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Abstract

Thin films comprising synthetically robust, scalable molecules have been shown to have major
potential for thermoelectric energy harvesting. Previous studies of molecular thin-films have
tended to focus on massively parallel arrays of discrete but identical conjugated molecular wires
assembled as a monolayer perpendicular to the electrode surface and anchored via a covalent bond,
know as self-assembled monolayers. In these studies, to optimise the thermoelectric properties of
the thin-film there has been a trade-off between synthetic complexity of the molecular components
and the film performance, limiting the opportunities for materials integration into practical
thermoelectric devices. In this work, we demonstrate an alternative strategy for enhancing the
thermoelectric performance of molecular thin-films. We have built up a series of films, of
controlled thickness, where the basic units—here zinc tetraphenylporphyrin—Tlie parallel to the
electrodes and are linked via 77— stacking. We have compared three commonly used fabrications
routes and characterised the resulting films with scanning probe and computational techniques.
Using a Langmuir-Blodgett fabrication technique, we successfully enhanced the thermopower
perpendicular to the plane of the ZnTPP multilayer film by a factor of 10, relative to the monolayer,
achieving a Seebeck coefficient of —65 11V K~ 1. Furthermore, the electronic transport of the
system, perpendicular to the plane of the films, was observed to follow the tunnelling regime for
multi-layered films, and the transport efficiency was comparable with most conjugated systems.
Furthermore, scanning thermal microscopy characterisation shows a factor of 7 decrease in
thermal conductance with increasing film thickness from monolayer to multilayer, indicating
enhanced thermoelectric performance in a 7—7 stacked junction.

1. Introduction

Thermoelectric devices, those that convert a heat flux to electric power [1], are attractive for a range of
applications including energy generation and flexible sensors. Electricity is generated by the Seebeck effect
and defined by the Seebeck coefficient, S = —AV/ AT where AV is the thermoelectric voltage generated in
response to a temperature difference AT across the device. The overall thermoelectric efficiency is defined by
a dimensionless figure of merit, ZT = S?GT/k where G is the electrical conductance and  is the thermal
conductance across the device. Realising strategies for engineering high Seebeck coefficients has become one
of the key challenges for thermoelectric devices.

Recently, it has been shown that small organic molecules, in both single-molecule junctions and
large-area thin-films are promising candidates for fabricating thermoelectric devices, due to their low

© 2022 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Scheme of ZnTPP thin film fabrication by (a) self-assembly, (b) Langmuir-Blodgett method and (c) thermal
sublimation, and (d)—(f) corresponding AFM topographical images.

toxicity, ease of fabrication and electrical tunability through control of electrical transmission features
relative to the position of the electrodes’ Fermi energy [2—11]. Thus far, the investigated molecular junctions
have largely focused on covalently linked components such as alkanes [12], oligo(phenylene)s [13],
oligo(phenylene-ethynylene)s [14], and oligo(phenylene-vinylene)s [15]; non-covalent supra-molecular
junctions comprising organic and 2D materials also show promise in both electrical [10, 16, 17] and thermal
optimisation [7] of the junction. In addition to increasing the value of S, improvement in thermoelectric
device performance can be achieved by reducing « of the material; indeed, it has been predicted that the
phononic contribution to thermal conductance in molecular junctions can be reduced by 95% via m—m
stacking compared with that of covalently bonded systems [7], and this type of through-space 7t-conjugation
can conduct electricity as efficient as conventional through-bond 7-conjugations [18].

In this work, through both experimental and theoretical investigation, we demonstrate a new approach
for enhancing the Seebeck coefficient of organic junctions, perpendicular to the plane of the organic film,
through the 7t-stacking of a controlled number of molecular monolayers. Using Langmuir-Blodgett (LB)
deposition, we fabricate and characterise multiple 7t-stacked molecular thin films, of controlled thickness, of
zinc tetraphenylporphyrin (ZnTPP). Whilst ZnTPP is expected to give lower absolute values of S than recent
reports for synthetically complex, tailored monolayer systems (S ~ —250 xV K~1) [19], the molecule is
known to have strong intra-stack 7 interactions [20-22] making it an ideal candidate for to demonstrate this
new strategy for enhancing S. We compared the growth of the LB films to those obtained from self-assembled
monolayers (SAMs), and thermal sublimation (figure 1). We obtain a room temperature Seebeck coefficient
as high as —65 ¢V K~! in films of 4.8 nm thickness, an increase of a factor of ten from a monolayer SAM
film. Our atomistic simulations using first principle methods show that this is due to the high slope of the
transmission function close to the Fermi energy of the electrodes. These results promise great potential of
stacked molecular structures for thermoelectricity.

