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Enhanced Photodiodes with Coupled
Organic-Inorganic Nanostructures Utilizing double
Heterostructure Ligands versus Single Ligand
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Institut fiir Physik, Universitat Augsburg, 86135 Augsburg, Germany shaimaa.abdalbaqi76@gmail.com

Abstract: The influence of the ligands in coupled organic-inorganic nanostructures (COINs) on
the performance of optoelectronic devices is investigated. We fabricated photodiodes based
on pentacene and PbS nanocrystals coupled to organic ligands like 1,2-ethanedithiol (EDT) and
tetrabutylammonium iodide (TBAI) and a combination of both, EDT and TBAI, as a heterostructure.
These ligands were first separately used to fabricate single ligand-type of organic-inorganic devices
and later compared with a heterostructure of PbS-EDT and PbS-TBAL To tune the optical energy gap
of COINSs to align with the triplet level of pentacene, it was necessary to choose a suitable particle
size. For this purpose, ultraviolet photo-emission spectroscopy (UPS) was used to determine the
energy of the highest occupied molecular orbital (HOMO) and the work function of COINs, while the
energy of the lowest unoccupied molecular orbital (LUMO) of COINs was estimated subsequently
by adding the exciton binding energy and the optical band gap to the measured HOMO energy.
Devices with heterostructure COINs achieve a higher short circuit current than COINs with a single
type of the ligands. Finally, even if the requirements of proper energy level alignment are satisfied,
the photodiodes” performance was affected by the morphology of COINs. This finding has been
demonstrated by atomic force microscopy (AFM) and transmission electron microscopy (TEM).
Incident photon to current efficiency (IPCE) shows a shift for the excitonic absorption peaks in the
visible range at opposite applied voltages. The IPCE signal for the double heterostructure device is
higher than the single type device.

Keywords: heterostructure; PbS nanocrystal; coupled organic-inorganic nanostructures

1. Introduction

Hybrid organic and inorganic nanocrystals combine the chemical properties of organic
semiconductors with the chemical stability of inorganic nanoparticles by tuning the size of these
NCs. Their special properties have led to a variety of promising optoelectronic applications such as
photovoltaic cells. Our choice for this research is pentacene as an organic molecule and PbS-QDs
as inorganic material. PbS-NCs has a distinguishable preferences due to their small carrier effective
masses , high static dielectric constant, and large exciton Bohr radius [1]. On the other hand, several
groups have an interest in molecules like pentacene because it exhibits a property of singlet fission
which plays a vital role in solar cells’” quantum efficiency [2-6]. Photons excite singlet states of
pentacene which in turn transfer their energy to the excitons of triplet states of the same and an
adjacent molecule. The alignment of the optical energy levels of PbS- NCs, which are capped with
different types of ligands, decides the destination of these triplet excitons [6] to be dissociated into free
charge carriers or recombine [7,8]. Recent research by Sargent et.al [8] and other groups [9,10] have
studied the charge transfer in organic-inorganic layers of PbS-ligands intensively. A combination of a
singlet fission layer, such as pentacene, with COINSs can be applied to overcome the Shockley—Queisser
limit in solar cells.

Coupling organic ligands and inorganic NCs produces layers with specific properties depending
on the type of materials which are used and their dimensions. The final electrical property of the
film is thereby subsequently determined. These ligands will form a potential barrier among the NCs.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The height of the barrier depends on ligand type, ligand length and the number of anchor groups
which expedite them to attach to the NCs, whether they have one anchor group to form a shell or
more to behave as linkers. Consequently, the distance among the NCs and the barrier height would
have an effect on electronic structure and electronic wave functions overlap over these NCs [10]. The
overlap will determine semiconductors’ properties with a certain energy gap (Eg) or even metallic
like or insulating behavior. Furthermore, research has found Urbach tails of HOMO and LUMO levels
extended to the energy gaps of these COINSs related to the disorder distribution of the NCs, ligands’
type and ligands’ length [11]. According to Moreels [12] and Wiedmann[13] approximations, the
energy gap of the QD has an inverse relation to its size. Our choice of particle size depends mainly
on the requirement that the energy gap be smaller than the triplet energy of pentacene (0.86 eV). This
choice was expected to have the optical energy state of the nanoparticles S; below the triplet state
T of pentacene which guarantees exciton transfer from the triplet to the nanoparticles with precise
selection of ligands. The ligands can either push up or push down the HOMO - LUMO levels of COINs.
However, this hypothesis seems to encounter several stumbling blocks to get high solar efficiency.

