRD), thermo-gravimetric analysis (TGA),
inductively coupled plasma optical emission spectroscopy (ICP-OES), x-ray photoelectron
spectroscopy (XPS), and x-ray absorption spectroscopy (XAS) with a synchrotron radiation source
were used to characterize the size, shape, structure, composition, and optical properties of the
nanowires.

Scanning Electron Microscopy and Energy Dispersive X-Ray Spectroscopy: SEM images
were recorded and EDAX analyses were performed on a Zeiss Gemini Ultra-55 Analytical Field
Emission Scanning Electron Microscope using beam energy of 5 kV for imaging and 17 kV for
elemental analysis and an In-Lens detector. Representative SEM images and EDAX spectrum are
given in Figure 4.7.

Transmission Electron Microscopy: TEM images were recorded using a Zeiss Libra TEM and
JEOL 2100-F Field-Emission Analytical TEM at 120 and 200 kV respectively. TEM samples were
prepared by placing a TEM grid (400-mesh Cu or Ni on holey carbon — Ted Pella 01824) on a
filter paper taped flat to a large aluminum block at 140°C. A single drop of dilute nanowire solution
was deposited onto the grid and the water was allowed to evaporate for 5 min. EDS mapping was
carried out on the JEOL microscope under STEM mode (Figure 4.8).
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X-Ray Diffraction: A Bruker AXS D8 Discover GADDS XRD micro-diffractometer was utilized
to collect wide-angle spectra using a Co-Ka source at 0.179 nm wavelength. Figure 4.9 shows
representative spectra for a PEDOT:PSS-Te NW sample with no Cu and one after full conversion
to PEDOT:PSS-Cu1.7sTe NW.

Thermogravimetric Analysis: A TA Instruments Q5000IR TGA was used to quantify organic-
inorganic composition of each sample. 7-10 mg of each sample was ramped to 600°C at a scan
rate of 10°C/min and held there for 45 min to ensure complete decomposition and removal of any
PEDOT:PSS. The weight lost was assumed to be the organic content of the hybrid, and the
remaining weight was taken to be the inorganic content. Figure 4.10 depicts a typical TGA scan.

Inductively Coupled Plasma Optical Emission Spectroscopy: Varian ICP-OES 720 Series was
used for elemental analysis of all samples. After purification of each NW sample, a small amount
(1-5 mg) was digested using concentrated nitric acid for 72 hours. Samples were then diluted to 2
wt% nitric acid and run, along with 6 standards each for Cu and Te. For compositional
quantification, multiple readings were taken at each of three different characteristic emission
wavelengths and averaged. This allows for high accuracy determination of relative amounts of Cu
and Te in each sample. Table S1 shows data from typical ICP elemental analysis.

X-Ray Photoelectron Spectroscopy: XPS was used to identify present Cu and Te valence states
in samples of varying Cu loading. A PHI 5400 X-ray Photoelectron Spectroscopy (XPS) System
with a conventional Al Ka source operated at 350 W was used for this purpose. Pass energy of 20
eV was used for narrow scan spectra, corresponding to an energy resolution of ~700 meV. Figure
4.11 depicts representative XPS spectra of PEDOT:PSS-Te nanowires and PEDOT:PSS-Te(Cux)
nanowires with high Cu loading, with the inset emphasizing the growth of Te** peaks in the high
Cu loading regime.

X-Ray Absorption Spectroscopy with Synchrotron Radiation Source: XAS was also used to
probe the oxidation states of Cu present in samples with varying Cu loading. For this analysis, 3"
generation synchrotron radiation was utilized at Beamline 8.0.1 of the Advanced Light Source
(ALS) in Berkeley, CA. This undulator Beamline provides intensive soft x-rays monochromated
by three spherical gratings. Cu L-edge XAS was used in this study, probing the excitation of Cu
2p electrons to empty 3d-derived states. Cu XAS was collected in Total Electron Yield (TEY) and
Total Fluorescence Yield (TFY) mode simultaneously. The energy resolution at the Cu L-edge is
about 0.2 eV. All the spectra were calibrated via measurement of Cu-foil before and after each
experiment. Experimentation was performed under Ultra High Vacuum (UHV) environment at
most 3*10° torr. Figure 4.12 shows CU XAS for several samples with different Cu loading.

45.4 PEDOT-PSS-Copper Interaction

To probe the interaction between Cu ions and PEDOT:PSS, thin film devices were fabricated with
PEDOT:PSS doped with varying amounts of Cu ions and no Te present. Five dispersions of
PEDOT:PSS were prepared as usual, and varying amounts of copper nitrate hemipentahydrate
were added. After 30 min of stirring, thin film devices were fabricated, and electrical and
thermoelectric properties were characterized via the methods detailed above. The results are shown
in Figure 4.14. At low copper loading, a modest increase in electrical conductivity is observed (up
to 5.4 S/cm), but this is associated with a drop in Seebeck coefficient, and no power factor
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enhancement is observed. In the hybrid system, the opposite trend is observed; at low copper
loading, the Seebeck coefficient is enhanced at the cost of a modest drop in electrical conductivity.
Additionally, at high copper loading, both electrical and thermoelectric properties worsen, which
is again a trend not observed in the hybrid system. We conclude that the changes in electrical and
thermoelectric properties observed in the hybrid system are dominated by heterostructure growth,
and not by interactions between Cu ions and PEDOT:PSS.

4.5.5 Error Analysis

All error bars, unless otherwise specified, are sample standard deviations, representing the
variation in measurements across replicates.
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4.7 Supporting Information

Figure 4.6 (a) Shadow mask used during thermal evaporation to deposit corner contacts of 100nm
Au on each testing device. (b) Test devices prepared for four-point probe electrical conductivity
and Seebeck characterization. Each test device measures 9.5mm x 9.5mm.
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Figure 4.7 SEM and EDS spectra. Low magnification SEM images (10kx) of (a) PEDOT:PSS-Te
NWs (0% Cu) and (b) PEDOT:PSS-Cux.7s5Te (58 mol% Cu) NWs depict long range morphology
of dropcast films. High magnification SEM images (40kx) illustrate the transition from (c) rigid
(0% Cu) to (d) bent nanowires (58% Cu). EDS spectra for (e) 0% Cu and (f) 58% Cu nanowire
films confirm growth of Cu-rich subphases.
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Figure 4.8 STEM-EDS mapping of a representative PEDOT:PSS-Te(Cux) NW. (a) HAADF
image (b) Te elemental map shows Te present throughout the wire. (¢) Cu elemental map indicates

concentration in the kinked wire regions.
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Figure 4.9 Representative XRD spectra for no Cu and high Cu loading samples. (a) PEDOT:PSS-
Te film (0% Cu) can be indexed to metallic Te (ICDD PDF-4 #04-016-1605). (b) High Cu loading
samples can be indexed to Cuir7sTe (ICDD PDF-4 # 04-007-0008). Minor products include CuO
(ICDD - PDF-4 #04-014-5856), Cu20 (ICDD PDF-4 #04-001-8705) and CuTeOs (ICDD PDF-4

#04-001-8705).
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Figure 4.10 Representative TGA data depicting the decomposition of PEDOT:PSS during a heat

ramp to 600°C. The plateau in weight change indicates that all the organic content has been
removed, and the inorganic phase is left behind.

Table 4.1 ICP analysis. Three readings are taken per element and the average is used to calculate
the ratio of Cu to Te in each PEDOT:PSS-Te(Cux) sample. In this case, ICP analysis indicates 58
mol% Cu loading. Note, here the units of ppm are equivalent to mg/L.

Cu (ppm) S (ppm) Te (ppm)

1 40.7 (@ 213 nm) 0.208 (@ 181 nm) 59.4 (@ 182 nm)

2 38.9 (@ 324 nm) 0.174 (@ 182 nm) 58.0 (@ 214 nm)

3 39.0 (@ 327 nm) 0.268 (@ 183 nm) 57.6 (@ 239 nm)
Average 39.5+0.9 0.217 +0.04 58.3 + 0.4
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Figure 4.11 XPS spectra of PEDOT:PSS-Te(Cux) NWs with low and high copper loading. Each
inset magnifies the region featuring a characteristic Te 3d emission. (a) Samples with low copper
loading feature peaks representative of metallic TeC. (b) Samples with high copper loading also
show growth of Te** species. This further supports the hypothesis that oxides such as CuTeOs
form in the limit of full conversion to Cui.7sTe nanowires.
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Figure 4.12 Cu L23-edge XAS from a synchrotron radiation source for PEDOT:PSS-Te(Cux)
samples of varying Cu loading depicts characteristic 2p¥? transitions for both Cu*? and Cu*!
species. Despite the relative size of the peaks, these spectra are consistent with previously reported
spectra for materials with primarily Cu*! species and only small amounts of Cu*? as an impurity,
due to the much larger absorption cross-section for Cu*? compared to that of Cu*! species. The
growth of the Cu*' peak as copper loading increases is consistent with growth of CuizsTe
subphases. Cu*? species are present as impurities at all levels of copper loading, in the form of
CuO oxides. Spectra are offset vertically for ease of comparison.
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Figure 4.13 Normalization of electrical conductivity for samples with different extents of
subphase growth. A sixth order polynomial fit was used purely for close interpolation of the data.
The dotted line represents 50 wt% inorganic content for each system. The point where the dotted
line intersects with the polynomial fit was taken to be the normalized electrical conductivity for
each system at 50% inorganic-50% organic content.
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Figure 4.14 Electrical and thermoelectric characterization of PEDOT:PSS films doped with Cu in
the absence of Te. (a) The Seebeck coefficient is negatively affected at all Cu loading levels, while
the electrical conductivity is modestly improved in the presence of small amounts of copper ions,
a trend that is not observed in the PEDOT:PSS-Te(Cux) system. (b) No power factor enhancement
is observed. Note that, above 6 wt% Cu loading, the PEDOT:PSS becomes highly viscous and film
formation is no longer possible.
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Chapter 5. Polymer morphology and interfacial charge transfer
dominate over energy-dependent scattering in organic-inorganic
thermoelectrics

Adapted from “Polymer morphology and interfacial charge transfer dominate over energy-
dependent scattering in organic-inorganic thermoelectrics,” P Kumar®, EW Zaia®, E Yildirim,
DVM Repaka, SW Yang, JJ Urban”, K Hippalgaonkar®, Nature Communications, 2018, 9.1, 5347
(DOI: 10.1038/s41467-018-07435-z) with permission of the authors. Reproduced with permission
of Nature Communications. Note that additional supplementary information (excluded from this
dissertation for readability) can be found with the original published material.

5.1 Abstract

Hybrid (organic-inorganic) materials have emerged as a promising class of thermoelectric
materials, achieving power factors (S%c) exceeding those of either constituent. The mechanism of
this enhancement is still under debate and pinpointing the underlying physics has proven difficult.
In this work, we combine transport measurements with theoretical simulations and first principles
calculations on a prototypical PEDOT:PSS-Te(Cux) nanowire hybrid material system to
understand the effect of templating and charge redistribution on the thermoelectric performance.
Further, we apply the recently developed Kang-Snyder charge transport model to show that
scattering of holes in the hybrid system, defined by the energy-dependent scattering parameter,
remains the same as in the host polymer matrix; performance is instead dictated by polymer
morphology manifested in an energy-independent transport coefficient. We build upon this
language to explain thermoelectric behavior in a variety of PEDOT and P3HT based hybrids acting
as a guide for future work in multiphase materials.

5.2 Introduction

New, emerging classes of organic semiconductors, polymers, and organic-inorganic composite
materials have penetrated into areas of optoelectronics previously dominated by inorganic
materials. Organic light emitting diodes have reached wide commercial availability, and organic-
inorganic hybrid photovoltaics have shown an unparalleled rate of efficiency improvement.148.14°
Such solution-processable materials avoid the need for energy-intensive fabrication steps and
instead utilize inexpensive, scalable, roll-to-roll techniques.** In particular, progress in this area
has been driven by the development of materials based on poly(3,4-ethylenedioxythiophene),
(PEDOT).1%20 PEDOT-based materials have demonstrated remarkably high conductivities,
outperforming all other conductive polymer classes and driving tremendous interest in the use of
soft materials in flexible electronics and thermoelectrics.>1153 Soft thermoelectric materials can
realize flexible energy generation or heating-cooling devices with conformal geometries, enabling
a new portfolio of applications for thermoelectric technologies.'>° Of particular interest are hybrid
soft nanomaterials — an emerging material class that combines organic and inorganic components
to yield fundamentally new properties,242529.154
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In hybrid systems, recent studies have focused on the use of strategies such as interfacial transport,
structural/morphological effects, and modifications to the energy dependence of carrier scattering
to improve electronic and thermoelectric performance. 1515515 However, it has proven difficult to
establish the fundamental physics driving these performance enhancements. The most challenging
of the proposed design strategies to evaluate is the role of energy dependent scattering, a
phenomenon frequently and contentiously implicated in high performing thermoelectric
materials.8215 More generally, advanced design of high performing soft thermoelectric materials
has been stymied by the fact that transport in these systems is complex and resists description by
a unified transport model. Development of next generation soft hybrid materials and modules
requires improved understanding of the carrier transport physics in complex multiphase systems.