2. Experimental

2.1. Synthesis

The free-base tetraphenylporphyrin (H,TPP) was obtained by condensation of p-benzaldehyde and pyrrole
in the presence of BF;.Et,0 in dichloromethane, as described by Lindsay et al [23]. Metallation with
Zn(OAc), provided ZnTPP following known experimental procedures [24]. The compound was purified by
column chromatography and crystallised from dichloromethane/methanol. The characterisation data
obtained for ZnTPP matched the previously reported data.

2.2. Molecular film growth

Three molecular film growth methodologies for ZnTPP were investigated. SAMs and LB films were grown
on template striped gold (Au') using a previously reported method [25, 26]. AFM was used to confirm Au"™
roughness <150 pm. The thicknesses of the molecular films were characterised by nano-scratching with an
atomic force microscope (AFM) [27-29]. Thermally sublimed films were deposited on atomically clean
Au(111) surfaces (Au(111):mica, Georg Albert PVD) prepared immediately prior to molecular deposition
via in-situ sputter-annealing cycles carried out under UHV conditions.

SAMs were deposited by immersion of the Au'™ substrate in a 0.1 mM solution of ZnTPP in benzene as
per established recipes [30-32]. Growth was monitored, in real-time, by a freshly cleaned Au coated quartz
crystal microbalance (QCM) (openQCM Q-1, Novaetech Srl). The crystal was cleaned by oxygen plasma for
10 min, immersed in hot DMF (100 °C) for 2 h then room temperature DMF overnight, washed sequentially
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Figure 2. Langmuir-Blodgett isotherm of ZnTPP film on a water subphase with representative images of films transferred to Au™
in different isotherm phases.

with ethanol and isopropanol, and dried in a vacuum oven for 20 h at 35 °C. A deposition time of 60 s
resulted in a molecular density of the deposited film of ~0.9 zzmol m~2, corresponding to 160 + 20 A2 per
molecule determined by a Sauerbrey analysis of the QCM response [33]. AFM nano-scratching showed a
film thickness of ~0.4 nm, in good agreement with the reported value for metallic porphyrin self-assembled
on Au substrate (0.35-0.4 nm) [30]. QCM and nano-scratching indicated that the ZnTPP molecule is
continuously adsorbed on the sample surface after monolayer formation. Further exposure of the deposited
film to the ZnTPP solution was expected to result in multi-layered films due to favourable interaction
between the zinc centre of one layer with the 7r-electrons of the pyrrole of the adjacent porphyrin layer(s)
[30]. After 3 h of growth, the averaged film thickness was 1.3 & 0.3 nm (corresponding to 3—4 layers of
molecules), and the calculated molecular density on the surface was ~2.7 ymol m~2, 3 times higher than at
the monolayer stage. The film thickness and the molecular density were observed to be the same after 12 h
growth as after 3 h growth (figure S1, supplementary material available online at
stacks.iop.org/JPEnergy/4/024002/mmedia) suggesting that 3—4 ZnTPP layers is the maximum achieved film
thickness using this method.

LB films were prepared by spreading 150 ul of dilute (0.2 mg ml~!) ZnTPP in toluene solution onto the
pure water subphase of a KSV Nima LB trough (KN2003, Biolin Scientific). After allowing 10 min for the
solvent to evaporate, the floating monolayers were compressed at 5 mm min~!. The pressure—area (p—A)
isotherm showed clear phase transitions at surface pressures of 4.8 mN m~! and 12.5 mN m~!
corresponding to molecular occupation areas of 92 A2 and 206 A?, respectively (figure 2).

The thickness of the deposited film at 4.8 mN m™! was 1.3 + 0.2 nm (figure S2), and the film was
discontinuous (~50% of the substrate surface was covered by the film). Further increase in the surface
pressure and initial solvent volume lead to both better continuity and greater film thickness (figure 2,
inserts); ~2.5 nm thick films were obtained at 18.5 mN m~!. The film, after compression, was transferred
onto Au"® substrate by vertical dipping. A second deposition cycle on the transferred film resulted in
multilayer films ~5 nm thick.