The imperative task of choosing PbS-NCs’ size and type of ligand in this research was based
mainly on the results of three important references[14-16] which represent the energy levels of diverse
ligands. The size of PbS-NCs and type of ligand decide the energy alignment between the optical
energy states S; of COINs in connection to the triplet state of pentacene. Hence, we chose commercially
purchased short chain alkali ligands 1,2-ethanedithiol (EDT) and tetrabutylammonium iodide (TBAI)
[14,17]. Authors’ results lead them to the conclusion that the LUMO levels can plunge deeper because
of the electronegativity of ligands and their higher affinity to grasp electrons inside the nanoparticles
by developing a surface dipole around the particles [15].

In this article, we present the results from the current voltage characteristics of a stack of individual
and double heterostructures photodiodes and discuss how they are in agreement with the UPS
results.In particular, no study to our knowledge, has considered pentacene with two types of COINs as
a heterostructure device. We have investigated the effect of pentacene with heterostructure of COINs
on the short circuit current and filling factor. The overall goal of this work was to compare the results
obtained from diodes with two different ligands (heterostructure) to the diode of single type.

We summarize here the main contributions of this research. The heterostructure with two different
ligands shows enhancement in the short circuit current upon a single type of ligand. A comparison
of COINs’ films in morphology has been studied also to show the morphology effect on the diode
performance. Electrical and optical measurements were performed with different setups. According
to our results, adding pentacene to the two types of heterostructure ligands would enhance the
optoelectronic properties of the diode. A transfer of the energy from a singlet fission layer like
pentacene to COINSs is expected; however, we do not have in our labs further verifying methods like
transient absorption spectroscopy (TAS) for this phenomena. The only evidence is the enhancement in
the short circuit current.

2. Experimental Work and Instruments

2.1. Materials

Lead sulfide quantum dots (PbS-QDs) were purchased from Quantum Solutions. PbS-QDs with
an average diameter of (6.1+/-0.9 nm) as a solid powder were further diluted in Toluene solvent with
40 mg/mL concentration.More information about its absorption spectra is available in Figure S 1 of the
supporting information (SI). The NCs were found to have a cuboctahedron shape with (111) and (100)
facets [18,19]. These nanoparticles were capped with long-chain aliphatic insulating oleic acid (OA)
ligands which are typically applied during QD synthesis as stabilizing and passivating surfactants
[20]. In this work, OA is replaced by two different types of ligands (EDT and TBAI), Figure 1. EDT
ligand in solution and TBAI ligand as powder were purchased from Sigma Aldrich and diluted in
acetonitrile and methanol, respectively. Ligand exchange was performed by spin coating one of the
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ligands EDT, TBAI and PbS-NCs layers sequentially to exchange the olic acid by the ligand. Each
ligand exchange step is followed by a washing process. This process is repeated until we get the
required thickness. To avoid air exposure, samples were prepared in a nitrogen environment inside a
glove box as oxygen and hydroxyl (OH ™) were observed attached to the PbS-NCs’ surface of (111)
facets by Fourier-transform infrared spectroscopy as in the reference [21]. Pentacene from TCI supplier,
Bathocuproine (BCP) from Sigma Aldrich, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(Clevios™ P AI4083 PEDOT:PSS) from Heraeus Clevios GmbHwere used. The work functions of
PEDOT:PSS (4.9 eV) [22]were measured with UPS, see supporting information S 2.

pentacene
14A°
Tetrabutylammoniumiodide
/I TBAI
\/\/NW
" 10.01A°
Fol 1,2-Ethanedithiol
SH 1 &7
W, i e
5.83A°

Figure 1. Sketches of organic molecules which have been used in this research.