Kang and Snyder recently proposed a generalized charge transport model (henceforth referred to
as Kang-Snyder Model) for conducting polymers, which marks a significant advance in the
theoretical tools available to the soft thermoelectrics field.®364 In this model, the thermoelectric
transport of conducting polymers has been modeled using energy independent parameter, ceo and
energy dependent parameter ‘s’ over a large range of conductivity. In addition, vital to the theory
developed is the energy-dependent scattering parameter s, which distinguishes the majority of
conducting polymers (s = 3) from the class of PEDOT-based materials (s = 1). However, these two
parameters are difficult to uniquely measure. Additionally, this first report did not cover hybrid
organic-inorganic materials, which creates an important gap in the relevant material classes that
requires further investigation.

Here, we apply this Kang-Snyder framework to a set of hybrid thermoelectric materials to identify
the physics responsible for favorable thermoelectric transport in these systems. We begin with a
model system of tellurium nanowires coated with PEDOT:PSS. This system was chosen due to its
high thermoelectric performance (ZT ~ 0.1 at room temperature), facile solution-based synthesis,
and well-defined single crystalline inorganic phase.?425115 Further, we have previously shown that
this material can be easily converted to tellurium-alloy heterowires.?> For example, using copper
as the alloying material results in PEDOT:PSS-Te-Cuu.75Te heteronanowires. It has been observed
that formation of small amounts of alloy subphases yields improvement in the thermoelectric
performance of these materials. However, whether the observed transport properties are dictated
by the organic phase, inorganic phase, or interfacial properties is an open question. Here, we use
a full suite of experiments, transport modeling, molecular dynamics, and first principles
calculations to describe the exact nature of the organic-inorganic interactions. We also show that
the Kang-Snyder framework can be applied effectively to hybrid systems, extending the theoretical
tools available to experimentalists. In this way, we seek to fill an important gap in knowledge in
this body of literature and inform the direction of future experimental work.

5.3 Results and Discussion
5.3.1 Synthesis and Structure

Synthesis of tellurium nanowires coated in PEDOT:PSS (PEDOT:PSS-Te NWSs) and conversion
to Te-CuizsTe heterostructures (PEDOT:PSS-Te(Cux) NWSs) were performed as previously
reported (Details in Methods).?*2?®> The synthesis of the tellurium nanowires is performed in the
presence of PEDOT:PSS, which has been posited to act both as a stabilizing ligand and as a
structure-directing agent (Figure 5.1a).2411°> Te-Cuw7sTe heterowires have a curved appearance as

51



a result of alloy domains appearing at ‘kinked’ portions of the wires. Representative high-
resolution transmission electron micrographs (HR-TEM) of the Te and Cu1.75sTe domains (Figure
5.1c,d) show the highly crystalline inorganic phases and the different local morphologies. Note
that the additional copper loading increases the total number of ‘kinked’ portions (Figure 5.1b),
while each ‘kinked’ portion is stoichiometrically stable and close to the Cu1.75Te phase.
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Figure 5.1 Morphology of hybrids and alignment of PEDOT:PSS at the inorganic interface (a,b)
False-color scanning electron microscope (SEM) images of (a) PEDOT:PSS-Te and (b)
PEDOT:PSS-Cu1.sTe films illustrate the overall morphology of the hybrid films — inorganic
nanowires in a PEDOT:PSS matrix. The green color shows the surface nanowires and blue
illustrates the 3D plane underneath, where the PEDOT:PSS polymer matrix is transparent (and
hence invisible) in the SEM. (c,d) Representative high-resolution transmission electron
microscopy (HR-TEM) images of (c) straight Te domains and (d) kinked Cu1.75Te alloy domains
confirm the identity and crystallinity of these two phases. The insets show selected area electron
diffraction (SAED) patterns consistent with the identified crystal structures. (e,f) MD simulations
elucidate the polymer morphology and alignment at the organic-inorganic interface. Here, the final
polymer structures are depicted after simulated annealing of five chains of EDOT1s and SS36 on
(e) Te and (f) CuizsTe surfaces, both accompanied by respective atomic concentration profiles.
The polymer concentration profiles are tracked using the atomic concentration of S in either
PEDOT or PSS. There is a high concentration of S atoms in PEDOT observed at 3-5 A from the
nanowire surfaces, suggestive of highly ordered and aligned PEDOT chains at the organic-
inorganic interface. Similar structures and concentration profiles were observed for both Te
nanowires (NW) and Cu1.7sTe heteronanowires, however unlike the Te surface, though alignment
occurs, self-assembly of chains is reduced on the kinked Cu1.75Te surface.

5.3.2 Morphology and Interactions

To probe the organic-inorganic interactions involved in carrier transport in this material system,
we perform extensive Molecular Dynamics (MD) simulations and Density Functional Theory
(DFT) calculations. Specifically, MD simulations uncover detailed information about adhesion
and polymer morphology/structural changes in the vicinity of the Te nanowire and Cu1.75Te hetero-
nanowire surfaces. These analyses strongly suggest that structural templating effects occur during
synthesis. Templating effects have been widely hypothesized to occur in such processes, but direct
evidence has been lacking so far.''®> As a complement to our structural analyses, DFT is used to
investigate the electronic effects that arise at the organic-inorganic interface. In particular, we
estimate the amount of charge transfer between the organic and inorganic phases and probe the
evolution of the electronic Density of States (DOS).
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5.3.3 Molecular dynamics (MD) simulations of the organic-inorganic interface

The MD simulations (details in Methods and Supplementary Note 1) reveal self-alignment of
PEDOT chains at the organic-inorganic interface for both Te and Cu1.7sTe NW surfaces. This self-
alignment is only observed for the PEDOT chains in the vicinity of Te and the Cu1.75Te surfaces,
while the PSS remains unaligned. This phenomenon is clearly distinguished by comparing the
structures and concentration profiles before and after simulated annealing (Figure 5.1e-f). Further
annealing simulations on PEDOT:PSS, pristine PEDOT and pristine PSS suggest that only first
few layers of PEDOT moieties tend to align in a planar orientation on the inorganic surfaces
(detailed discussion in Supplementary Note 1, see also Supplementary Figures 5.1-5.2).
Te/Cui.7sTe nanowires are coated with ~2nm thin PEDOT layer, which also corresponds to only a
few layers. It is also determined that the self-assembly and percolation of PEDOT chains are
reduced on the kinked Cu1.75Te surface.

To investigate the driving force for PEDOT alignment (and lack thereof for PSS) on the inorganic
surface, the interfacial PEDOT-inorganic and PSS-inorganic interaction energies were calculated
and compared. Two cells were equilibrated with six n-stacked PEDOT and three PSS oligomers.
In one of the cells, PEDOT chains are placed at the organic-inorganic interface; in the other, PSS
chains. The polymer-Te interaction energy is determined to be -423 kcal/mol for PEDOT layers
on the Te NW surface and -192 kcal/mol for the PSS oligomer on the Te NW surface. This result
indicates a thermodynamic driving force for self-assembly of PEDOT over PSS on the nanowire
surface, consistent with the structures observed in the MD simulations described previously. The
interaction of the same systems with a Cu1.7sTe NW is about two times stronger calculated as -792
and -388 kcal/mol for PEDOT layers on the NW surface and PSS layers on the NW surface
respectively.

Simulated annealing reveal that PEDOT chains tend to align in a planar configuration on both Te
and Cui.7sTe surfaces, although self-assembly is observed on the Te surface and not the Cui7sTe.
We attribute this phenomenon to stronger interaction between PEDOT and the Cu1.7sTe surface,
resulting in reduced movement of the PEDOT chains on the Cui.7sTe surface.

5.3.4 Density functional theory calculations probe interactions at the interface

To complement our understanding of polymer templating on the inorganic NW surfaces, Density
Functional Theory (DFT) was used to calculate adsorption energies of PEDOT/PSS on these
surfaces. Here, we consider a charged polaronic PEDOT hexamer (EDOTs)*2 and deprotonated
PSS oligomer (SSe)2 in a planar configuration close to the inorganic surface, as is predicted from
MD simulations (Supplementary Note 2). At the Te NW-organic interface, adsorption energies of
-0.42 eV and -0.31 eV per monomer were obtained for charged PEDOT and PSS, respectively,
consistent with MD results that the Te surface is primarily occupied by adsorbed, aligned PEDOT.
On the other hand, the PEDOT-Cux.75Te adsorption energy is -0.56 eV, indicating an even stronger
interaction.
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Since MD and DFT both demonstrate the importance of the PEDOT-inorganic interaction at the
interface in this system, further calculations were performed to determine the density of states and
charge density difference at this interface. Figure 5.2a depicts the calculated charge density
difference between (EDOTe)*? and the Te surface, where a decrease in the electron density is
represented in blue and electron density enrichment in red. Furthermore, using these charge density
differences, charge transfer rates were extracted, yielding important insight into the electronic
effects occurring at the organic-inorganic interface.

The maximum charge transfer rates from the inorganic surface to the first layer of (neutral) PEDOT
chains on the surface were determined to be -0.078 and -0.144 for Te and Cuw7sTe, respectively.
Charge transfer rates are higher for the charged (EDOTs) *2 bipolaron, calculated to be -0.186 and
-0.239 for Te and Cuuw7sTe, respectively. Note that a negative quantity here represents electron
transfer from the inorganic surface to the organic PEDOT chains (i.e. hole transfer from the organic
PEDOT chain to the inorganic surface). In every case, this charge transfer provides a de-doping
effect of holes in the p-type PEDOT chains, which plays a key role in understanding the
thermoelectric trends in these hybrid systems (Table 5.1). This de-doping effect is stronger for the
doped PEDOT bhipolaron compared to pristine PEDOT chains and also stronger for PEDOT on the
Cu1.7sTe surface compared to PEDOT on the Te surface. The charge transfer and de-doping effect
is only observed for the first two layer of PEDOT chains and vanished for higher distances.

Table 5.1 Interfacial charge transfer calculations. De-doping level of neutral and doped
PEDOT hexamer by Te and Cu.75Te surfaces for the optimized structures.

De-doping effect*
(electron/cm?)
20
-6.19x10  for 3.6 A
20
Neutral PEDOT on Te (-127x10" for 8 A)
(none > 15 A)
+2 21
PEDOT, onTe -1.56x10
Neutral PEDOT on Cu1.75Te _1‘14)(1021
+2 21
PEDOT, on Cui7sTe -2.05x10

*PEDOT monomer volume 1.26x10% cm?®

As for the nature of the bonding between the organic and inorganic components, the weak charge
density difference and atomic distances between organic and inorganic constituents, calculated to
be between 3.6-4.0 A, are analogous to other material systems that exhibit physical adsorption.158
This conclusion is further corroborated by the Density of States (DOS) calculated for PEDOT, the
Te surface, and the hybrid structure (Figure 5.2), which depicts a trivial change in DOS distribution
between the individual and hybrid structures. Interestingly, there is indeed an intra-chain charge
density difference within the PEDOT chain at a field isovalue of 0.005 electron/A3 (details in
Methods). This result suggests electron density transfer from the PEDOT & orbitals to the o
orbitals, consistent with electron repulsion also known as a pillow effect 1317:2122 which occurs
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when an organic molecule approaches a metal surface (Figure 5.2a-c).8>115159.160 Here, Pauli
repulsion between the electron cloud of the nanowire surface and the PEDOT chain causes
redistribution of electrons by repelling the electron cloud of the softer molecule (Supplementary
Figure 5.8). As a result, the C-C bond distance between (EDOTs)*?> monomers is reduced from
1.42 to 1.40 A when in proximity to the Te surface, characteristic of a benzoid to quinoid chain
conformation change.'®! This conformational switch is also consistent with prior Terahertz
spectroscopy studies that indicate charge-trapping near the polymer-Te nanowire surface. 6162
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Figure 5.2 DFT calculations reveal electronic effects at the organic-inorganic interface. a) Charge
density redistribution within polaronic PEDOT hexamer (EDOTs)?* on the Te surface, as
calculated by the difference in total charge density with NW surface charge density and hexamer
charge density as subsets b) Electron transfer from Te surface to PEDOT chains monitored by
increase of charge density (red) at the interface and decrease of charge density (blue) at the Te
phase c¢) Detailed visual illustrating an increase of charge density (red) within PEDOT monomer
bonds and o-orbitals of PEDOT carbon atoms and a concomitant decrease (blue) observed for the
n-orbitals of PEDOT carbon atoms on Te NW surface d) Density of States (DOS) calculated
individually for PEDOT and Te compared with Te-PEDOT hybrid. The DOS of the hybrid is not
renormalized due to minimal charge transfer across the interface.
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Combined with the MD results, the DFT calculations strongly suggest that the interaction between
the PEDOT and Te/Cui.7sTe surface is a templating effect; charge transfer does occur at this
interface, but no chemical bonding takes place between the organic and inorganic phases.

