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ABSTRACT: PbS nanocrystals are surface-functionalized with the organic
semiconductor §5,5”-dithiol-[2,2':5,2”-terthiophene] and assembled to afford
hybrid nanostructured thin films with a large structural coherence and an
electron mobility of 0.2 cm?/(V s). Electrochemistry, optical spectroscopy,
and quantum mechanical calculations are applied to elucidate the electronic
structure at the inorganic/organic interface, and it is established that electron
injection into the molecule alters its (electronic) structure, which greatly
facilitates coupling of the neighboring PbS 18, states. This is verified by field-
effect and electrochemically gated transport measurements, and evidence is
provided that carrier transport occurs predominantly via the 1S, states. The
presented material allows studying structure—transport correlations and
exploring transport anisotropies in semiconductor nanocrystal superlattices.
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B INTRODUCTION

Coupled organic—inorganic nanostructures (COINs) exploit
the electronic interactions between an inorganic nanocrystal
(NC) core and its organic ligand shell.'™* By replacing the
insulating surface molecules typically introduced during
synthesis with molecules of tailored functionalities, new
functional, e.g., optical and electronic, properties can be
obtained. As a result, enhanced photovoltaic conversion
efficiencies, increased catalytic activity, facilitated energy
transfer, and photon upconversion have been realized.”™”
Specifically, COINs based on lead chalcogenide NCs are
widely applied in optoelectronics due to a large size tunability
of the band gap and high intrinsic charge carrier
mobilities."”~"* In the case of solar cells for example, high
carrier mobilities reduce the exciton recombination probability
and, thus, can enhance the overall efficiency.”'® Optimizing
carrier mobilities in lead chalcogenide NCs has been especially
difficult for electron transport, and a number of different
protocols have been implemented to overcome this
obstacle."*™*" Our strategy in this respect is to use fully
conjugated, bidentate molecules with strongly binding func-
tional groups as surface ligands.”"** These ligands act as
electronic linkers to improve the interparticle charge carrier
transport by providing matching energy levels for the NC 1Sy
and 1S, states.”™® A serious challenge is that long and
conjugated molecules maintain structural order and orientation
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in the NC ensemble, which are often lost during ligand
exchange with short molecules.””** Due to the low electro-
chemical potential of the 1S, state of lead chalcogenide NCs
(—3.5 to —4 eV vs vacuum), identifying conjugated molecules
suitable for promoting electron transport in these materials is a
challenge that remains to be addressed.”*~>*

Here, we report PbS NC solids cross-linked with the
bidentate organic semiconductor $5,5”-dithiol-[2,2':5,2"-ter-
thiophene] (T3DSH). Although charge transfer between
NCs and oligothiophenes has been studied previously,
functional electronic devices with an eflicient electron
transport have not been reported.””>* We demonstrate
field-effect transistor (FET) electron mobilities of 0.2 cm?/
(V s) as well as macroscopic structural coherence in
superlattices of T3DSH-functionalized PbS NCs. With a
combination of cyclovoltammetry (CV), spectroelectrochem-
istry, electrochemically gated (EG) conductivity measure-
ments, and quantum chemical calculations, we reveal the
pivotal role of the electronic structure of T3DSH in aiding
electron transport through the PbS NC superlattice.
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Figure 1. (a) Relevant energy levels for PbS NCs, according to previous density functional theory (DFT) calculations,”' and for T3DSH as
calculated from CV and DFT. The state labeled “[T3DSH]™” corresponds to the signal magnified in the CV measurement and is attributed to
charging of the parent T3DSH compound. (b) CV measurement of T3DSH dissolved in acetone referenced vs Fc/Fc". (c¢) UV—vis measurement

of T3DSH and its deprotonated derivate T3DS>" in acetone. (d) Calculated frontier orbitals and molecular geometry of the two isoenergetic
conformers of T3DSH with C, and C, symmetry, respectively, as well as the structural change after deprotonation to T3DS*” with C,, symmetry.