Thermally sublimed samples were prepared using standard methods described in detail elsewhere [34]
with a sputtering energy of 0.6 keV at an Ar gas pressure of 5 x 10~¢ mbar, followed by thermal annealing at
500 °C for 30 min, and a slow cool-down of ~1 °C s~ !, obtaining an atomically flat surface and the
well-known herringbone reconstruction. Zinc-tetraphenylporphyrin (ZnTPP) samples were grown under
UHV conditions at a pressure lower than 1 x 10~? mbar. The molecules were thermally sublimed at a
temperature of 485 £ 20 K using a home-built glass evaporator designed for porphyrin deposition [34, 35].
Temperature was measured using a k-type thermocouple that was melted into the base of the crucible. The
deposition rate was measured using a QCM and confirmed by subsequent AFM scans. The deposition cell
consisted of a borosilicate crucible heated via a tightly coiled tantalum wire. Molecules were degassed prior to
deposition via heating to a temperature 25 K higher than that used for sample preparation. Molecular layer
thickness, from monolayer (~0.4 nm) to >10 layers (~5 nm), was controlled by the varying deposition time
and correlating with the AFM images. Due to the atomically flat nature of the Au(111) surface, ZnTPP layers
were easily identifiable by their increased layer height and square island shape (figure S3).

2.3. AFM nano-scratching
Initial film topography images were obtained by AFM (Multi-Mode 8, Bruker Nano Surfaces) operating in
peak force mode. Nano-scratching was performed in contact mode at high set force (F = 15-40 nN) using a
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soft probe (Multi-75 G, k =3 N m™!) to ‘sweep away’ the molecules from a defined area. The topography of
the sample after scratching was again characterized in peak force mode, the scratched window was easily
observed. Nano-scratching was also conducted on a bare gold sample under the same conditions to ensure
no gold was scratched away in the used force range. The height difference between the scratched part and
un-scratched part indicates the thickness of the film.

2.4. Electrical characterisation

The electrical conductivity perpendicular to the plane of the film was characterized by a conductive AFM
(cAFM) setup based on a Multi-mode 8 AFM instrument (Bruker Nano Surfaces). The bottom gold substrate
was used as the source, and a Pt/Cr coated probe (Multi75 E, BugetSensors) was used as the drain. The force
between the probe and the monolayer was controlled by the deflection error set point. The triangular shape
AC bias was added between the source and drain by a voltage generator (Aglient 33500B), the source to drain
current was acquired by a current pre-amplifier (DLPCA200, Femto) providing current-to-voltage
conversion. The I-V characteristics were obtained by Nanoscope 8 controller simultaneously collecting drive
bias and current with subsequent correlation of these values at each time point.

2.5. Thermopower characterisation

The Seebeck coefficient of the SAMs was obtained through use of Thermal-Electrical Atomic Force
Microscopy (THEFM)[36—40], which is a modified version of the cAFM used for our electrical transport
measurements. The probe was coated with 100 nm Au by thermal evaporation for voltage stabilisation.

A Peltier stage controlled by a voltage generator (Agilent 33500B with buffer amplifier) was used for
substrate temperature control, and a temperature difference between the sample and the probe, AT, can be
created. A Type T thermal couple was used to quantify this AT. The thermal voltage between sample and
probe, AViyerm, was detected via a high impedance differential pre-amplifier (SR551, Standford Research
System). The signal was passed through a low pass filter and recorded by the AFM controller. The linear
regression of AVrpem vs. AT was plotted, and the slope of the linear curve was the Seebeck coefficient of the
system (figures S4-S6).

2.6. Thermal characterisation

Ambient scanning thermal microscopy (SThM) measurements were performed using a standard contact
AFM setup (Bruker Multi-Mode, Nanoscope III) with ‘half-moon’ SThM probe holder (Anasys Instruments)
using a silicon nitride probe with Pd integrated heater (Kelvin Nanotechnologies). As the heated SThM tip is
brought in contact with the surface some heat flows into the sample cooling the tip and hence changing the
electrical resistance of the sensor. The probe’s electrical resistance was calibrated as a function of applied
voltage and temperature using the method described elsewhere [41], a linear dependence of the probe
resistance on its temperature was always observed. In both ambient and vacuum cases, during measurement,
the thermal probe represents part of a balanced Wheatstone electric bridge with a 4 V¢ drive at 91 kHz
frequency and 2 V¢ bias, provided by a precision function generator (Model 3390, Keysight instruments),
with the unbalance AC signal proportional to the probe temperature measured via lock-in amplifier
(SRS-830, Stanford Research Systems). A constant power applied to the sensor generated Joule self-heating,
enabling the tip temperature and the total probe thermal resistance to be acquired simultaneously. The
thermal conductance of the measured film was estimated via the temperature change of the SThM

probe [42].