Hence, we expect that thermoelectric behavior in p-type PEDOT-Te hybrids is dominated by
transport through the organic PEDOT matrix. This conclusion runs contrary to previous reports
that have instead emphasized the role of the inorganic phase or change in the energy-dependent
carrier scattering at interfaces as key drivers of the thermoelectric properties of hybrid
materials.>®1%51% Additionally, our results depict that the organic-inorganic interface in such
hybrid systems is rich in aligned and extended PEDOT chains in addition to intra-chain charge
redistribution. We conclude that alignment of PEDOT molecules at the organic-inorganic interface
and charge transfer at the interface both play key roles in the high thermoelectric performance
observed in the PEDOT:PSS-Te hybrid system, building upon earlier hypotheses proposing
increased electrical conductivity at the interface.?*
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5.3.5 Seebeck and electrical conductivity analysis

a 250
200+ ® Conductivity o
® Seebeck Coefficient i
150' .—) L
—_ 7))
£ 1004 e
) pe] =
3 - ® -100 =
b - z
504 ™ L
° 50
0 @® ° E
0] oee o ©® e o |o

0 10 20 30 40 50 60
b Cu Loading (Mol %)

1000

s=1 <+—— ¢ degenerate

B Experimental data
100-
E | s=3 CT model
3 s=2 CT model
® 104 s=1 CT model
1 . non-degenerate = s=3|s=2| [s=1
0.1 1 10 100 1000
o (S/cm)

Figure 5.3 Kang-Snyder transport model applied to the PEDOT:PSS-Te(Cux) hybrid system. (a)
Electrical conductivity and Seebeck coefficient at room temperature of the PEDOT:PSS-Te(Cux)
NW hybrid system as a function of copper loading.? (b) The Kang-Snyder charge transport model
with different energy-dependent scattering exponent, s, as described in the main text is shown. Our
experimental data lie on the s = 1 curve, similar to pure PEDOT.
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5.3.6 Thermoelectric properties and modelling using Kang-Snyder model.

Armed with structural and morphological insight, we now correlate our measurements of
thermoelectric transport with the observed and simulated structures. Figure 5.3a depicts the
electrical conductivity and Seebeck coefficient of the PEDOT:PSS-CuTe hybrid system as a
function of copper loading. In the absence of a robust transport model for hybrid systems,
researchers have previously had to rely on mean field theories. One commonly used model for
multicomponent hybrids/composites is effective medium theory, which predicts that the Seebeck
coefficient of the composite must lie between that of the individual materials (~190 pV/K for
PEDOT:PSS-Te and ~10 uV/K for PEDOT:PSS-Cuw7sTe at room temperature).t6? Effective
medium theory, therefore, fails to capture the observed enhancement of the Seebeck coefficient at
low (~5%) Cu loading. This deviation had originally been speculated to be due to a change in the
energy-dependence of carrier scattering upon introduction of Cu. Also, while the Cu loading in the
composite is being varied, the overall inorganic content (Te and Cu) is controlled (typically 60-
80%)_25,115

The recently published Kang-Snyder model provides an opportunity to clarify this conundrum.
Kang and Snyder showed that this framework handles pure polymeric systems well (including
PEDOQOT); this makes the PEDOT:PSS-CuTe system a suitable candidate, since the PEDOT
domains are known to be pivotal for charge transport in these hybrid materials. Further,
PEDOT:PSS-CuTe is an excellent test case, since the effects of energy dependent scattering, (de-
)doping, and morphology intermingle in a complex fashion. Given that the model independently
treats the energy-dependent scattering (through the parameter s), doping (through the reduced
chemical potential n), and energy-independent transport parameter o (T), such an analysis can
provide insight that is both critical and previously inaccessible. According to this model, energy
dependent conductivity, oz (E, T) can be written as:

E—FE;

s 5.)

op(E,T) = 05, (T)(
such that the total conductivity is given by:

o= ox(E,T)(-3L)aE (5.2)
Using g from Eqg. 5.1 and integration by parts, the total conductivity can be written as:

o = 05, (T) X sFs_1(1)

where F is Fermi integral and 7 = % is reduced chemical potential and E: is the transport
B
energy, below which there is no contribution to the conductivity even at finite temperature.. The

corresponding Seebeck coefficient can be written as:

_ kg [+DFs()
S = [sham ’7] (53)

The 7 value was determined by using experimental Seebeck coefficient in Eq. 5.3 for a particular
value of s. When applying the model for pure polymers, Kang and Snyder observed that traditional
semiconducting polymers (e.g. polyacetalyene) follow s = 3 dependence, whereas PEDOT-based

59



systems exhibit s = 1 dependence. In hybrid systems, it can therefore be presumed that, if transport
in the polymer phase dominates the overall material properties, the energy dependence of transport
(i.e. s) will remain the same as for the pure polymer matrix. If, on the other hand, transport in the
hybrid material is modified by a change in the energy dependence of carrier scattering, it would
be expected that s would also change. Therefore, to validate the hypothesis that the Seebeck
enhancement observed in the PEDOT:PSS-Te(Cux) system is due to altered energy dependence of
scattering, it is necessary that a change in the parameter s is observed upon introduction of Cu.

For this goal, the Seebeck coefficient of the PEDOT:PSS-Te(Cux) hybrid system is plotted as a
function of the conductivity (Figure 5.3b) and fit to the Kang-Snyder Charge Transport model.53
We observe that the experimental data lie on the s= 1 CT model curve (Figure 5.3b) with o (T) =
5.47 S/cm. Thus, the s dependence is unchanged between the pure PEDOT:PSS and its hybrid.
Note, however, that while the Kang-Snyder model captures large trends in the S vs sigma curve,
small changes such as electron filtering cannot be isolated. Hence, in order to understand the non-
monotonic trend in the Seebeck and conductivity, we study in detail the effect of (de-)doping and
templating on the hybrid system (Table 5.2). Combining our experimental and theoretical results,
we conclude that the complex thermoelectric trends of these hybrid films are dictated by the
interaction of several effects. First, as suggested by extensive MD simulations, upon the formation
of PEDOT:PSS-Te NWs, there is a templating effect for PEDOT moieties on the inorganic surface.
This phenomenon results in an increase of hole mobility in the interfacial polymer, increasing the
electrical conductivity of the PEDOT:PSS-Te composite relative to the pristine polymer. This
templating effect is weakened by the addition of Cu, which disrupts the inorganic surfaces and
produces “kinked” inorganic morphologies. Secondly, detailed DFT calculations are indicative of
charge transfer between the organic and inorganic phases, resulting in a de-doping effect of the p-
type PEDOT chains (Table 5.1). In the low Cu loading regime, this de-doping effect is relatively
strong, and contributes directly to the increased Seebeck coefficient and moderately decreased
electronic conductivity observed here. This is contrary to previous hypotheses that a change in the
energy dependence of carrier scattering is solely responsible for the non-monotonic thermoelectric
trends observed in this range.

Upon further addition of Cu, a third effect emerges; Cu loading above 10% is associated with an
increase in r, with only a nominal change in the ok, value (Table 5.3). This trend indicates that
the addition of Cu introduces carriers into the film and modifies the transport through a doping
channel. Previous reports on this material system have suggested that positively charged Cu ions,
in addition to reacting with the inorganic phase, also remain in the PEDOT phase as ionic species.
These remaining Cu ions likely interact with the PEDOT chains to increase the carrier
concentration in the organic phase. This effect dominates at high Cu loading, which is associated
with a strong increase in the reduced chemical potential. Note that s=2 and s=3 do not fit the
experimental data for any value of the transport coefficient, o (T) (Figure 5.3b is plotted on log-

log scale). While, for a fixed og,, n is modulated by charge redistribution between the organic and

inorganic phases and doping from Cu ions, only a change in morphology (templating, or kinked
surfaces) can change o, .
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Table 5.2 Summary of physical phenomena contributing to thermoelectric trends. Summary of the
effects and interplay between templating, de-doping at the inorganic-organic interface and Copper
loading, considering first PEDOT:PSS-Te and second PEDOT:PSS-Cu1.7sTe, and description of
their respective roles on thermoelectric charge transport.

Templating  De-doping due to  Cu loading Total Conductivity and Seebeck Discussion
effect charge transfer at coeflicient
organic-inorganic

interface (CT)

PEDOT:PSS 2 X X X X

PEDOT-PSS- (M) Nae—doping(4) X (1) = Nae-aoping (L) X u(M) Conductivity increases due to

Te Sae-doping(T) ] templating; Seebeck increases due to
S(T) m charge transfer induced de-doping —

(strong)

higher than PEDOT:PSS

PEDOT:PSS- O] Ngedoping(4) Naoping(T) o(1) = u(d) X {(Naedoping (V) Nagping (1} Conductivity decreases due to further
Cu, ,sTe Sae-doping(T) Saoping (V) 1 drop in templating; Seebeck increases
S(T) o .
(low Cu o {Nde-doping (L) + Naoping (1} due to stronger de-doping
. ) (strong) (weak)
loading)
PEDOT:PSS- k@) Nge—doping (L) Noping (T) o(1) = p(L) X {Nge-doping (L) Naoping (1} Conductivity increases due to strong
Cu, ;;Te Ste-doping (T Saoping (V) q Cu+ induced doping; Seebeck
(High Cu LUk {Nde-doping(d) *+ Naoping (1} decreases due to stronger Cu+ induced
. (weak) (strong) 1
loading) doping

(strong)

Table 5.3 Transport parameters and doping values for different Copper loading.

PEDOT:PSS-Cu-Te oo (S/cm) n
0% 5.47 1.62
10% 1.78 1.28
50 % 1.52 14.59

5.3.7 Validation of Kang-Snyder model for other PEDOT and P3HT based hybrid films

In order to determine if this is generally true for PEDOT:PSS based films, we applied the Kang-
Snyder model to different systems (Figure 5.4a). Half-closed circles (olive) symbols show Seebeck
and conductivity data on PEDOT:PSS films that are doped using an electrochemical transistor
configuration.8! Here, PEDOT:PSS is tuned by changing its oxidation state (de-doping) to obtain
the optimal power factor, with presumably no change to the PEDOT morphology.
Electrochemically doped PEDOS-C6 (a derivative of PEDOT) also exhibits Seebeck and
conductivity data (purple close triangles) that lie on the s=1 curve with same o (T') value.'®* Open
square (pink) symbols represent the Seebeck coefficient as a function of conductivity for
PEDOT:Tosylate (Tos) system,*® where the insulating PSS polyanions are replaced by the small
anion Tos, which improves inter-chain n-n interaction of PEDOT chains. The PEDOT:Tos
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Seebeck and conductivity data also lie on the s= 1 curve, albeit with a larger value of oy (T).
This is expected due to better alignment of PEDOT chains evidenced by Grazing Incidence Wide-
Angle X-ray Scattering (GIWAXS) where the PEDOT:Tos contains well-ordered crystallite grains
surrounded by some amorphous PEDOT:PSS regions. This is distinctly improved from the
electrochemically doped PEDOT samples described above. g, (T) value is further improved in
the PEDOT :Tos-Pyridine+triblock copolymer system by controlling the oxidation rate as well as
crystallization of oxidized PEDOT which further reduces film defects.?
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Figure 5.4 Kang-Snyder transport model applied to various PEDOT based composites. (a)
Experimental data of Seebeck (S) vs conductivity (o) for PEDOT:PSS (half closed green
triangles)®!, PEDOS-C6 (closed triangles)®3, PEDOT:Tos (open squares)®, PEDOT:PSS-
Bi2Tes(closed triangles)®®, PEDOT:PSS-CNT®(half closed spades), PEDOT:PSS-Te(Cux) NW
hybrid system (half closed circles)? and PEDOT:Tos-Pyridine (half closed triangles)?* modelled
with s=1(solid lines). It is seen that irrespective of the dopant counter-ion used, all hybrid PEDOT-

based systems lies on s=1 curve with different o ¢ transport coefficient values, indicating that
0
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energy-dependent scattering is not changing in these organic-inorganic hybrid films. (b) Reduced
chemical potential , n = (Er-Ev/ksT) of the PEDOT:PSS-Te(Cux) system plotted as a function of
temperature for 0% (red closed circle), 10% (black closed squares) and 50 % Cu (closed blue
triangles) samples, respectively. In line with expectations from the Kang-Snyder model, the
reduced chemical potential only changes <30% over a large temperature range in the samples and
the change does not depend upon the Cu loading. The data is normalized with respect to the doping
level at 300K (1300k).

Table 5.4 Transport parameters for PEDOT and P3HT based pure polymer and hybrid films.