Table 1. HOMO and LUMO Energies of T3DSH as Calculated with Different Methods and Basis Sets”

B3LYP B3LYP/PCM CCSD CCSD/PCM exp.
method 6-311+G** aug-TZvP 6-311+G** 6-311+G** 6-311+G** Ccv
HOMO 7.46 + 0.01 742 + 0.01 5.92 + 0.01 745 + 0.01 5.92 + 0.01 5.7 £ 0.1
LUMO 0.71 + 0.01 249 + 0.01

“Molecule solvation is modeled using the PCM method. Ground-state geometries are calculated using B3LYP or B3LYP with PCM, respectively.
The values are compared with the experimental value from CV measurements. All energies are in electronvolts and have been referenced against the
vacuum level.

B RESULTS AND DISCUSSION basis set. Two energetically very close conformations exist for
the minimum geometry of T3DSH: the trans-, trans-, trans-

We use CV, optical spectroscopy, and quantum chemical
) OP P 24 d geometry with C, symmetry and the trans-, trans-, cis-geometry

calculations to arrive at the electronic structure at the interface i 40 o ) k
between PbS NCs and T3DSH schematically depicted in W%th C, symmetry.” Single-point calculations were P erformed
Figure la. The position of the first excited hole (1S;) and with the CCSD and the DFT level of theory, using the 6
electron state (1S,) of the PbS NCs are inferred from previous 311+G** basis set. As the standard calculation of a molecule in

experimental and theoretical studies of this material, including vacuum poorly reflects the scenario of an either s_olvated or
polarization effects. 22628 The energies of the highest otherwise bound molecule, we corrected for solvation effects

occupied and the lowest unoccupied molecular orbitals via the polazf(i)z;\lble continuum model (PCM) .and acetone as
(HOMO and LUMO, respectively) of T3DSH are determined the solvent.”" The calculated absolute orbital energies for
by CV in a 0.1 M solution of tetrabutylammonium different methods are shown in Table 1 and apply to both, the
hexafluorophosphate (TBAHFP) in acetone at a scan rate of C, and the C, conformer, because their values are equal to the
0.1 V/s (Figure 1b). The potential is referenced against the second digit. The orbital geometries for the HOMO and

ferrocene/ferrocenium (Fc/Fc*) couple, assumed to be at 4.8 LUMO of both T3DSH conformers calculated with the
eV below vacuum.*® In accordance with Bao and co-workers, complete active space self-consistent field method are shown in
we find a split oxidation wave at 0.9 V vs Fc/Fc* (—5.7 eV Figure 1d.>® The excited states are calculated using a time-
below vacuum) and attribute it to charging of the molecule’s dependent DFT (TDDFT) approach. Our results show that
HOMO level.*® We note a weaker oxidation wave at 0.4 V and B3LYP/6-311+G** is sufficient to adequately model the
tentatively attribute this process to dimerization, which is often T3DSH molecule. Higher basis sets like aug-TZvP and
observed for oligothiophenes around this electrochemical methods like CCSD yield very similar results while requiring
potential.””** In the CV’s reductive path, we observe a strong significantly more calculation time. The absolute value of the
reduction peak at —2.3 V and a weaker signal at —1.2 V vs Fc/ HOMO energy is calculated following Koopmans theorem,
Fc*. In line with an optical HOMO-LUMO gap of taking the ionization energy of the molecule as the difference
approximately 3 €V (4., = 378 nm) for T3DSH in acetone between the total energy of the ionized and the neutral
(Figure 1c), we assign the reduction wave at —2.3 V (—=2.5 eV molecule.”” The LUMO energy is calculated in a similar
below vacuum) to the charging of the LUMO for an fashion from the molecule’s electron affinity. The calculated
electrochemical HOMO—LUMO gap of 3.2 eV. LUMO energy fits very well to the CV data, although a small
To support the CV data, we perform quantum chemical discrepancy of 0.2 eV remains between theory and experiment
calculations by applying methods based on the extensive work for the HOMO. We stress that CV as well as quantum
on thiophenes by Kolle et al.”” The geometry of T3DSH is mechanical calculations of two pure, isolated components can
optimized utilizing the B3LYP functional and the 6-311+G** only serve as a rough estimate for deriving the energy-level
24709 DOI: 10.1021/acsami.8b06044
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diagram at the interface between the two constituents.
Electronic interactions between PbS and T3DSH can lead to
partial charge transfer, band bending, and other polarization
effects, which potentially modify the diagram in Figure 1a.*’
Based on the calculated HOMO—LUMO gap of 3.4 eV,
which is in agreement with the spectroscopic data in Figure Ic
and considering the excitonic binding energy, it seems most
likely that the CV reduction wave at —1.2 V vs Fc/Fc* (Figure
1b, inset) does not directly correlate with a molecular frontier
orbital of T3DSH, but has a different origin. In Figure 2, we
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Figure 2. (a) Spectroelectrochemical measurement of T3DSH in
acetone. The different colors indicate the potential applied during
recording of the absorption spectrum. (b) Absorbance at 4 = 500 nm
of T3DSH as a function of the applied electrochemical potential.