2.2. Device Preparation

A stack configuration for our devices has been performed in the experiments which is illustrated
in Figure 2; ITO/PEDOT:PSS/pentacene/COINs/BCP/Al).

BCP(5nm)/Al(100nm)
COINS (~100nm)
Pentacene (50nm)
ITO (90nm)

Glass

Figure 2. Shows the sample stacks, pixel size is 2x2mm?.

Substrates were cleaned for 15 minutes in an ultrasonic bath with acetone and isopropanol.
Plasma treatment followed the cleaning process. PEDOT:PSS was spin-coated from aqueous dispersion
and subsequently dried at 100 °C for 1 hour. Organics and metals were all evaporated in ultra high
vacuum (10~7 mbar).

doi:10.20944/preprints202312.0028.v1
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2.3. Experimental Methods

Transmission electron microscopy (TEM) was performed on a JEOL Neoarm F200 with a cold
field-emission gun (Cold FEG) using carbon-coated copper grids (type S160-3) from Plano (Germany),
operated at 200 keV electron beam energy under vacuum. Samples were scanned under ambient
atmosphere with the scanasyst mode of atomic force microscopy (AFM) from Bruker company.
Ultraviolet Photoelectron Spectroscopy (UPS) was performed in ultra high vacuum (UHV) using
He I radiation (21.22 eV) from a gas discharge lamp and the radiation was attenuated by passing
through an aluminum foil (350 nm) before reaching the sample to minimize sample damage. Survey
data was collected from X-ray photoelectron spectroscopy (XPS) using a non-monochromatic MgKa
radiation (1.2536 keV). A pass energy of 2.0 eV for UPS, 20 eV and 50 eV for high-resolution and
survey XPS scans were used. By measuring the Fermi edge of a clean Au surface, it was possible to
determine the energy resolution and energy scale calibration. A bias of (-10V) was applied to measure
the secondary electron cut-off (SECO). Photodiodes were measured with Keithley 236 SMU in the
dark and under one sun simulated AM1.5G, 100 mW /cm? illumination with a Xe lamp (Oriel 300 W
with AM1.5G filters) integrated in a glove box system with nitrogen atmosphere. Current-voltage
characteristics were measured from -1.5 V to 1.5 V in 0.05 V steps [23].

IPCE (incident photon-to-current efficiency) measurements were carried out under vacuum in
a cryostat using a monochromatic illumination from an Omni-A300 Monochromator/Spectrograph,
Zolix Instruments and lock-in amplifier. The thicknesses of the films, refractive index (n) and excitintion
coefficient (k) were obtained from Ellipsometry (SE-850 and Spectraray/3 from SENTECH GmbH).

3. Results

This section summarizes the findings made about a comparison between the optoelectrical
properties of two different ligands. Structure and morphology of the films were investigated using
TEM and AFM. Also, the electronic structure of the energy levels were studied using ultraviolet
photoelectron spectroscopy. Moreover, the electrical and optical properties were measured using
different set-ups like sun-simulator, PAIOS and incident photon to current efficiency (IPCE).

3.1. Transmission Electron Microscope (TEM)

Images of PbS-NCs with different ligands under a conventional scanning transmission electron
microscope STEM are shown in Figure 3 (a, b and c¢) and S 3-S 5. The STEM image in Figure S 3 and the
corresponding histogram of native OA-capped PbS-NCs in Figure S 4 reveal large size (6.1+/-0.9 nm)
PbS-NCs capped with oleic acid (OA). Hexagonal order for these nanoparticles is observed in the first
monolayer. This superlattice is initiated from the weak bond of oleic acid with NCs and prevents them
from aggregation. The interparticle distances among the nanoparticles can be measured either directly
from the real images or by tracing a cross section for the live profile of several particles and then
calculating the distance by dividing the number of the NCs and subtracting the diameter of PbS-NC.
There is another possibility to obtain the average distance from the fast Fourier transform (FFT) of a
certain area of STEM images, as seen in the supporting information (Figures S 3-S 5, Table S 1). We
selected the monolayer for FFT and excluded the clusters of PbS-NCs. Several atomic lattice planes of
PbS crystal from the atomic resolution scale of TEM images were distinguished such as (200), (111) and
more. There were other lattice planes detected from the diffraction pattern of FFT which are illustrated
in the supporting file, Figures (S 67-S 9) and Table S 2.