Material oeo (S/cm)
PEDOT:PSS-C6 8.5
PEDOT:PSS 8.5
(electrochemical)
PEDOT:Tos 61
PEDOT:Tos+Pyridine 260
PEDOT:PSS-BizTes 14
P3HT:Bi2Tes 0.003
P3HT:MCNT 0.2, 0.001
P3HT:SWCNT 0.001

Interestingly, in comparison with pure organic derivatives of PEDOT, PEDOT -based hybrid films
(half closed circles, closed stars and half closed shades in Figure 5.4a)?>57%° also follow the s= 1
curve, with either the same value of o, (T) as the pure polymer or higher (Table 5.4). For a second
batch of PEDOT:PSS-CuTe samples, 0% Cu loading (closed red circle), the Seebeck and
conductivity data lies on the same s=1 curve as for Zaia et. al.?® Here, we observe that as the Cu
loading increases to 10%, the Seebeck is enhanced and the conductivity decreases (closed blue
circle). This lower value of o (T) is consistent with curvature arising from ‘kinked’ Cui7sTe
phase formation within the heteronanowires (Figure 5.1d) as well as reduced movement of the
PEDOT on the Cui7sTe. The associated Seebeck increase is due to a de-doping effect, as # is
observed to decrease slightly when Cu loading is increased from 0 to 10%. With further loading
of Cu, the Seebeck decreases and the conductivity increases (further details about the de-doping
and doping can be found in Supplementary Note 4). In this regime, there is presumably little
change in the PEDOT morphology at the organic-inorganic interface, and the increased
conductivity and reduced Seebeck are a result of a doping effect associated with additional copper
loading. Hence, both 10% and 50% Cu loading samples lie on the s=1 curve with same o (T)
values (Figure 5.4a). Coupled with other PEDOT-based hybrids (Figure 5.4a), we can conclude
generally that the energy-dependence of carrier scattering is independent of the type of doping, or
indeed the inorganic constituent, contrary to many reports in the literature. This result provides
key evidence that carrier transport in hybrid films occurs predominantly through PEDOT itself (to
corroborate this, we also performed experiments on Te NWs in an insulating polymer matrix).
Counter-ions and inorganic constituents impact transport mainly via the transport
parameter, oz (T),which can be attributed to morphological/templating effects in the PEDOT
phase. The increase in o, (T) in hybrid materials can be qualitatively understood as enhancing
the effective mobility of the itinerant carriers within the PEDOT polymer matrix. It is interesting,
albeit counter-intuitive, that this can occur as a result of introducing numerous new potential
scattering interfaces in the material via addition of inorganic components or secondary phases.
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However, that introduction of inorganic species can provide templating effects in polymers which
lead to structural or behavioural modifications is well-known.

To gain deeper insight into the transport coefficient, o, (T), we performed temperature dependent
Seebeck and conductivity measurements on these hybrid films. The reduced chemical potential
with respect to room temperature value, n/nsoox, does not change significantly with lowering
temperature as shown in Figure 5.4b (24%, 35% and 40% for 0, 10 and 50 % Cu loading
respectively from room temperature value). The temperature dependence of o (T) can be written

as ogg ocexp(—]l%)y where W, is akin to a hopping energy; while W, shows a small

enhancement with initial Cu loading (W, =0.57 eV for 0% Cu & 0.69 eV for 10 %), it decreases
for 50 % Cu loaded sample (0.28eV).
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Figure 5.5 Kang-Snyder model applied to various P3HT-inorganic composites. (a) The electrical
conductivity vs Seebeck coefficient data of F4sTCNQ doped P3HT (closed circles)'®,
Fe((CFsS0O2)2N)s doped P3HT (open squares)*®®, highly aligned P3HT with trichlorobenzene
(closed squares)®®®, P3BHT:MWCNT (closed triangles)'®"1% P3HT:SWCNT (open star)®1%° and
P3HT:Bi2Tes (closed stars)!’® hybrid systems. It is seen that experimental data lies on s= 3 curve,
again consistently identical for the hybrid and the pure polymeric systems. (b) Comparison of

power factor of PEDOT (s=1) and P3HT (s=3) based hybrids. Targeting higher o g ~105/cm
0

in a s=3 polymer can push power factors of hybrid materials towards values comparable to
inorganic thermoelectric materials.
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In order to test if our hypothesis that charge conduction in hybrid systems occurs mainly through
the polymer matrix, we also consider hybrid films constituted from a different (i.e. non-PEDOT)
well-established conducting polymer as a matrix, P3HT. We compared, in a similar fashion as
above, FAsTCNQ vapor-doped P3HT samples'®* (closed circles), Fe((CF3S0O2)2N)s doped P3HT
(open squares)*®, highly aligned P3HT with trichlorobenzene (closed squares)'%, to P3HT:Bi2Tes
(closed stars)*’®, PSHT:SWCNT (open star) and P3BHT:MWCNT (closed triangles) hybrid systems
from literature®®167-169 and used the Kang-Snyder model (Figure 5.5a). These P3HT-based
systems lie on the s=3 curve with same o (T) (Table 5.4). In the case of
P3HT:SWCNT(MWCNT) hybrid systems, while the sparse literature data available lies on the s=3
curve with different value of ogy , Some do indeed deviate for higher values of conductivity. There

is a possibility of strong n-7 interactions between CNTs and P3HT, which has been hypothesized
to cause deviations from the s=3 curvel’* and is indeed an exciting future avenue for exploration.
The conclusion, in the case of P3HT:Bi2Tes, is identical to that for the PEDOT based films wherein
the energy dependence of the scattering in the hybrid films is similar to that of pristine polymeric
films. Figure 5.5b shows power factor (S?c) for the PEDOT and P3HT based systems. While for
PEDOT based hybrids, the power factor shows an optimum for different og (T) values, it
increases continuously for P3HT based hybrids. The value of power factor is hypothesized to be
lower in P3HT based systems because of a low value of 6, due to side alkyl side-chains; although

alkyl chains help to make these solution processable, it degrades the alignment and orientation of
the P3HT polymer chains!’?173, Hypothetically, if a P3HT-based hybrid film with cg, approaching

10 S/cm is manufactured, the power factor would be as high as 10 mW/mK?. Therefore, it is clear
that, so far, the key to high thermoelectric performance in these complex hybrid systems has been
the advantage gained by physical interfacial interactions and exploiting polymeric templating
effects capable of enhancing carrier transport in the organic phase, rather than modifying the
energy dependence of scattering.

5.4 Conclusions

In conclusion, by combining experiment, first principles calculations, and molecular dynamics, we
show that the high thermoelectric performance achieved in PEDOT:PSS-CuTe nanowires is driven
primarily by thermoelectric transport in the organic phase. Contrary to previous understanding,
this transport is enhanced due to a physical templating effect at the organic-inorganic interface
accompanied by charge transfer induced de-doping at the interface, rather than cooperative
interfacial transport or modification of the energy dependence of scattering. Significantly, we
apply the Kang-Snyder charge transfer model to a wide variety of organic-inorganic hybrids and
demonstrate that it provides an effective framework to describe composite materials. Pairing our
experimental data with results from literature, we demonstrate that the key to high performing
hybrid materials lies in the energy-independent transport coefficient, oy (T). This provides a
general result suggesting that the role of energy dependent scattering in hybrid materials has been
systematically overestimated. Instead, transport in most hybrid systems can be understood within
the context of the individual components, with enhancements arising from physical interactions
such as templating. In summary, this work lays out a clear framework for development of next
generation soft thermoelectrics: leverage upon stronger energy dependent scattering (s=3)
polymers, enhance chemical interactions between inorganic and organic constituents, and create
architectures and templates emphasizing interfacial design capable of high-conductivity domains
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in the organic phase that enhance mobility of charge carries. These are three well-defined routes
that can be impactful in the near future.

5.5 Experimental
5.5.1 Synthesis and Characterization

Synthesis of PEDOT:PSS-Te NWs and PEDOT:PSS-Te(Cux) NWs closely followed previous
methods.?#%> All steps in the procedure are carried out in aqueous solution in the presence of air,
with high reproducibility over many separate experiments. As shown in our previous report, during
conversion to PEDOT:PSS-Te(Cux) NWs, mabile copper ions penetrate the PEDOT:PSS surface
layer to react with the Te core and form isolated alloy domains of Cu1.75Te.?® During this process,
the nanowires undergo a transition from rigid rods (Figure 5.1a) to curved wires, with alloy
domains appearing at ‘kinked’ portions of the wires (Figure 5.1b). The resulting nanostructures
are Te-Cuw7sTe heterowires. The extent of copper loading in each sample was directly measured
using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). After synthesis, x-
ray diffraction (XRD), scanning electron microscopy (SEM), and x-ray photoelectron
spectroscopy (XPS) were used to confirm the material structure and properties.

5.5.2 MD Simulations

In order to investigate the morphology and configuration of PEDOT:PSS on Te and Cui.7sTe NW
surfaces, a 27x20 supercell (12.0x11.8 nm?) of Te [100] surface with 4947 Te atoms and a 6x28
supercell (10.8x11.1 nm?) of Cu1.75Te [010] surface with 9073 atoms (Cus7s7Teszss) are constructed,
respectively. Ten and eight layers of atoms were used for the surface thickness which corresponds
t0 13.36 A and 12.07 A for Te and Cux.75Te, respectively. Molar ratio of polymers were determined
as 1:2 for PEDOT:PSS in simulations according to experimental results.'’

Canonical ensemble-molecular dynamics (NVT-MD) are used within the framework of Forcite
Plus package of Materials Studio.”™ Ten annealing cycles between 300 K and 1300 K were carried
out for equilibrium followed by 5000 steps smart minimization. The total annealing time is at least
5 ns with 0.5 fs time step and Nosé-Hoover Thermostat method is adopted for temperature control.
Condensed-phase Optimized Molecular Potentials for Atomistic Simulation Studies
(COMPASS)*® is used to evaluate the atomic forces.t’”1’® A summation method of non-bonded
electrostatic forces controlled by Ewald*" and van der Waals forces by “atom-based” is employed
in periodic cells. 11 A atomic cut-off distance was used for vdW interactions. Three different cubic
amorphous cells were prepared including five chains of EDOT1s and SS3s mixture for PEDOT:PSS
simulations (Figure 5.1e-f), 20 chains of EDOTs for pristine PEDOT simulations and 10 chains
of SSse for pristine PSS simulations on Te and Cua.7sTe surfaces respectively. Each simulation was
repeated at least three times with simulated annealing protocol for different amorphous polymers
to investigate structural changes.

Six EDOT12 and three SS24 oligomers were used to calculate interaction energies with the Te and

Cui.7sTe NW surfaces. Similarly, six EDOT12 oligomers distributed randomly onto the NW surface
was used to study directional preference and self-assembly of chains on surfaces.
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5.5.3 DFT Calculations

Based on the experimental results, a Te [100] surface® is cut with six subtract layers under it and
a 20 A vacuum slab above it to ensure no interlayer interaction. The simulated XRD diffraction
pattern of this model agrees exactly with the experimental TEM and SEM images!62181-183 A 3x6
(13.2x35.5 A?) supercell with a PEDOT hexamer aligned along the Te NW growth direction and
a 6x3 (26.4x17.7 A?) supercell with a PEDOT hexamer a perpendicular to the Te NW growth
direction are prepared, respectively. Similarly, a Cu1.75Te'® [010] surface cut and a 2x3 (43.4x12.5
A2) supercell with 20 A vacuum above are prepared respectively followed the same method.
Adsorption energy, density of states (DOS), electrostatic potential surface and electron density
differences between surface and PEDOT are calculated based on Density Functional Theory%
within the framework of plane-wave implemented in the Cambridge Serial Total Package
(CASTEP).18 Tkatchenko-Scheffler (TS)!®" scheme dispersion corrected Perdew—Burke—
Ernzerhof functional'® with van der Waals consideration (PBE-D) are adopted as exchange-
correlations, and generated on the fly (OTFG) ultrasoft potentials are used to describe interactions
with a cutoff energy, 490 eV for Te for 571 eV for Cui7sTe. Total energy convergence is 1x106
eV/atom and the force on the atom is 0.03 eV. The maximum stress is 0.05 GPa and the maximal
displacement is 0.01 angstrom. BFGS algorithm is used for geometry optimization and surface
relaxation. The adsorption energy was calculated according to the equation: Efads) = Eftotal -
(Efmonomer] + Epnwg ); here, Efadsl, Eftotar1, Efmonomer; and Epnwy represent the adsorption energy, the
total energy of a single monomer/oligomer adsorbed on the Te surface, the energy of isolated
monomer/oligomer and the energy of Te-based nanowires respectively. Molecular properties such
as electrostatic potential surfaces and highest occupied molecular orbitals are calculated by using
DMOL3 software at the same level of DFT functional®®°.
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Chapter 6. Molecular level insight into enhanced n-type transport in
solution-printed hybrid thermoelectrics

Adapted from “Molecular level insight into enhanced n-type transport in solution-printed hybrid
thermoelectrics,” EW Zaia, MP Gordon, V Niemann, J Choi, R Chatterjee, CH Hsu, J Yano, B
Russ, A Sahu, JJ Urban. Advanced Energy Materials, 2019, 9.13, 1803469 (DOI:
10.1002/aenm.201803469) with permission of the authors. Reproduced with permission of
Advanced Energy Materials.