2.7. Computational methods

The geometry of the structures studied in this paper was relaxed to the force tolerance of 10 meV A~! using
the SIESTA [43] implementation of density functional theory (DFT), with a double-( polarized basis set and
the generalized gradient approximation functional with Perdew—Burke—Ernzerhof parameterisation. A
real-space grid was defined with an equivalent energy cut-off of 250 Ry.

To calculate the electronic properties of the device, from the converged DFT calculation, the underlying
mean-field Hamiltonian H was combined with the quantum transport code, Gollum [44, 45]. This procedure
yields the transmission coefficient T, (E) for electrons of energy E (passing from the source to the drain) via
the relation T (E) = Tr (I'; (E) GR (E) g (E) G* (E)) where T, ; (E) =i (ZL’R (B) =1 (E)) describes
the level broadening due to the coupling between left L and right R electrodes and the central scattering
region, I';  (E) are the retarded self-energies associated with this coupling and
GR=(ES—H->,—->%) ~!is the retarded Green’s function, where H is the Hamiltonian and S is the
overlap matrix obtained from SIESTA implementation of DFT. DFT+ ) approach has been employed for
spectral adjustment [45]. The electrical conductance G (T) = GyLy, and the Seebeck coefficient
S(T) = —L,/eTL, are calculated from the electron transmission coefficient T (E) where the momentums
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+oo p
L,(T)= [ dE(E—Ep)"T(E) (—%) and f(E, T) is the Fermi-Dirac probability distribution function
—o0

-1 . . . .
f(E,T) = (e(E_EF)/ kT 1) , T is the temperature, kg is Boltzmann constant Ef is the Fermi energy,
Go = 2€*/h is the conductance quantum, e is electron charge and / is the Planck’s constant.

3. Results and discussion

Films fabricated by the three growth methods, collectively, spanned thicknesses from monolayer (0.4 nm) to
~12-14 layers (4.8 nm). The film’s electrical conductance was investigated by cAFM [46], the junction area
was estimated via a Hertz model [36, 47, 48], and calibrated to single molecular occupation area

(figures 3(a)—(c)). For films prepared by different methods, the electrical conductance (dI/dV) at near 0 bias
was found to decay exponentially with film thickness, such that,

In(G) =In(Gc) — fd

where G the measured conductance, G¢ the contact conductance, 3 the attenuation factor of the junction, d
the film thickness. Crucially, electron mobility does not need to be considered here as it is only relevant when
electrons undergo inelastic scattering as they traverse the device. This would happen for transport within the
plane, but does not occur for transport perpendicular to the plane, because the film thickness is too small (in
the range 0.3—-5 nm). Over such short distances, inelastic scattering is negligible and transport takes place via
phase-coherent tunnelling. This is evidence by figure 3(d), which show that electrical conductance decays
exponentially with length, which is a hall mark of tunnelling [12—14] (figure 3(d)).

The attenuation factor, 3, indicates the electron transmission efficiency across the plane of the molecular
thin film. This value was 3.7 nm ™!, 3.1 nm~! and 2.9 nm ™! for SAMs, LB and thermally sublimed ZnTPP
films respectively, which was significantly better than an aliphatic carbon system such as alkyl thiol based
SAMs (7-10 nm~!)[12], and similar to other reported wires in conjugation
(oligo(phenylene-ethynylene) ~ 2 nm ™! [49], oligo(aryleneethynylene) ~ 3.3 nm~! [50], acene ~ 3.1 nm™
[51]). This means, despite the absence of covalent bonding between layers, the 7 stacking between ZnTPP
maintains the electron transmission efficiency through the film at the same level to other commonly used
molecular junction systems. The range of experimental /3 values observed is attributed to the increased
disorder in the film structure due to both growth technique and increased thickness and is consistent with
other studies of ZnTPP multilayers [21].