The length of an EDT molecule is 0.58 nm according to our simulation with Schrodinger’s Materials
Science Suite; however, the average distance is hardly measurable in the STEM image as the PbS-NCs
have almost merged in both cases of EDT and TBAI. NCs in Figures 3b and c have the tendency to be
accumulated in different units with dimers, trimers and more in tetragonal alignment. These units
grow in three dimensional shapes with barren areas among them. This initial seed-layer of PbS-NCs
and ligand form the base coverage of the consequential layers. The NCs with EDT and TBAI in Figure
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3b and c seem to be merged. This behavior suggests a strong interaction between the PbS-NCs and the
bifunctional thiols EDT ligands. The EDT here play the role of a double-sided linker between each two
adjacent NCs by replacing two of its hydrogen atoms at both terminals. A similar narrative has been
observed for TBAI Figure (3c) which has a salt-like structure. The reaction of EDT and TBAI has been
examined thoroughly in the literature [17,24-26]. The I~! anions substitute divalent S~2 anions within
PbS-QDs and bind to the NCs’ surface to repel oxidative attack [24]. Therefore, the coverage of the
NCs and ligands depends mainly on the interaction between PbS-NCs and type of ligand.

TEM images in Figures(S 6-S 9) of the supporting information reveal that EDT and TBAI ligands
have no preferable plane to react with PbS-NCs as all set planes are facing the projection of the TEM
camera.

Figure 3. STEM images of a) PbS-OA, b) PbS-EDT, c) PbS-TBAL

3.2. Atomic Force Microscope (AFM)

AFM images of PbS-NCs with ligands on ITO/PEDOT:PSS/pen substrates are shown in Figure 4.
Average thicknesses and roughness are listed in Table 1 for disparate COINs. Figure 4 (a - c) reveals
a complete COINs coverage. Nonetheless, the roughness and grain sizes are different as given in
Table 1. These COINSs are the outgrowth of the early monolayers which have been demonstrated in
STEM images. Due to three dimensional aggregation, they have obtained a fiber-like structure on
pentacene/PEDOT:PSS with high roughness. If we compare the effect of ligand types on roughness,
EDT has a higher roughness than TBAL
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Figure 4. AFM of COINs on pen/PEDOT:PSS/ITO a) PbS-EDT, b) PbS-TBAI c) PbS-TBAI/PbS-EDT.


https://doi.org/10.20944/preprints202312.0028.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 December 2023 doi:10.20944/preprints202312.0028.v1

6 of 18

Table 1. Film parameters for different PbS-ligands

COINs Thickness | Area Roughness | Line Roughness
(nm) (nm) (nm)
PbS-EDT/pen/PEDOT:PSS 59/50/30 20 20.2
PbS-TBAI/pen/PEDOT:PSS 85/50/30 18.2 9.4
PbS-EDT/PbS-TBAI/pen/PEDOT:PSS | 107/50/30 19.1 12.3

3.3. Ultraviolet Photoelectron Spectroscopy (UPS)

Ligands were classified according to their electrons donation to Pb** cations. Ligands which
donate 1 electron are called X-type e.g. iodide, carboxylates, thiolates [27]. The neutrality and
Fermi level position with respect to LUMO or HOMO level depends on the charge balance and
thermodynamic stability of quantum dots (QDs) and ligands together. Fermi level determines the
semiconductor type of the final PbS-ligand films. Therefore, it was necessary to measure valence level
and work function of COIN films by photoelectron spectroscopy (UPS).