6.1 Abstract

Perylene diimide (PDI) derivatives hold great promise as stable, solution-printable n-type organic
thermoelectric materials, but as of yet lack sufficient electrical conductivity to warrant further
development. Hybrid PDI-inorganic nanomaterials have the potential to leverage these physical
advantages while simultaneously achieving higher thermoelectric performance. However, lack of
molecular level insight precludes design of high performing PDI-based hybrid thermoelectrics.
Herein, we report the first explicit crystal structure of these materials, providing previously
inaccessible insight into the relationship between their structure and thermoelectric properties.
Allowing this molecular level insight to drive novel methodologies, we present simple solution-
based techniques to prepare PDI hybrid thermoelectric inks with up to 20-fold enhancement in
thermoelectric power factor over the pristine molecule (up to 17.5 puW/mK2). This improved
transport is associated with reorganization of organic molecules on the surface of inorganic
nanostructures. Additionally, outstanding mechanical flexibility is demonstrated by fabricating
solution-printed thermoelectric modules with innovative folded geometries. This work provides
the first direct evidence that packing/organization of organic molecules on inorganic nanosurfaces
is the key to effective thermoelectric transport in nanohybrid systems.

6.2 Introduction

Flexible thermoelectric devices can realize energy generation or solid-state heating/cooling
devices with conformal geometries, enabling a new portfolio of applications for thermoelectric
technologies.’>® As personal electronic devices become increasingly ubiquitous, interest in flexible
thermoelectric devices for portable, renewable energy generation and localized cooling,
particularly in wearable technologies, has surged.?191% Propelled by the emergence of new classes
of organic semiconductors, polymers, and organic-inorganic composites over the past few years,
several flexible thermoelectric devices capable of power generation have been successfully
demonstrated.?38144191 These soft thermoelectric materials are rapidly catching up to their
inorganic counterparts in terms of thermoelectric efficiency, while leveraging significant
advantages from a processing standpoint.”%! In general, solution-processed soft thermoelectrics
open the door to a variety of new thermoelectric applications due to flexible form factors and
scalable, roll-to-roll fabrication techniques without the need for costly energy-intensive processing
steps.®
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The performance of a thermoelectric material is often evaluated using the dimensionless figure of
merit, ZT=S?cT/x, which encompasses three material properties: the Seebeck coefficient or
thermopower (S), electrical conductivity (o), and thermal conductivity (k). Fabricating a
commercially viable thermoelectric module requires both high performing p-type (hole
transporting) and n-type (electron transporting) materials, which are connected electrically in
series and thermally in parallel. Recent work in soft thermoelectrics has seen impressive progress
in improving power factors in this class of materials. However, there is a striking scarcity of high
performing n-type soft materials due to poor electron transport properties and insufficient stability
in ambient conditions.810

State of the art organic n-type materials include organometallic poly(metal 1,1,2,2-
ethenetetrathiolate) derivatives, which have demonstrated power factors up to 66 pW/mK?, but
these materials rely on solid-state powder processing, making them unfavorable from a processing
standpoint.’% To avoid the challenges and costs of solid-state processing, focus has shifted to
solution-processed materials. Within this family of solution-processed thermoelectric materials,
doped single-walled carbon nanotubes and halogenated benzodifurandione-based oligo (p-
phenylene vinylene) (BDPPV) derivatives have achieved power factors up to 18 and 28 pW/mK?,
respectively.531%” Of particular interest are small molecules such as perylene diimide (PDI)
derivatives which exhibit good electronic conductivity, air stability, water solubility, and tunability
of both electronic and optical properties.!'19 PDIs have been used as pigments since the 1950s,
and are therefore inexpensive to synthesize at large scale. Self-doped PDIs have been reported to
achieve up to 1.4 uW/mK? power factors, a good starting point for materials development but too
low to be of practical use at the present.1%1 Such materials are exceptionally attractive in the
effort to realize solution-printed thermoelectrics for wearable and personal electronic application,
but even greater power factors are needed.

Hybrid organic-inorganic materials have been identified as a particularly promising path towards
next generation n-type soft thermoelectrics due to their ability to realize performances exceeding
that of either individual constituent while still leveraging the unique advantages of soft
thermoelectrics.?® For example, a composite formed from 2D TiS2 nanosheets with Ceo
nanoparticles was shown to achieve a ZT as high as 0.3 at 400K (a power factor of ~375 uW/mK?),
exceeding the reported ZT values for either individual component.®219 While this result highlights
the potential of organic-inorganic composites to realize impressive thermoelectric performance,
hybrid materials of this sort require multi-step, energy intensive fabrication processes including
high-temperature, low-pressure synthesis (640°C for 3 days) and solid-state ball milling. In order
to develop commercially relevant materials, there is a strong need to innovate versatile techniques
for the production of n-type thermoelectrics using solely low-temperature, solution-based
operations compatible with ambient conditions.

Moreover, while it is known that the organic/inorganic interface plays a key role in the high
performance of these composites, lack of detailed structural data and insufficient contrast at the
organic/inorganic interface has stymied efforts to conclusively elucidate the mechanisms behind
such performance enhancements. Current state-of-the-art in this material class has implicated
physical phenomena such as interfacial transport, structural/morphologic effects, and modification
of the energy dependence of carrier scattering, or energy filtering, in these thermoelectric
trends.24255173.154 Recent work has suggested that the role of energy filtering has been overstated
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in this field, and instead structural/morphological effects and interfacial charge transfer at the
organic-inorganic interface are largely responsible for enhanced thermoelectric performance in
hybrid materials.”8? For example, it was reported that, in composites of tellurium nanowires and
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), the organic component
self-assembled into an ordered structure at the surface of the inorganic nanostructure, creating a
region of high local ordering and contributing to enhanced carrier transport. However,
investigation of this so-called templating effect of the organic component on the inorganic surface
has thus far been theoretical, driven by molecular dynamics and density functional theory. Directly
probing the hard-soft interface in hybrid materials is challenging, and thus experimental
observation of this templating effect remains elusive.

In this Chapter, we present a novel, versatile approach to prepare stable n-type hybrid
thermoelectrics using low-temperature, ambient techniques, while simultaneously providing new
insight into the mechanism behind high performance in organic-inorganic hybrid thermoelectrics.
PDIs were used as the organic component due to their large scale and inexpensive synthesis,
electronic conductivity, solution processability, chemical tunability, and air stability.t111%
Tellurium nanowires (Te NWs) were chosen as the inorganic component. Te NWs are a well-
studied prototypical thermoelectric material, capable of being synthesized at large scale and doped
either n- or p-type.?>1% Recent work has shown that Te NWs are amenable to platform ligand
exchange techniques, providing a methodological precedent for forming PDI-Te composites.%*
Additionally, it has been shown that the Te nanowire surface can act as a structural template for
conductive polymer ligands, generating locally high conductivity at the hard-soft interface.” Both
components in this hybrid system can be synthesized at scale using low temperature, solution-
based techniques and produce air-stable films. Furthermore, the two components are likely to be
energetically compatible, with only a slight offset in their work functions as determined via UPS
(as well be discussed later). In this work, we develop a new approach to preparing high
performance PDI-Te hybrid thermoelectrics. We first apply the current literature state-of-the-art
hybrid preparation methodology (for simplicity, this method will hence be called Method A), and
perform detailed investigation of the structural and energetic properties of the composites. Notably,
we provide the first explicit solution for the crystal structure of these materials, allowing us to fill
a critical gap in the literature and tie molecular level information to the observed trends in
thermoelectric performance of these materials. Driven by new physical understanding of the
material system, the hybrid preparation methodology is revisited, and a second methodology is
developed (we will refer to this as Method B). Utilizing this new approach, we prepare PDI-Te
composites that are able to achieve up to 20-fold enhancement in the thermoelectric power factor
over pure PDI films. Moreover, the detailed investigation of the structural and energetic properties
of the composites provides the opportunity to directly relate molecular level phenomena to
macroscopic performance metrics, providing key understanding previously missing in the
literature and informing future work on organic-inorganic composite systems for thermoelectric
and electronic applications. Finally, we demonstrate that this approach is compatible with next-
generation flexible thermoelectric applications by fabricating solution-printed thermoelectric
generators with flexible and novel architectures.
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6.3 Results and Discussion
6.3.1 Thermoelectric Characterization (Method A)

Following a previously published platform methodology (Method A), PDI capped Te nanowires
(PDI-Te NWs) were first prepared via a ligand exchange technique, in which sulfur is used as a
linker molecule to mediate binding between the Te and PDI domains (Figure 6.1a). Full synthetic
details are provided in the experimental section. Method A represents an intuitive approach
extending a current state-of-the-art technique from the literature, shown to be broadly effective in
producing a variety of organic-inorganic composites.'> PDI-Te composites were prepared at a
variety of compositions, and their thermoelectric, structural, and electronic properties investigated.
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Figure 6.1 (a) Cartoon depiction of platform-based design scheme for n-type hybrid
nanostructures, Method A. (b) Chemical structure of PDI small molecule with high thermoelectric
properties. (c) TEM depicts high quality, single crystal Te nanowires. (d) HRTEM reveals
functional organic layer has successfully been strongly adhered to inorganic nanowire core. (e)
SAED confirms inorganic core is single-crystalline Te.

We first examine the effect of composition on thermoelectric performance of PDI-Te composites
prepared via Method A. Figure 6.2a depicts the electrical conductivity and Seebeck coefficient of
PDI-Te composites prepared via Method A with varying PDI content. Significantly, we observe
non-monotonic trends in both the Seebeck coefficient and the electrical conductivity. Such a trend
necessitates some hybridizing interaction between the organic and inorganic phases in the
composite films; otherwise, standard effective medium theory would predict that the composite
performance should lie intermediate between that of the pure components.?® These non-monotonic
trends were reproduced over five independent syntheses. It is also important to note that the
thermoelectric performance of these hybrid films exceed that of either starting materials, a result
with important implications for the design of hybrid thermoelectric devices. In PDI-Te composites

72



prepared via Method A, the thermoelectric power factor is enhanced greater than six-fold over
pure PDI, driven by increased electrical conductivity in the high PDI regime. Clearly, it is critical
to understand the nature of this performance enhancement in order to provide insight for next-
generation hybrid thermoelectric material design.
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Figure 6.2 PDI-Te composite nanostructures prepared via Method A demonstrate enhanced
thermoelectric performance relative to pure components. (a) Significantly, non-monotonic trends
are observed in both electrical conductivity and Seebeck coefficient. These phenomena are
reproducible over five separate experiments. (b) PDI-Te composites demonstrate up to six-fold
improvement in power factors in the high PDI regime.

In order to investigate this phenomenon, we consider the conductivity of a material, which can be
written as:
o = nep

where the electrical conductivity (o) is a function of the charge carrier density (n) and mobility (),
where e is the elementary charge. Thus, the improved conductivity of these films must be the result
of either doping of additional free carriers into the system or increased carrier mobility. On the
other hand, non-monotonic trends in the Seebeck coefficient of composite semiconductors can be
the result of many factors, such as doping/dedoping, shifts in the slope of the density of states, and
energy-dependent scattering phenomena.?>® In order to elucidate the physical origin of the non-
monotonic trends in the composite electrical conductivity and Seebeck coefficient and, in turn, the
improved thermoelectric performance in hybrid PDI thermoelectrics, each of these factors is
investigated.
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6.3.2 Quantitation of Carrier Concentration

A parameter key to both electrical conductivity and Seebeck coefficient is the concentration of
conductive charge carriers. Several groups have observed self-doping effects in similar PDI
systems, and similar doping effects could be responsible for the enhanced electrical conductivity
in the hybrid films with high PDI content. In order to test this hypothesis, both ultraviolet-visible-
near infrared absorption (UV-vis-NIR) and electron paramagnetic resonance (EPR) were
performed on hybrid films of varying PDI content. UV-vis-NIR absorption spectra depict the
expected optical transitions in the visible range, with three characteristic peaks representative of
PDI polaron charge carriers (~730 nm, 800 nm, 1100 nm), consistent with previous literature
(Figure 6.7).11119.197 The spectra are quite similar for all films in the high PDI regime, which is
not suggestive of significant changes in carrier concentration. Further corroborating this
conclusion, the charge carrier densities in the composite films all appear to be of the same order
of magnitude in the high PDI regime, as quantified by EPR (Figure 6.3).1%-200 |n fact, composites
with high PDI content, which exhibit enhanced electrical conductivities relative to pure PDI,
actually demonstrate slightly reduced carrier concentrations. Films with low PDI content show
significantly lower spin concentrations, suggesting that PDI acts as both stabilizing ligand and
active dopant in this system. We also note that the doping levels in these films are quite high,
consistent with previous reports.111% Combined, these data indicate that changes in the carrier
concentration cannot be solely responsible for the increased electrical conductivity and subsequent
improvement in thermoelectric performance observed in the hybrid films. Instead, these
phenomena must be the result of changes in the apparent thin film electron mobility. That is, the
addition of inorganic nanostructures influences the thermoelectric performance of hybrid films
through a mobility channel. To further illustrate this point, the carrier mobilities of the PDI-Te thin
films with varying PDI content have been extracted from this EPR data and plotted (Figure 6.8).
A peak is clearly observed in the high PDI regime, coincident with the enhanced electrical
conductivity and thermoelectric power factor observed in this hybrid system. Moreover, Hall
measurements were performed to independently probe the carrier mobilities in the same PDI-Te
thin films, demonstrating an identical trend to the EPR approach (Figure 6.8). Both approaches
independently corroborate the conclusion that increased carrier mobility in the high PDI regime is
responsible for the enhanced thermoelectric performance observed in these hybrid films. Such a
mobility gain is likely related to the morphology and structure of the PDI domains in the thin film.
In light of this result, it is critical to understand the molecular ordering of PDI in the hybrid films.
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Figure 6.3 EPR measurements allow quantification of unpaired spin concentration in samples with
varying PDI content prepared via Method A. While high PDI composites demonstrate enhanced
conductivity relative to pure PDI, they surprisingly demonstrate slightly reduced spin
concentrations, suggesting that doping is not the key factor in the non-monotonic conductivity
trends observed in this regime.