Thermopower of the thin film in this work was measured by ThEFM. For all films, the measured thermal

1

voltage (Vior — Veola) increased positively with increase of temperature difference (Thot — Tecold)

(figures 4(a)—(c)) resulting in negative Seebeck coefficients of the junction and indicating that the Fermi level
of the junction was located near the LUMO resonance of the molecule [1, 52, 53]. Crucially, for all films
prepared by the different methods, linear relationships between film thickness and Seebeck coefficient were
observed (figure 4(d)). This demonstrated the intermolecular coupling between porphyrin layers enhanced
the thermopower of the junction [16]. The absolute Seebeck coefficients were found to depend on the film
fabrication method. At comparable thickness (~4.5 nm), the film prepared by the LB method

(—65 4 15 uV K~') was significantly higher than the thermally sublimed film (—32 + 10 uV K™,

figure 4(d)).

In agreement with previous studies [54], thermal conductance, as calculated from probe voltage changes
during SThM approach—retract curves (e.g. figure 5(a)), indicates a monotonic decrease in thermal
conductance with number of ZnTPP layers (figure 5(b)). This is predicted to indicate the suppression of
phonon transport between 7-stacked layers [7]. It is worth noting the difference between the thermal
conductivity values for four layers of ZnTPP fabricated by LB and self-assembly as well as the greater
decrease with layer number for SAMs both believed top indicate more ordered films from self-assembly than
LB deposition. This is consistent with trends observed for the thermopower shown in figure 4.

To further understand the electronic and thermoelectric properties of the zinc porphyrins films
(figure 6(a)) assembled in a junction, we computationally studied idealised molecular junctions consisting of
layers (L) of stacked zinc porphyrins (ZnP) between gold electrodes [55, 56]. ZnP rather than ZnTPP were
used here to reduce compuational time. The ground state mean field Hamiltonian of the junctions was
obtained from their optimised geometry using SIESTA [43] implementation of DFT. The optimisation
reveals that the ground state geometry corresponds to the porphyrin units stacked in the configuration
shown in figure 6(a). We then combined the Hamiltonian with Gollum implementation of non-equilibrium
Green’s function method [44, 45] to obtain the transmission coefficient T of electrons with energy E passing
from the top electrode to the bottom. Figure 6(b) shows the transmission coefficient of junctions with
different numbers of porphyrin units between gold electrodes. Clearly, the transmission coefficient decreases
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with the number of porphyrins. Figure 6(c) shows the average room temperature conductance versus the
length of the junctions for a range of Fermi energies around the DFT Fermi energy. We found the decay
attenuation factor of 3.7 nm~! in agreement with the experimental observation of figure 3(d).

From the transmission coefficient, the Seebeck coefficient was obtained for each junction. Figure 6(d)
shows the room temperature Seebeck coefficient for the junctions with different numbers of porphyrin units.
The average Seebeck coefficient over a range of Fermi energies can be obtained using the relation [57]
<§>=<GS>/<G> where G and S are the electrical conductance and Seebeck coefficient, respectively. Clearly,
the average Seebeck coefficient for energies around the DFT Fermi energy (yellow region in figure 6(b))
increases with length and reaches high values of ca. —150 yV K™! at room temperature in the junctions with
ten porphyrin units sandwiched between gold electrodes.
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Whilst noting the excellent agreement between the trends in conductance properties and Seebeck
coefficients, we observe a discrepancy (~50%) between the optimised, theoretical value of the Seebeck
coefficient for the junctions and the experimental measurements. We believe this discrepancy comes from
the non-idealised structure of the as-gown films which, in turn, introduces disorder into the junction, the
extent of which increases with increasing film thickness [21].

4. Conclusions

We have demonstrated a successful strategy for increasing the Seebeck coefficient of molecular junctions
using multi-layered ZnTPP films stabilised by inter-layer m— stacking fabricated by three different growth
techniques. The electronic transport of the system followed the tunnelling regime, and the transport
efficiency was comparable with most conjugated systems. The Seebeck coefficient of the junction was
proportional to the film thickness; this trend was observed up to the maximum film thickness fabricated of
~4.5 nm. Moving from monolayer to multilayer ZnTPP junctions allowed us to engineering an increase in
Seebeck coefficient of ~x 10 achieving > —60 11V K~ ! at room temperature whilst simultaneously decreasing
the junction’s thermal conductivity; this approach demonstrates an exciting new avenue to achieve high
thermoelectric performance in simple, scalable materials.
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