UPS was measured for multi-layer films deposited on ITO substrates to determine the energy levels
(valence level and work function). Chemical composition of the films were measured by XPS to assure
a full layer coverage to the ITO. To better understand the behavior of our photodiodes, data from
UPS and XPS were measured, analyzed and correlated to the device characteristics. UPS and XPS
results are illustrated in detail in the supporting file, Figure S 2. The low-binding energy onset of the
occupied density of states represents the valence level (VL) with respect to the Fermi level, while the
secondary electron cut-off (SECO) determines the work function at high binding energy. Figure 5 show
the secondary electron cut-off of the different layers on PEDOT:PSS with the energy scale converted to
the resulting work function.

The low binding energy onset with respect to the Fermi level corresponds to the 15), level of PbS-NCs.
This value is obtained from an extrapolation of the curve to the instrumental background. The work
function for the same type of PEDOT:PSS was measured before [22]. When we deposit COINs on
PEDOT:PSS, the work function is changed from (4.9eV) to minimum value of (4.0eV) in case of
hetrostructure COINs/pentacene, Figure 5. The difference in the work functions of PbS-EDT and
PbS-TBALI attributes to the difference between the Pb-halide anion and the Pb-thiol interactions, which
give rise to different surface dipole moments as studied elsewhere [14].
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Figure 5. Work function and binding energy according to UPS measurement for pentacene and COINs
deposit on PEDOT:PSS.

XPS measurements which are shown in Figure S 2 in the supporting information, have very strong
signals to Pb and S atoms and there were no residual Indium signals detected for all samples. The
energy diagram of highest occupied energy levels (HOMO) and the lowest unoccupied energy levels
(LUMO,) of different layers are assigned in Figure 6.
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Figure 6. Energy level diagrams according to UPS measurement for COINs and pentacene deposit on
PEDOT:PSS.

The optical energy gap of the NCs is around (0.78eV). The transport energy gap of the coupled
organic-inorganic materials depends strongly on the dielectric constant of the chosen ligands and
the solvents [14,28]. Therefore, the effective dielectric constants of COINs with variant ligands were
calculated (supporting information, Table S 3) according to the Maxwell-Garnett effective medium
theory [29].

The volume factors were found from TEM images and they have been found to be around 0.74 for
PbS-EDT and 0.7 for PbS-TBAI (supporting information). The optical band gap of pentacene has been
calculated from the onset value of the measured absorption spectrum in the supporting file at (1.8eV).

3.4. Electrical Characteristics

Inorganic—organic photovoltaic devices with a structure of organic pentacene and PbS-NCs have
been electrically characterized in this section. The current flow in the organic-inorganic semiconductor
diode is illustrated in Figure 7. An ohmic injection contact with a proper electrode was chosen for the
stack, Figure 2. In any diode, there are two regions: diffusion and drift current region which arise
from the difference in the carrier concentration and a drift of these carriers, resulting in a space charge
region (SCLC). The V}; is then equal to the barrier height. At low positive applied voltage, the diffusion
current is dominant over the drift current. The classical Shockley diode equation describes the current
density versus applied voltage for the diode[30]:

qVv

Jarak = ]O[exP(W) - 1] 1)

Jo is the saturation current, # is the ideal factor, K is Boltzmann constant and T is the temperature.
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At high positive voltage, larger than the built-in voltage, the electric field becomes positive. Electrons
and holes are injected and they would be dominant by drift current. The current becomes limited by
the uncompensated charges of the injected carriers, leading to a space- charge-limited current that can
be described by Mott-Gurney formula[31]:

9 V2
J = gereotesf 5 (2)

Hegt is the effective mobility, d is the thickness. The current density versus voltage under illumination

is given by [32]:

V —JARg
R

The series resistance lowers the effective voltage at the junction by JARg and parallel shunt

Jiight = Jdark + — Jphoto(V) 3)

resistance Ryj,.

Parameters like the short-circuit current (Is;), open-circuit voltage (V;), which are listed in Table 2,
were extracted from the current density-voltage characteristics in Figure 7. The parasitic resistances
like the series resistance and the shunt resistance play a main role to identify the measured devices as
diodes and how close are they to the ideal. It is clear from the current density-voltage characteristics
in Figure?” that the diodes with EDT have the lowest leakage current. On the other hand, samples
with TBAI or heterostructure ligands have a remarkable leakage current. This leakage current can
be mainly attributed to the morphology of the COINs. Higher short circuit current density Js., open
circuit voltages, filling factor and efficiency were obtained from the double heterosubstructure stack
as shown in Table 2. The calculated onset voltages from the energy level diagrams in Figure 5 of the
fabricated devices are given in Table 3.