6.3.3 Characterization of Crystal Structure and Molecular-Level Ordering

In order to characterize the structure and packing of PDI molecules in the solid state, grazing-
incidence wide angle X-ray scattering (GIWAXS) was performed on thin film samples consisting
of (1) pure PDI, (2) pure S-Te NWs, and (3) composite PDI-Te NW films with varying PDI content.
For this experiment, samples were prepared via Method A, and a wide range of PDI content (2 —
98 vol%) was investigated. While GIWAXS has been performed on films of these PDI molecules
before, the complexity of the resulting spectra has impeded detailed crystallographic indexing until
now.'! Using high quality 2D GIWAXS data obtained using the Lawrence Berkeley National
Laboratory (LBNL) Advanced Light Source (ALS) synchrotron, we report an explicit solution for
the crystallographic structure of PDI molecules with high thermoelectric performance for the first
time. This result enables more thorough understanding of the structural factors contributing to the
high conductivity observed in PDI-Te hybrid nanostructures.

Structural studies have been performed on several similar small molecule systems, providing
useful context for this work. In 2006, Guillermet et al. described the monoclinic crystal structure
of a small molecule consisting of just the planar 3,4,9,10-perylene-tetracarboxylicacid diimide
core.?%! Following reports observed similar monoclinic unit cells for crystals formed from planar
PDI derivatives, while triclinic structures were observed in PDI molecules with alkyl side chains
due to increased mobility and entanglement.?0%203 Klebe et al. observed a distorted triclinic unit
cell in crystalline perylene-3,4:9,10-bis(dicarboximide), a molecule similar to the one presented in
this report but with hydroxyl terminated side chains rather than amine terminated, indicating that
functional side groups distort the unit cell further.?%* Commonalities in these reports include strong
001 and 002 reflections (representing end-to-end stacking of the PDI derivatives), “slipped” n-n
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stacking of the conjugated core, and significant (45-55°) angles between the substrate and the n-n
stacking direction.

The 2D GIWAXS pattern presented in this work for pure PDI films is shown in Figure 6.4e. The
pattern is consistent with previous reports, in which explicit indexing was not reported.'!* Here,
we present a solution for the triclinic crystal structure observed in these materials, with the unit
cell parameters summarized in Table 6.1. Upon geometric relaxation (using a Forcite package),
these PDI molecules are observed to pack in a similar fashion to the analogous materials described
previously (Figure 6.4f-g).2® Additionally, an integrated and indexed 1D GIWAXS spectrum is
presented in Figure 6.9 (see Supporting Information for this chapter) with a simulated XRD pattern
further corroborating this result.
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Figure 6.4 Two-dimensional GIWAXS performed on solid films of a) Te-S complex, Te-PDI
composites of varying composition prepared via Method A ( (b) — (d) ), and e) pure PDI. In the
low PDI regime, the GIWAXS spectra are dominated by the signal of the hexagonally packed Te
crystal lattice. In the high PDI regime, the GIWAXS spectra feature peaks at lower q values
corresponding to molecular packing and longer order organization of the PDI small molecules.
The 2D GIWAXS data for pure PDI is used to solve the molecular crystal structure. (f, g) Packing
of PDI molecules into a unit cell is viewed along (f) the b-axis and (g) the a-axis. For ease of 3D
visualization, an animation of the unit cell rotating is included in the Supporting Information of
the original published material.?%

In the 2D GIWAXS spectrum (Figure 6.4e), the highest intensity peak is identified to be the (001)
reflection, with a higher order (002) reflection clearly visible. The (001) peak represents the
largest-scale molecular ordering in these films, with a periodicity of 26.0 A, which has been
attributed to the end-to-end distance across the long-axis of the PDI molecules (Figure 6.4f). Due
to the tendency of the Cs side chains to protrude from the PDI core at an angle (~48°) and entangle
via hydrophobic effects, this length scale is smaller than the end-to-end length of a fully extended
PDI molecule (33.1 nm), similar to the observations made by Klebe et al. These peaks are
anisotropically observed near the meridian (close to qz), indicating a tendency to stack through-
plane. Additionally, we observe slipped n-n stacking of these molecules, at an angle of 56.5° from
the (001) plane. This corresponds to a 47.8° in reciprocal space, which matches the location of the
(105) peak (n-m stacking direction) on the 2D GIWAXS detector. The similarities between our
solution and those previously reported for molecules in this class of materials, as well as the
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agreement between the calculated and observed peak locations (both q values and positions on the
2D detector) provide further evidence for the fitness of our solution.

Table 6.1 Unit cell parameters calculated for PDI crystal structure. The PDI crystallites exhibit
triclinic structure with Z = 2 molecules per unit cell.

a(A) b(A) c(A)
4.48 8.33 26.0
a p Y
65.4° 86.6° 86.8°

GIWAXS spectra taken for S-Te NW thin films (Figure 6.4a) depict the expected hexagonal
structure previously reported in a similar system (ICDD - PDF-4 #04-016-1605).2° We note that
the (100) peak is observed primarily near the meridian, and thus that the corresponding (100) plane
is oriented primarily through-plane. Composite films of varying PDI content were also studied
using GIWAXS (Figure 6.4b-d). Note that, in the moderate to low PDI regime, the Te (011) peak
is convoluted with the PDI (105) peak. Of greatest import are the GIWAXS patterns observed for
hybrid films in the high PDI regime, as this is the regime that demonstrates maximum
thermoelectric performance. Interestingly, comparing the GIWAXS pattern for 100% PDI thin
films to the 98% and 90% composite PDI-Te films reveals a shift in the peak of highest intensity.
In pure PDI films, the (001) reflection is the most intense, whereas in the composite films, the
(010) plane is dominant. This indicates a reorganization of PDI crystals on the Te surface relative
to a bare substrate, likely tied to the increase in mobility implicated in the composite samples. In
such a regime, the PDI n stack would tend to align along the surface of the inorganic nanostructure,
likely leading to regions of high conductivity at the organic-inorganic interface. This result
suggests that having a smooth, pristine inorganic surface onto which the PDI molecules can be
templated during the PDI-Te composite formation is a critical component to producing high
conductivity hybrid materials.

Further, it is possible to estimate the correlation length in the PDI crystallites using the Scherrer
formula:
l =2nK/Aq

where the Scherrer constant (K) is taken to be ~0.9 and the correlation length (l) is calculated from
the observed peak broadening (Aq).!** In this way, we estimate the correlation length of PDI in
thin films of 100%, 98%, and 90% PDI to be 84.5 A, 183 A, and 170 A, respectively. The high
conductivity PDI-Te composites demonstrate greater than twofold increase in correlation length.
Again, the inorganic surface seems to play a role in templating larger crystalline domains of PDI
at the organic-inorganic interface than are achieved in pristine PDI films. This result further
corroborates the conclusion that structural reorganization of PDI molecules in the PDI-Te
composites is tied to increasing thin film apparent electron mobility and thus thermoelectric
performance of the hybrid system.

6.3.4 Composite Electronic Structure

Measurement of the work function (WF) and ionization energy (IE) for PDI-Te composites
provides an important probe to understand the source of the high Seebeck coefficient observed in
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the hybrid nanostructures in the low PDI regime. For this goal, ultraviolet photoelectron
spectroscopy (UPS) was performed on thin films of varying PDI content; the results are
summarized in Table 6.2, while the relevant spectra are depicted in Figure 6.10. Additionally, the
optical band gaps of Te-S and PDI are calculated from Tauc plots (Figure 6.11) to provide further
details on the electronic structure of these materials. The Te-S complex has a WF within the narrow
band gap and located near the conduction band, as expected in an n-type semimetal. Pure PDI and
the 90% PDI composite are shown to have a similar WF, although the band gap is much larger in
PDI than Te, as is typical with HOMO-LUMO gaps in organic semiconductors. The 10% PDI
complex has the greatest work function, in line with the EPR findings of relatively low carrier
concentrations in the low PDI loading regime and corroborated by XPS results (Figure 6.12). This
implies that the increase of Seebeck values measured in this low PDI regime are the result of
dedoping of the system, likely due to localization of previously mobile carriers during formation
of the composite.

Table 6.2 Work function (WF) and ionization energy (IE) for PDI-Te composites with varying
PDI content prepared via Method A, as determined by UPS.

WF (eV) IE (eV)
S-Te (0% PDI) 3.7 4.1
10% PDI 4.2 45
90% PDI 3.7 4.2
100% PDI 3.8 4.3

6.3.5 Design of High-Performing PDI-Te Composites (Method B)

Using sulfur linkers (Method A) in preparing the PDI-Te composites provides an intuitive and
flexible approach to the design of hybrid materials. Structural analysis of these materials reveals
that the key to the improved thermoelectric performance observed in these materials is a templating
effect, where the packing of PDI molecule is altered due to the presence of the inorganic
nanostructure, likely due to an interaction between PDI molecules and the Te surface. This leads
to a reorganization of PDI molecules in the hybrid films, as well as increased crystalline domain
lengths. However, XPS reveals that much of the polyvinylpyrrolidone (PVP) ligand used in the
original Te NW synthesis (Method A) is not removed during the S exchange process (Figure 6.13).
In order to promote templating of PDI molecules on the Te nanowire surface, it is desirable to have
intimate contact between the organic and inorganic phases. Any residual PVP ligand and S linkers
on the Te nanowire surface will likely reduce the surface area available for strong interaction
between PDI and the Te surface, dampening the templating effects. Additionally, PVP and the S
linkers are both electronic insulators, potentially reducing the electrical conductivities that can be
achieved in films synthesized using this method. Driven by these conclusions, we demonstrate a
second ligand exchange approach (Method B), in which much of the PVP ligands are removed via
a stripping method, and PDI is coated directly onto the bare Te surface in a single-step procedure.
Hydrazine hydrate was chosen as the stripping agent following literature precedent.207.208
Hydrazine hydrate is a good candidate for this method because it is known to 1) efficiently strip
hydrocarbon ligands from the surface of nanoparticles without altering the nanoparticle size or
shape, 2) act as a strong Lewis base to saturate any dangling bonds at the surface of the
nanoparticles, 3) act as a reducing agent to repair any oxide defects at the nanoparticle surface,
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and 4) act as a Bronsted base to prevent ionized free ligands from reattaching to the nanoparticle
surface.?%829 Additionally, unlike the toxic and explosive anhydrous hydrazine, hydrazine hydrate
procedures can be executed with minimal health risks in a standard fume hood. This procedure is
used to enhance the templating effect of PDI on the Te surface, minimize the presence of insulating
PVP and S moieties in the films, and simplify the composite preparation procedure from multi-
step to a single-step process. TGA is used to confirm the removal of the majority of the
hydrocarbon ligands from the Te nanowire surface (Figure 6.14).
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Figure 6.5 Thermoelectric transport properties measured for Te-PDI composites formed via
hydrazine stripping, Method B. (a) Similar non-monotonic trends are observed in both Seebeck
and electrical conductivity, implying that this technique provides a simplified, one-step route to
make Te-PDI nanostructures with similar properties. (b) Power factors achieved in this system are
significantly greater than those in Method A, demonstrating up to 20x improvement in
performance from pure PDI and three orders of magnitude improvement from the pure inorganic
nanostructure.