use spectroelectrochemistry to elucidate the provenance of this
unassigned reduction wave. An acetone solution of T3DSH
and TBAHFP is filled into an optically transparent cell with a
F:SnO, working electrode on glass, a silver wire reference
electrode, and a platinum wire counter electrode. The cell is
inserted into an optical spectrometer to measure the
absorption spectrum while varying the potential to the working
electrode. For increasingly reductive potentials, the molecule’s
HOMO-LUMO absorption band with a maximum at 3.3 eV
diminishes, whereas a new band with a maximum at 2.5 eV
emerges (Figure 2a). The emergence of this new absorption
band is studied as a function of the applied reductive potential
in Figure 2b. We observe a complete reversibility of its (dis-
)appearance with a threshold potential of —1.2 V vs Fc/Fc’,
suggesting that the reduction wave at the same potential in
Figure 1b and the new absorption band are due to the same
species.

To test the hypothesis that this new species may be due to
the deprotonation of T3DSH, we added T3DSH to an acetone
solution of NaOH. The absorption spectrum of this solution
(Figure lc, orange curve) exhibits a maximum at 2.48 eV and
drastically diminished absorbance in the spectral window of
the former HOMO—-LUMO transition, in accordance with
Figure 2a and our hypothesis. For further verification, we
calculate the structure of T3DS®> ™ and find that the
deprotonation of T3DSH changes the geometry into a fully
planar C,, symmetry (Figure 1d). Such planarization
strengthens the aromatic character of the molecule, which

may shrink the HOMO—-LUMO gap. Preliminary TDDFT
calculations predict an Sy — S, excitation energy of 2.68 eV,
which supports this view. We conclude that the reduction wave
at —1.2 V in Figure 1c is most likely due to negative charging
of T3DSH. Incidentally, the same potential is required for
charging the 1S, state of PbS NCs as depicted in Figure 1a,
which enables electronic coupling of the two semiconductors.
To explore such coupling, we prepare thin films of PbS/
T3DSH at the liquid/air interface by exchanging the native
oleic acid ligand sphere of PbS NCs partially with T3DSH
based on an adapted technique first described by Dong et
al.”*** (see the Supporting Information for details). Vibra-
tional spectroscopy verifies the successful incorporation of
T3DSH into the ligand sphere, in that most characteristic
T3DSH vibrations are retained in the ligand-exchanged film’s
spectrum (Figure 3). We note that the thiol band at 2500 cm™
is drastically reduced, indicating that a large portion of T3DSH
resides on the PbS surface as the deprotonated anion.”

Absorbance / a.u.

3000 2500 2000 1500 1000
Wavenumber / cm-1

Figure 3. FTIR spectrum of (1) the pure T3DSH molecule, (2) PbS
NCs functionalized with T3DSH, and (3) PbS NCs functionalized
with oleic acid. Note: the band at 2300 cm™" is due to atmospheric
CO,.