The difference between the calculated and the real values would correspond to the losses in the
inter-layers. The quasi Fermi level is iso-energetic when the solar cell is not illuminated. The Fermi
level is splitting into two quasi-Fermi states E? and Ef because of the charge carriers under illumination
[33]. Therefore, the energetic difference between the HOMO-LUMO level of adjacent heterostructure
layers and the AE{ would give the losses. These losses originate from different reasons such as an
energetic disorder [33]. When there is no flowing current, the measured voltage will represent the
open circuit voltage (Voc)[33,34]: Vo= Ef - E? =E{ umo - EI@IOMO -AE]osses-
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Figure 7. Current-voltage characteristics for logarithmic and linear scale for the samples.

Table 2. The solar cell parameters for the normal stack

samples
(ITO/PEDOT:PSS/pen(50nm)/COINs/BCP/ Al)

Sample Jsc Vioc FF | Efficiency
- mA/cm?2 A% % %
PbS-EDT -0.7 01 | 244 0.02
PbS-TBAI -2 0.15 | 241 0.1
PbS-EDT/PbS-TBAI -6.1 02 | 291 0.4
Table 3. The turn on  voltage for the normal stack samples
(ITO/PEDOT:PSS/pen(50nm)/COINs/BCP/Al)
Sample Vt (V) calculated
PbS-EDT 0.97
PbS-TBAI 0.72
PbS-TBAI/PbS-EDT 0.72

3.5. Incident Photon to Current Efficiency (IPCE)

Figure 8 reveals the different current response of the samples to the applied photons from the
monochromator of the IPCE setup. The main absorption peak of Pb NCs is around 1613nm. Samples

doi:10.20944/preprints202312.0028.v1
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with higher short circuits like the double type of ligands heterostructure obtained higher current
signal at IPCE measurement. However, the increment of the IPCE is more than the double IPCE
signal obtained from the single type devices with EDT or TBAI alone. EDT is a non-conjugated
molecule, therefore, the broadened peaks in the range of (900-1300 nm) belong to the higher excitation
states of PbS-NCs. These peaks are observed also in the IPCE spectra. A red shift at the solid phase
of the PbS-NCs is observed in our sample upon the excitonic absorption peaks at (1613nm) of the
NCs in solution. Another small red displace of around 34nm with EDT ligand samples was also
detected. A similar shift has been reported by our group [10] while this shift disappeared in the
heterostructure samples with TBAI Researchers who studied the effect of different ligands like EDT
on the photoluminescence of PbS-QDs attributed this shift to several reasons [35]. These reasons are
summarized as several points like: i) strong coupling among the NCs, ii) dipole-dipole interaction
and its effect on the line shape of the emission or iii) quantum confinement effect because of different
delocalized wave functions of different ligands. However, they mainly attributed the reason to the
strong coupling between the NCs and the ligands. Our results would contradict their conclusion. If the
strong coupling would effect the red shift, we would have to see this displacement more at samples
which have TBAI because NCs are agglomerated as we have observed in TEM and AFM images. The
quantum confinement due to the ligand effect is more likely the reason for this shift. The dielectric
constant variation is one piece of evidence that supports the hypothesis of quantum confinement.
Because BCP have a large optical band gap of (3.5 eV), they play a role of a transparent layer for the
visible light [36,37]. This leads to light reflection at the aluminum and gold surface. The interference of
the incident and reflected wavelength and the extra absorption of the light would manifest inverted
peaks which are outcropped in the visible range of IPCE signals. This effect is attributed to the spatial
collection efficiency because of Fabry-Pe'rot effect and polydispersity of density of states [38].
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A finger print of the conjugated molecule like pentacene appears as vibrionic peaks in the visible
range. The vibrionic spectra of pentacene are not clearly observable in the curves of Figure 8 when
no applied voltage was applied because the absorption of COINSs is higher in the visible range as
well as the infrared. The signal became more recognizable when we applied reverse bias because
the latter improves the carrier charge separation. In Figures 9 and 10, we observed inverted peaks in
correspondence to the position of pentacene vibrionic peaks. We can attribute these upside down peaks
to the re-absorption of the reflected photons at the metal contact and interference effect. However, this
observation adds another complexity to be understood when we applied a positive bias. Applying a
positive voltage maintains the vibronic peaks of pentacene without a spectral shift, Figure 10. This
led us to other conclusions, whether optical dielectric constant is effected by the charge accumulation
at the interfaces of the films or applying voltage would have an effect on the molecular polarization
[39,40].
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4. Discussions