The composites prepared using Method B exhibit significantly improved electronic conductivity,
demonstrating power factors up to 20 times greater than pure PDI and three orders of magnitude
greater than the pure inorganic nanostructure (Figure 6.5). We note that the PDI-Te composites in
the high PDI regime also achieve greater Seebeck coefficients than those composites prepared via
Method A. The Seebeck coefficient is a complex function of several variables, including the carrier
concentration, mobility, and density of states. Hydrazine hydrate treatment is known to alter the
energetic landscape available to carriers at the organic-inorganic interface via reduction of oxide
defects and filling of trap states, which likely contributes to the complex Seebeck coefficient trends
observed. XPS spectra suggest stronger electronic coupling between the Te and PDI domains in
composites prepared via Method B (Figure 6.15). This result supports the conclusion that the
interaction between organic molecules and inorganic nanostructure surfaces play a key role in the
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performance of hybrid thermoelectrics. Furthermore, this result showcases the potential of our
methods and materials for preparing air stable, flexible n-type thermoelectric inks with high
thermoelectric performance. Such materials are amenable to a host of solution-based processing
techniques, enabling a variety of new thermoelectric device designs, from 2D printed arrays to 3D
flexible architectures. We provide proof of principle for this approach by demonstrating power
generation in a flexible thermoelectric energy generator (TEG) using only our hybrid
thermoelectric inks.

6.3.6 Fabrication of Ink-Based Flexible Thermoelectric Generator

In order to test the viability of our all-solution-based approach, it is imperative to demonstrate
realistic thermoelectric power generation in addition to measuring material properties. Here, we
present the fabrication and characterization of flexible TEGs using a novel geometric design and
facile, low-temperature solution-based techniques (detailed fabrication methodology provided in
experimental section). Using a 10-leg device, the maximum power density generated was as large
as 57 nW/cm? (Figure 6.6d) under a small temperature gradient (50K). This result is comparable
to power generated in other flexible, soft material systems using only low temperature/low
pressure solution-based techniques.>3144191 Mechanically, these devices demonstrated robust
stability during flexing. The folded “stacked” geometry requires each leg to be flexed at both
contact points. Traditional thermoelectric materials typically suffer from cracking or delamination
in such geometries, whereas an all-ink design improves mechanical versatility and resiliency.
Additionally, this design is modular in nature, and allows for simple modification of the number
of legs connected in series. Thus, our approach enables new thermoelectric architectures for
flexible power generation with low processing costs. This result represents a significant and
promising proof-of-principle for all-ink, solution-processed flexible thermoelectrics.
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Figure 6.6 Flexible thermoelectric module design and performance. a) Using solution printing, a
linear thermoelectric device is patterned onto a flexible substrate, which is then folded into a
compact “stacked” structure. b) Photograph of 10-leg stacked TEG module demonstrating
flexibility. ¢) Power density is measured as a function of load resistance at a variety of applied
temperature gradients. d) Maximum power density observed is reported as a function of applied
temperature gradients.

6.4 Conclusions

To summarize, we have successfully demonstrated the preparation of novel n-type soft
thermoelectric hybrids with high performance using PDI small molecules. We report the first
explicit solution to the crystallographic structure of the PDI molecules in thin films, shedding new
light into the relationship between structure and performance within this material class. Leveraging
this new molecular-level insight, a second methodology is developed to prepare PDI-Te hybrid
materials. Power factors as great as 17.6 pW/mK? are achieved in this system, representing up to
twenty-fold improvement in thermoelectric performance over the pure PDI thin films. Detailed
study of the energetics in this material system reveals that this phenomenon is the result of
enhanced carrier mobilities, associated with the reorganization of the PDI molecules on the surface
of the Te nanowires. This work provides strong evidence that ligand templating on inorganic
nanostructures plays a crucial role in the electrical and thermoelectric transport of hybrid materials,
marking the first experimental observation of this templating effect and corroborating recent
theoretical work in the literature. This result adds critical insight into the mechanism of high
performance in hybrid thermoelectric materials, a subject still under strong debate. Finally, we
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report the fabrication of all-ink thermoelectric generators with impressive flexibility using a novel
folded architecture. Since these materials use exclusively low temperature, facile solution
processing, this approach represents a significant advantage for next-generation printed electronic
devices.

6.5 Experimental
6.5.1 Materials

Tellurium dioxide (99.9995%), polyvinylpyrrolidone (PVP, average molecular weight 55 kDa),
sodium hydroxide (ACS reagent, >97.0%, pellets), ethylene glycol (ReagentPlus®, >99%),
hydrazine hydrate (78-82%, iodometric), sodium sulfide, and methanol (reagent grade, 98%) were
purchased from Sigma Aldrich. Acetone (J.T.Baker®) and isopropyl alcohol (ACS grade) were
purchased from VWR International. lon exchange resin (Dowex Monosphere 550A hydroxide
form, Sigma Aldrich) was used to run a PDI counterion exchange column.

6.5.2 Composite Synthesis

Synthesis of PVP capped Te nanowires (PVP-Te NWSs) and surface exchange to sulfur capped Te
nanowires (S-Te NWs) followed existing literature  procedures with  slight
modification.109.111.195.210 Synthesis of PDI molecules and counterion exchange to hydroxyl have
been previously reported. PDI capped Te nanowires (PDI-Te NWs) were prepared via two ligand-
exchange methods, Method A and Method B (details below). In both methods, PDI-Te NW
solutions were then washed 3 times in methanol (9000 rpm, 45 min) to ensure a clean product of
PDI capped nanowires. During washing, the supernatant was yellow in hue, indicating removal of
unbound PDI moieties. Finally, PDI-Te NWs were redispersed in water at a concentration of 20
mg/mL. The resulting solution is lustrous and silver, with a visible reddish hue indicative of the
presence of PDI moieties on the surface of Te nanostructures. TEM was used to visually confirm
the presence of an organic PDI layer on the Te core, and to verify that the NWs maintain a high-
quality inorganic core of single crystalline Te (Figure 6.1c-e). XPS scans show a shift in the
binding energy of the S 2p core levels upon addition of PDI, suggesting that the sulfur linkers
interact electronically with the organic phase in the binding process (Figure 6.16). These PDI-Te
NWs were then used to prepare thin films. To prepare PDI loading ladders, PDI-Te NWs were
mixed with varying amounts of additional PDI solution. It is important to note that capping the Te
NW with PDI is crucial to the preparation of high-quality composite films. Simply using a physical
mixture of Te NWs and PDI results in phase separation, an indication of weakly interacting organic
and inorganic phases. SEM illustrates the film-level organization (Figure 6.17).

Method A: In the first method, sulfur (S) is used as a linker molecule to mediate binding between
the Te and PDI domains (Figure 6.1a). In a typical reaction, 500 mg of precipitated S-Te NWSs
were collected, to which 5 mL of PDI solution (2 mg/mL in water) was added, and the mixture
was then briefly vortexed followed by redispersion in 15 mL methanol.

Method B: In this method, hydrazine hydrate was used to partially strip the surface of PVP-Te
NWs, destabilizing the nanostructures and allowing PDI to be directly coated onto the bare Te
surface. In a typical reaction, 1.5 mmol of hydrazine hydrate were added to 200 mg of PVP-Te
(concentration of 5 mg/mL) under vigorous stirring. The ligand stripping reaction was carried out
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for 30 minutes. If the reaction is allowed to progress too long (~ 40 min), over-stripping of surface
ligands will destabilize the nanostructures and cause the Te to crash out of solution. Afterwards,
the mixture was washed to remove hydrazine and unbound PVP (9000 rpm, 20 min). 1 mL of PDI
solution (2 mg/mL in water) was added to the precipitate, and the mixture was then briefly vortexed
followed by redispersion in 15 mL methanol.

6.5.3 Thin Film Preparation

Thin films were prepared via drop casting on glass substrates (9.5 mm x 9.5 mm, 1 mm thick —
Thin Film Devices). Substrates were pre-cleaned via sonication in three successive solvents,
Millipore water, acetone, and isopropanol, followed by nitrogen drying and UV-ozone treatment
for at least 10 minutes. Clean substrates were placed on a large aluminum block acting as a thermal
reservoir at 85°C, and 75 pL of composite nanoparticle solution was drop cast onto the substrates.
Films were partially covered to control evaporation and dried in this manner until all solvent had
been removed (20-30 min).

Gold contacts for electrical measurements (100 nm thickness) were patterned onto each of the four
corners of the dropcast films via thermal evaporation using a shadow mask. Identical experiments
were carried out using bottom contacts (100 nm gold), but these samples demonstrated poor
electrical contact in hybrid films with high inorganic loading. Cast films were annealed on a hot
plate inside a nitrogen glovebox at 120°C for 20 min before measurement and characterization. In
previous reports on these PDI materials, annealing was shown to significantly improve the thin
film electrical conductivity via a self-doping mechanism.'% Quaternary ammonium cations are
present on the PDI side chains in solution, which are converted to tertiary amines during the
annealing process, which then act as powerful n-doping motifs coupled to the PDI core. The
improved electrical conductivity and power factors after annealing was confirmed by measurement
of PDI-Te thin film thermoelectric properties before and after the annealing step (Figure 6.18).

6.5.4 Electrical and Thermoelectric Measurements

Sheet resistance of each film was measured using Keithley 2400 Sourcemeters in 4-wire van-der-
Pauw configuration. Film thickness was measured by scratching the film and measuring the step
height with a Veeco Dektak 150 profilometer. Electrical conductivity was extracted from the sheet
resistance and thickness measurements.

Seebeck coefficient (thermopower) was measured using a homemade probe setup. Two Peltier
devices (Ferrotec) were placed ~4mm apart and a single current was passed through them in
opposite polarities. This caused one device to heat and the other to cool approximately the same
amount relative to room temperature. The sample was placed across these two devices such that a
thermal gradient was established (thermal paste was used to ensure thermal contact — Wakefield
Thermal S3 Solutions), and the resulting open circuit voltage was measured using an Agilent
34401 multimeter. The temperature gradient was measured using two T-type thermocouples
mounted in micromanipulators. The magnitude of the temperature gradient is directly correlated
to the amount of current driven through the Peltier devices. Typically, five different gradients were
established (allowed to equilibrate for 200 seconds between temperature changes), with 10 voltage
measurements taken and averaged at each AT. All samples exhibited linear variation of open
circuit voltage with AT; this trend was used to extract Seebeck coefficient values. Data for both
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electrical conductivity and Seebeck coefficient were acquired using homemade Labview programs.
For each measurement, at least three different samples were measured and averaged, with error
bars representing standard error. Ohmic contacts were confirmed before measurements. Hall
mobilities were measured using an Ecopia HMS-5000 Variable Temperature Hall Effect
Measurement System. Air stability measurements were also performed on the Ecopia system. PDI-
Te hybrid films were prepared via Method A, and Te films were prepared via identical
methodologies but without the addition of PDI. Both films were stored in ambient conditions and
the conductivities were measured twice a day for 12 days. The air stability of the PDI-Te composite
films appears to be significantly improved over films without PDI (Figure 6.19).

6.5.5 Characterization of PDI-Te NWs and Thin Films:

High resolution imaging of nanostructures and selected area electron diffraction (SAED) were
acquired on a JEOL 2100-F Field-Emission Analytical Transmission Electron Microscope (TEM)
at an accelerating voltage of 200 kV. TEM samples were prepared on grids of 400-mesh Cu or Ni
on holey carbon (Ted Pella 01824). Thin film imaging was performed on a Zeiss Gemini Ultra-55
Analytical Field Emission Scanning Electron Microscope (SEM) using a beam energy of 5 kV.
Thermogravimetric analysis (TGA) was performed on a TA Instruments Q5500 TGA to quantify
organic-inorganic composition of each sample. 7-10 mg of each sample was ramped to 600°C at a
scan rate of 5°C/min and held there for 120 min. The weight lost was assumed to be the organic
content of the hybrid, and the remaining weight was taken to be the inorganic content.

Spin quantification was performed at room temperature using Electron Paramagnetic Resonance
(EPR) on a Varian E109 EPR spectrometer equipped with a Model 102 Microwave bridge. The
following spectrometer conditions were used: microwave frequency: 9.22 GHz; field modulation
amplitude: 32 G at 100 kHz; microwave power: 20 mW. Quantification was performed according
to existing literature standards using the stable free radical 1,1-diphenyl-2-picrylhydrazyl (DPPH)
as a standard.109.198-200 samples and standard were dropcast onto quartz microscope cover slides
and cleaved into pieces roughly 2-4 mm in dimension. Samples were inserted into quartz EPR
tubes and sealed with vacuum grease and plastic caps. Triplicates were measured at every PDI
loading level analyzed. All samples and standards were measured within 4 hours of preparation.
Spin quantities were determined by comparing the EPR signals from PDI-Te samples to those of
the DPPH samples with known spin quantities using the following equation:

& (aXA zp)
N (axA p)

where a is the peak-to-peak derivative amplitude and AHpp is the peak-to-peak line width.
Profilometry was used to measure film thickness to calculate per volume spin concentrations.