We investigate the structure and morphology of the sample
via scanning electron microscopy (SEM) and grazing incidence
small-angle X-ray scattering (GISAXS) in Figure 4. In SEM,
PbS/T3DSH films appear as highly ordered arrays of oriented
NCs with extended domains, which are separated by frequent
cracks. These cracks occur predominantly during transfer of
the film from the liquid to a solid substrate and are found to be
more frequent in multilayered films (about 150 nm thickness)
than in mono- or bilayers. However, we observe that
multilayers result in superior electronic properties, indicating
that some of the cracks may be limited to the uppermost layers.

For a macroscopic investigation of the film’s structure, we
perform GISAXS, a technique that is widely used to determine
structural details in similar particle films.**~>° The GISAXS
pattern of a T3DSH-coupled NC film shown in Figure 4b can
be indexed to an ordered superlattice with a body-centered
cubic structure, a lattice constant of 8.4 nm, and a nearest-
neighbor distance of 7.3 nm. Estimating the average NC
diameter with 6.5 nm from the maximum of the first excitonic
transition (1600 nm, see Figure S1) from established sizing
curves allows us to gauge the interparticle spacing with 8
A>"%? This is significantly shorter than the initial interparticle
spacing with oleic acid as the capping ligand (11-21 A), but
also much larger compared to ligand exchange with atomic
passivation strategies (2-3 A).6’24’53

DOI: 10.1021/acsami.8b06044
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Figure 4. (a) SEM micrograph of a typical particle PbS/T3DSH film.
The high-resolution inset shows the particle ordering in such
assemblies. (b) GISAXS patterns of self-assembled PbS NCs after
T3DSH ligand exchange, indexed according to a body-centered cubic
structure.
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Figure 5. (a) Steady-state conductance (orange) and accumulated
charge (green) vs the applied potential for a PbS/T3DSH film. (b)
The extracted carrier mobility of the same sample as a function of the
applied electrochemical potential.

ment at constant 5 V source—drain bias using the gradual
channel approximation for the linear regime. Typical FET
measurements, as presented in Figure 6, show electron

To study the possible electronic coupling of PbS NCs by
T3DSH, we perform electrochemically gated (EG) conductiv-
ity measurements. To this end, a T3DSH cross-linked PbS NC
film is deposited onto a glass substrate with prepatterned,
interdigitated Pt contacts separated by a gap of 5 ym to form a
defined, conductive channel (Dropsens, G-IDEPTS). The two
sides of the channel are connected to a bipotentiostat (CH
Instruments, 760 E) to serve as the source and drain
electrodes. The substrate is immersed into an electrolyte
solution (acetone/TBAHFP) (0.1 M) together with a Pt
counter electrode and a silver wire reference electrode. This
setup allows measuring the steady-state conductance (G)
across the NC film by keeping one side of the interdigitated
channel (source) at a constant potential while cycling the other
side of the channel (drain) around the fixed potential.
Charging the NC film via varying the electrochemical potential
across the electrolyte gives rise to an injected differential
charge (measured by chronoamperometry, Figure S6), from
which the accumulated charge (Q) is obtained by integration.
In Figure Sa, we plot the potential dependent Q and G, which
are related to the potential-dependent EG mobility (u) plotted

49 The EG mobility exhibits a

d(Q)’

maximum for a gate potential of —1.25(+0.1) V vs Fc/Fc*
(—=3.55(%0.1) eV vs vacuum), which is in good agreement
with the PbS 18, state. Our results are thus in accordance with
the hypothesis of a PbS NC ensemble electronically coupled
via their 1S, states. We suggest that the molecular state
involved in charging T3DSH identified in Figures 1 and 2 plays
a pivotal role for this coupling.