From the review above, key findings emerge: Disordered films are formed from the coupled PbS
and EDT, TBAI ligands as they appear in the TEM and AFM images. The irregular distribution
of PbS-ligands is attributed to the short interparticle distances and formation of many voids and
agglomeration on the monolayer level. This finding demonstrated that the morphology of the films
plays a fundamental role in the optoelectronic properties of the devices.

In this section, we will discuss the difference between the single type of ligands and the double type of
ligands (EDT and TBAI) in a heterostructure diode of pentacene/PbS-COINs. According to literature
[14], PbS-TBAI has a LUMO level lying below the PbS-EDT. This reference [14] was the inspiration
for us to apply a double type of ligand heterojunction in our research. Before we start our discussion
regarding the double type ligands heterostructure, we address the difference in electronic energy
levels and electrical characterization between these two different COINs of PbS-EDT and PbS-TBAI
separately. The diagram in Figure 5 shows the difference of PbS-EDT and PbS-TBAI energy levels
on pentacene/PEDOT:PSS. Quasi Fermi level of COINs on ITO/PEDOT:PSS/pentacene is shifted
down to align with the pentacene Fermi level. Here, the Fermi level sets at zero and is considered
to be the reference of HOMO-LUMO levels for all the layers. Another shift can be observed also at
the HOMO and LUMO levels. In case of PbS-EDT on pentacene, the HOMO level is slightly above
the HOMO level of pentacene alone while the HOMO of PbS-TBAI and PbS-EDT/PbS-TBAI are
lower than the HOMO of pentacene. HOMO position would block the holes and that explains the
drawback in the performance of PbS-EDT. As we have seen in Figure 5, the optical energy under the
LUMO level of PbS-EDT is relatively higher than the triplet state of pentacene. That indicates that
transferring the photo generated exciton from pentacene to the optical energy of COINs is impractical.
Yet this is possible in the case of PbS-TBAI where the optical energy level is much closer to the triplet
state of pentacene. The difference in the vacuum level in terms of the work function represents
the dipole effect at the interface between pentacene and the COINs. The exciton binding energies
were calculated for EDT and TBAI They have a difference in value as illustrated in Table S3 in the
supporting file [41]. Mainly, the exciton energy level value and LUMO level position depend on
the surrounding dielectric constant of COINs and particle size. When we recall the images of TEM,
PbS-TBAI revealed better substance coverage than PbS-EDT. However, TBAI COINs shows worse
diode behavior and it has a short-circuit tendency (Figure 7). The EDT sample has better diode
characteristics with a clear injection region. The charge separation at the reverse bias in the case of
EDT also is eminent between the dark current and photocurrent. On the other hand, both ligands
in Figure 7 show diode characteristics and the difference between the dark and photocurrent at the
reverse bias is relatively significant. To improve the energy levels adaption and transfer of excitons,
a double type of ligands heterostructure was employed in this research. Figure 7 demonstrates the
difference between the single types of photodiodes and the stack of combined heterostructure COINs
(PbS-EDT/PbS-TBAI). The current versus voltage graphs show a better and clear injection region
in the EDT and the stack of double ligands heterostructure sample. These results correspond to the
energy level diagrams from UPS in Figure 5. An improvement of current injection is discerned in the
double ligands heterostructure photodiode. This enhancement results from the modification of the
energy level positions of HOMO-LUMO levels of PbS-EDT/PbS-TBAI relative to the pentacene levels
at the interface which allows better injection for both electron and holes. This suggests a better photo
detection and exciton separation.