2D Grazing-incidence wide angle x-ray scattering (GIWAXS) was performed at the LBNL ALS
on beamline 7.3.3 with an area detector, a camera length of ~25-30cm, and an incident energy of
10 keV. Films were typically exposed for 60 s at an incidence angle of 0.10°. Acquired images
were normalized with a AgB standard.

X-ray and ultraviolet photoelectron spectroscopy (XPS and UPS) were performed on a Thermo K-

Alpha Plus instrument with a monochromatic Al X-ray source. For high resolution scans, the pass
energy was set to 20 eV and the energy resolution to 0.1 eV. UPS was performed using an He |
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source at 21.2 eV. Thin film surfaces were cleaned using an Ar cluster gun (6000 eV/cluster, 150
atoms/cluster, 15 sec) before all UPS experiments.

UV-vis-NIR spectroscopy was performed on a Cary 5000 instrument in absorbance mode with a
range of 190-3300 nm.

6.5.6 Thermoelectric Module Design and Performance:

Thermoelectric generators were prepared simply using solution-based techniques and a novel,
modular design (Figure 6.20). A flexible PET (polyethylene terephthalate, 0.0005” thickness —
McMaster-Carr) substrate was patterned with gold electrodes (100 nm thick) using thermal
evaporation. The substrates were then UV-ozone treated to improve hydrophilicity followed by
drop casting of the hybrid thermoelectric inks at 75°C. On a single substrate, 3-4 p-n couples were
deposited to form a thermoelectric module, and several modules were connected in series to form
a thermoelectric device with the desired number of p-n legs. The modules were then folded along
the gold electrodes to produce a thermoelectric generator (TEG) with a stacked geometry (Figure
6.6, 6.15). For the n-type leg, the PDI-Te nanowire composite was used, while for the p-type leg,
awell-studied PEDOT:PSS-Te nanowire composite was used.®1° The p-type material was chosen
due to its analogous inorganic nanostructure, ease of synthesis, high thermoelectric performance,
and air stability. The TEG was then suspended across two hot Peltier devices and connected to a
Keithley 2400 Sourcemeter. Each Peltier was operated separately to produce thermal gradients
ranging from 10 to 50 K. At a given temperature gradient, the sourcemeter was used to apply
varied electrical currents and measure the resulting module resistances. These measurements were
used to identify the optimal operating condition at each temperature gradient and to calculate the
maximum power generated there. All measurements were performed in air.
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6.7 Supporting Information
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Figure 6.7 UV-vis spectra of thin films of Te-PDI hybrid nanostructures with varying PDI content.
All spectra depict characteristic polaron peaks (~730 nm, 800 nm, 1100 nm), consistent with
previous literature. Peak broadening is observed as the PDI content is reduced, which is attributed
to increased carrier mobility and intermolecular interaction, in line with the evidence provided by
GIWAXS and EPR. It is important to note the lack of bipolaron absorption between 1250 and 2000
nm.
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Figure 6.8 Carrier mobilities (a) measured via the Hall effect and (b) extracted from EPR and

room temperature conductivity measurements. Both sets of data indicate a peak in the high PDI

regime, coincident with the peak in electrical conductivity observed the PDI-Te thin films. While
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bipolar transport and energetic disorder is expected to cause the Hall approach to overestimate
mobilities in this system, the qualitative agreement of both independent approaches corroborates
the conclusion that enhanced mobility in the high PDI regime is responsible for improved
thermoelectric performance in these hybrid films.
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Figure 6.9 GIWAXS data used to characterize morphology of Te-PDI composites. a) Radially
integrated GIWAXS profile of 100% PDI film was used to solve for the PDI crystalline structure.
A simulated diffraction pattern based on our reported solution is included as black lines at the
bottom. b) Radially integrated GIWAXS profiles are shown here for PDI-Te composites of varying
composition. At low PDI loading, the high intensity features clearly match the reference spectrum
for Te (ICDD - PDF-4 #04-016-1605). In the high PDI regime, the spectra include both Te peaks
and peaks stemming from organization of PDI molecules.
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Figure 6.10 Ultraviolet photoelectron spectroscopy was used to probe the energetics of Te-PDI
composites. Depicted here are a) The valence band/HOMO onset region and b) the secondary
electron cutoff (SECO) region. The UPS spectra were used to identify work functions and IE for
Te-S NWs, pure PDI, and Te-PDI composites with varying PDI content. The important results are
summarized in Table 6.2.
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Figure 6.11 Tauc plots used to calculate optical bandgap of both phases: a) pure Te-S and b) PDI.
Here, h is Planck’s constant, v is the light frequency, and a is the absorption coefficient of the
material. Te-S shows a narrow and direct bandgap, as expected, and the wider band gap in PDI is
consistent with typical HOMO-LUMO gaps in organic semiconductors.
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Figure 6.12 Te 3d XPS scans at low PDI content and high PDI content reveal a shift in the peak
location. In low PDI films, the Te peak shifts to higher binding energies, implying a decrease in
electron density in the inorganic phase. This corroborates the EPR and UPS results showing
increased carrier concentration in high PDI composites and implicating a dedoping effect in the
low PDI composites.
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Figure 6.13 XPS survey scan of Te-S nanowire complex before addition of PDI reveals strong C
and N signals, indicating that significant PVP ligand remains on the nanowire surface along with

the S linkers.
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Figure 6.14 TGA is used to quantify the organic-inorganic composition of the Te nanowires before
and after hydrazine hydrate treatment. The temperature of the composite is ramped to 600°C and
held there, and the weight loss is taken to be the amount of organic material present in the
composite. After treatment, the amount of organic material is significantly reduced, indicating that
the hydrazine hydrate treatment successfully removes the majority of the surface ligand from the
nanostructure.
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Figure 6.15 XPS was used to investigate and compare the interaction between PDI and Te in the
composites prepared via Method A and B. Here, XPS spectra of the Te 3d orbitals of 1) as-
synthesized PVP-Te NWs, 2) PDI-Te composites prepared via Method A (with S linkers), and 3)
PDI-Te composites prepared via Method B (without S) are depicted. These spectra reveal a shift
in the peak location of both PDI-Te composites relative to the PVP-Te control, suggestive of
electronic coupling and charge transfer between the Te and PD1 domains. Moreover, the magnitude
of this shift is greater for the PDI-Te composites prepared via Method B, indicating that the
electronic coupling is likely stronger in the composites without S. Note that the PDI-Te composites
measured here are both at 10% PDI.
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Figure 6.16 XPS experiments implicate sulfur linker in binding and in Te-PDI hybrid
nanostructures. High resolution scans of the S 2p core levels reveal a shift to higher binding energy
in the 10% PDI sample relative to the 0% Te-S complex. This corresponds to a decrease in electron
density around the S linker molecules, indicating that the linker interacts electronically with the
organic and inorganic phases.
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Figure 6.17 SEM images of Te-PDI films with varying PDI content show tellurium nanowires
embedded in organic PDI matrix as expected. These micrographs give a sense for film-scale
organization of the composite materials, which is important as all thermoelectric properties are all
measured at the film level. Nanowires are primarily oriented in-plane with some wire-wire packing
resulting in anisotropic transport.

91



a)S- B Annealed b)
A  Unannealed
£
(3]
0 21
=
=
g
£ 4
o 4
' i | |
o{ manaat -
0 25 50 75 100

PDI Content (vol %)

Seebeck Coefficient (UV/K)

-400

&

a

o
1

-300 4

(SR
o ()}
o o
I 1

-150 4

-100

il
o

A  Annealed
B  Unannealed

He

25 50

o

PDI Content (vol %)

C) B Annealed
& 20| A Unannealed
~
£
< 15- %
=
< 104
©
(.
5 5.
2 i1t
o
0{ mann Ll n
0 25 50 75 100

PDI Content (vol %)

Figure 6.18 Thermoelectric properties were measured for Te-PDI nanostructured prepared via 1-
step hydrazine stripping then ligand replacement. Performance of annealed films are compared
with that of unannealed films to confirm optimized film processing steps suggested by literature.
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Figure 6.19 The air stability of PDI-Te composites is evaluated by measuring the decay in
electrical conductivity over the course of 12 days, during which time the films were stored and
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measured in ambient conditions. The film without PDI experiences significant decay in
conductivity over the course of the experiment, while the PDI-Te composite (90% PDI) exhibits
more stable behavior. It is likely that the Te film, without the presence of the protective PDI layer,
IS prone to oxidation in air.

Figure 6.20 Preparation and measurement of flexible thermoelectric generator. a) Mask applied
to bare PET substrate in order to deposit gold contacts via thermal evaporation. b) PET substrate
with gold contacts before deposition of thermoelectric inks. c) 4-leg thermoelectric module after
deposition of thermoelectric inks. Dark blue regions are p-type PEDOT:PSS-Te NWs and red
regions are n-type PDI-Te NWs prepared via Method B. d) The folded thermoelectric generator
stack is suspended across two Peltier devices and connected electrically to a power
generation/measurement setup. e) Photograph of temperature controllers and sourcemeters used to
perform thermoelectric power generation measurements.
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Chapter 7. Conclusions and Future Outlook

The field of soft thermoelectrics is one rich with opportunity for a diverse group of scientists —
essential challenges remain in the basic chemistry, engineering, modeling, and transport physics.
STEs are compatible with diverse new commercial applications, and they are especially relevant
in light of the rising interest in 10T and wearable electronics. Even at the very root of this field,
there are a number of high-value open questions regarding the physics of carrier transport in
organic and organic-inorganic thermoelectric systems. Remarkably, even in many of the most
well-studied systems it remains the case that we do not know the specific energy carriers
responsible for the measured property values or the local structure or DOS at the abundant
interfaces in these STE materials. Similar large gems remain to be discovered on the basic
materials chemistry side as well. Most prominent amongst these is the observation that while there
is nothing fundamentally “special” about PEDOT:PSS or BizTes, the field has struggled to design
or discover new materials that beat these systems for p- and n-type transport, respectively. The
field is currently poised to transition from proof-of-principle to realistic STEG device design and
scaling, creating space for innovative work on device design rules and fabrication strategies.
Throughout this dissertation, we have focused on elucidating the fundamental phenomena
implicated in carrier transport in complex STE material systems. By first understanding the
specific physics dictating transport in these systems, we develop new organic-inorganic composite
materials with improved thermoelectric properties.

In Chapter 4, we developed a prototypical hybrid material platform to enable systematic
investigation of the key hypotheses regarding high performance in hybrid materials. To do this,
we developed a novel technique for solution-based patterning of hetero-nanowires at scale. We
show that formation of Cuw7sTe alloy subphases within Te-PEDOT:PSS nanowires can provide
an enhancement of the material Seebeck coefficient, leading to up to 22% improvement in the
thermoelectric power factor. In Chapter 5, we leverage this material system in the first systematic
study of the dominant carrier physics occurring in such complex hybrid systems. Using a full suite
of experimental techniques paired with molecular dynamics and density functional theory
calculations, we are able to elucidate the major factors contributing to enhanced thermoelectric
performance in these materials. Contrary to prevailing belief in the field, carrier filtering seems to
play little to no role in the high performance of these materials; rather, structural effects in the
organic phase and interfacial charge transport are identified as the critical factors. This work
includes the first computational observation of physical templating of polymeric domains at the
organic-inorganic interface. We leverage this phenomenon in Chapter 6, developing a novel
solution-based platform for the synthesis of air stable n-type soft thermoelectric inks using PDI
small molecules. Here, experimental evidence directly links structural organization of organic
molecules on the inorganic surface to the enhanced electrical conductivity and thermoelectric
efficiency of these hybrid organic-inorganic materials. Allowing this molecular level insight to
drive design methodologies, PDI hybrid inks are prepared with up to 20-fold improved
thermoelectric power factors over the pristine molecule. Utilizing both the n-type PDI composite
from Chapter 6 and the p-type Te-PEDOT:PSS composite from Chapter 4, we demonstrate the
fabrication of a solution-printed thermoelectric module with innovative folded geometry and
excellent mechanical flexibility.
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Our findings help shape promising hybrid design strategies by leveraging molecular-level effects
at the hard-soft interface. Additionally, and more controversially, the results of this dissertation
suggest that the role of energy filtering has been overestimated in the field of soft thermoelectrics.
Both experimental and theoretical evidence points to the importance of structural effects,
especially in the organic phase, as well as interfacial charge transfer phenomena in dictating the
thermoelectric properties of complex composites. Coupling this molecular-level insight with novel
hybrid design strategies brings the field closer to the realization of practical all-ink flexible
thermoelectric modules and their integration into applications such as implantable medical devices,
wearable technologies, and the Internet of Things.
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