The degree of electronic coupling is investigated by
measuring the FET charge carrier mobility of PbS/T3DSH.
Devices are prepared by depositing a thin film on top of a
commercially available bottom-gate/bottom-contact FET
substrate with prepatterned Au electrodes, 230 nm thermal
oxide, and degenerately doped Si as gate contact. The FET
mobilities are extracted from the transconductance measure-

in Figure Sb through u ~
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Figure 6. (a) Negative and (b) positive source—drain sweeps at the
indicated gate voltage Ug for a typical PbS/T3DSH film. (c)
Semilogarithmic transconductance of the same film.

mobilities of up to 0.2 cm?/(V s). The slightly ambipolar
material also shows hole transport with mobilities in the range
of 1073 cm®/(V s). The calculated charge carrier concentration
at a gate voltage of V, = 0 V is on the order of n(e) = 10"
cm™, whereas the on—off ratio is 10*. We tentatively attribute
the hysteresis in the transconductance circles in Figure 6¢ to
the charge trapping in the lowest layers of the PbS/T3DSH
film and anticipate that reducing such injection barrier and/or

DOI: 10.1021/acsami.8b06044
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contact resistance is likely to further improve the FET
mobilities.”* We note that FET and EG mobilities can be
quite different due to different measurement environments,
geometries, and modes of charge carrier injection. Whereas EG
measurements allow determining distinct transport channels,
FET studies are most relevant for actual device applications.

The high electron mobility and low charge carrier
concentration reported here are en par with state-of-the-art
hybrid materials based on PbS NCs, which typically employ
atomic passivation strategies and ultrashort interparticle
spacingS.M’lg’SS’Sé Such transport properties are notoriously
difficult to realize in PbS NCs due to the low formation
enthalpy of electron trap states in lead chalcogenides, for
instance, by adsorption of water/oxygen.”**” They are pivotal
parameters for the electron-transporting side in the PbS NC
heterojunction solar cells or photodetectors.”*” Significantly
larger mobilities have only been realized for NC ensembles
utilizing different NCs and/or upon necking/fusion into two-
dimensional materials with a greatly altered electronic
structure.”"> An inherent drawback of NC ensembles with
an ultrashort interparticle spacing is the trade-off between
coupling and long-range order. Vanishingly small spacings
invoke high mobilities but glass-like structure, whereas larger
spacings maintain ample long-range order at the cost of
reduced mobility.”*"*® The material presented here combines
both properties for the first time, enabling studies of the
correlation between high mobility transport and long-range
order in ensembles of spatially isolated NCs. Furthermore, the
fundamental transport mechanism in NC ensembles coupled
by the atomic passivation strategy has been discussed
controversially, including some skepticism whether transport
involves the NC 18 levels at all.*>*"~* The electrochemically
gated transport measurements presented here are strong
evidence that for the PbS—T3DSH system, the majority of
charge carrier transport occurs indeed via the 1S, level. We
note that the observed hole mobility is similar to that measured
in PbS NC ensembles capped with 1,2-ethanedithiol (EDT), a
system with similar interparticle spacing, which is believed to
operate by carrier tunneling through the ligand barrier.”*”° In
contrast, the electron mobility in PbS—T3DSH is much larger
than that for EDT-capping and cannot be explained with the
reduced interparticle spacing. We hold the resonance
illustrated in Figure la between the PbS 1S, state and that
of the charged T3DSH state responsible for this finding.

B CONCLUSIONS

We demonstrate that cross-linking PbS NCs with semi-
conducting §,5”-dithiol-[2,2":5,2"-terthiophene] leads to a
coupled organic—inorganic nanostructure with a large
structural coherence and electron mobilities of 0.2 cm?/(V
s). Electrochemically gated transport measurements indicate
that electron transport occurs predominantly via the 1S, state
of the NC, supporting the view of coupled electronic states.
This coupling is enabled by a near-resonant alignment of the
NC 1S, state with a suitable energy level in the negatively
charged organic semiconductor. The combination of long-
range order and ample electronic coupling in the same
semiconductor nanocrystal array allows investigations of
structure—transport correlations and the exploitation of
potential transport anisotropies.

B METHODS

PbS NCs and T3DSH were synthesized according to adapted
literature procedures as detailed in the Supporting Information.**
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