In general, the electrons are blocked to be transferred from the COINs to pentacene in the dark current
as they appear in Figure 7. Oppositely, the photo carriers exhibit an inverse direction. Therefore,
for the heterostrcuture device in Figure 7, the photo generated electron-hole pairs are able to be
transferred inside these layers. The low short circuit current for EDT single type ligands indicates
that triplet excitons are lost which are initiated from singlet fission in pentacene molecules on their
way to the optical energy state in COINs. The exciton losses can be attributed not only to the energy
level alignment but to the distance between pentacene molecules and COINs as well. Obviously,
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only the molecules and NCs which are at the interface would exchange their energy and the rest
of excitons can recombine meanwhile. We also observed that this result can be affected by many
factors like EDT concentration and layer thickness. In general, TBAI single type photodiode and the
double heterostructure sample show leakage current which suggests low shunt resistance in many
samples and this is an indication of high trap concentrations. The onset voltage difference between
the donor-acceptor layers are listed in Table 3. It is obvious that using TBAI ligand lowers the onset
voltage which suggests increasing the conductivity and the current of the sample. TBAI can lower
the work function and the ionization potential by introducing a dipole at the surface while EDT
layers show no change of the work function. An improvement is observed in the photocurrent of the
double heterostructure. The reason can be attributed to the thickness of the heterostructure, which is
double the thickness of the single type of COINs. Another reason can be attributed to the variation of
work function and dipole effect and hence this leads to a change of built in potential and the internal
electrical field which can have an effect on the charge separation in the diffused interfaces among
the heterostructure layers. The improvement at the heterostructure samples were observed mainly in
the short circuit current and the IPCE signal. The vibronic peaks of the pentacene can be observed
significantly at applied reverse voltage. The applied voltage can separate the charge carriers and
improve the external quantum efficiency.

The increment of the IPCE signal at reverse voltage upon no applied voltage are found to be 6.5 and
9.2 times in case of TBAI single type ligand sample at the visible and infrared ranges, respectively.
On the other hand, the increment is much lower in case of EDT single ligand type sample and
the heterostructure sample. In case of EDT, it is only double in both ranges while in case of the
heterostructure is around four times. We can attribute this to the alignment of the HOMO level of the
PbS-EDT above the HOMO level of pentacene which blocks the holes.

5. Conclusion

Our results casts light on a new type of organic-inorganic photodiodes. In conclusion, the
implementation of a singlet fission layer like pentacene with a double type ligands heterostructure
improves the photocurrent, opet circuit voltage filling factor and the efficiency of a photodiode in
comparison to the single type of ligands in a coupled organic-inorganic nanostructure films. The
enhancement of the short-circuit current is only the first stepping stone which provides evidence
for transferring the photoelectrons from the triplet state of pentacene to the PbS-NCs. Furthermore,
charge separation and the difference between the photocurrent and dark conductivity current need
to be ameliorated. Moreover, replacing EDT and TBAI by other linker molecules may significantly
improve the photodiode performance. Our findings add to a growing corpus of research showing
that several parameters can have an effect on the photodiode performance like; ligand type, ligand
concentration, particle size, COINs’ thickness, diode structure (stack) and recombination. From the
UPS measurement, we can conclude that the electronic and optical properties of the different COINs
are explained by an effective-medium theory based on their binding and the structural arrangements.
According to our results, using TBAI instead of the EDT ligand improves the photodiode parameters:
Increase the electron transfer from the triplet state of pentacene to the COINs by manipulating
the position of energy levels of COINs and decrease the work function according the UPS results.
Decreasing the work function leads to better charge carrier injection by decreasing the barrier height.
This improvement was observed furthermore for the heterostructure samples by improving the short
circuit current and the IPCE signals.

Supplementary Materials: The following supporting information can be downloaded at the website of this paper
posted on Preprints.org
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* Transmission Electron Microscope
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