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Abstract: In this study, we explored the potential of exfoliated transition metal dichalcogenides
(TMDs) as innovative spray-coated hole transport layers (HTLs) in organic photovoltaics (OPVs),
addressing the need for efficient and stable materials in solar cell technology. This research was
motivated by the need for alternative HTLs that can offer enhanced performance under varying
lighting conditions, particularly in indoor environments. Employing UV-visible absorption and
Raman spectroscopy, we characterized the optical properties of MoS;, MoSe;, WS,, and WSe;,
confirming their distinct excitonic transitions and direct bandgap features. The nanocrystalline nature
of these TMDs, revealed through XRD patterns and crystallite size estimation using the Scherrer
method, significantly contributes to their enhanced physical properties and operational efficiency as
HTLs in OPVs. These TMDs were then integrated into OPV devices and evaluated under standard
solar and indoor lighting conditions, to assess their effectiveness as HTLs. The results demonstrated
that MoS,, in particular, displayed remarkable performance, rivalling traditional HTL materials
like MoOj. It maintained high power conversion efficiency across a spectrum of light intensities,
illustrating its versatility for both outdoor and indoor applications. Additionally, MoS; showed
superior stability over extended periods, suggesting its potential for long-term usage in OPVs. This
study contributes significantly to the field of photovoltaic materials, presenting TMDs, especially
MoS,, as promising candidates for efficient and stable OPVs in diverse lighting conditions, thereby
broadening the scope of solar cell applications.

Keywords: organic photovoltaics (OPVs); indoor organic photovoltaics (iOPVs); transition metal
dichalcogenide (TMD); liquid phase exfoliation (LPE); spray-coating

1. Introduction

Organic photovoltaics (OPVs) have evolved substantially since the first devices were
developed in the 1980s [1], with their reported power conversion efficiency (PCE) displaying
an overall increase of >19% as of 2023 [2]. However, it has become increasingly clear that the
objective of this class of emerging photovoltaics is not to replace conventional silicon (Si)-
based solar panels but to complement them. Organic solar cells (OSCs) offer a lightweight
and cost-effective alternative for solar power generation, and while recent advancements
have enabled PCE values to approach those of commercial Si solar panels, their role is
seen as supplementary, particularly in applications where flexibility and lower weight are
advantageous [2]. There are persisting drawbacks that generally hinder their commercial
viability and market adoption. OPVs exhibit low stability, as exposure to moisture, oxygen,
and UV light cause degradation of the cell, especially to the polymer active layer (AL) [3,4].
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Therefore, providing protection of the AL is a pragmatic approach for increasing the overall
stability of OPVs.

To address these challenges effectively and enhance the performance and stability of
OPVs, it is crucial to not only focus on the photoactive materials but also on other critical
components of the cell where performance losses are likely to occur [5]. The carrier-selective
charge transport interlayers, essential for enhancing photogenerated carrier extraction from
the bulk heterojunction (BH]J) [6], are of particular interest. The ideal interlayer, whether
it is an n-or a p-type semiconductor, should align energetically with the BHJ layer and
offer processing flexibility to prevent issues like de-wetting and pinhole formation [7].
While there are several successful examples of electron-transporting layers (ETLs), like
ZnO, LiF, and PFN-Br in organic photovoltaics (OPVs) [8,9], progress in hole-transporting
layers (HTLs) has been more constrained, with fewer materials available [10-12]. Currently,
the conjugated polymer Poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) stands out as the
most prevalent HTL in standard OPV architectures, while the vacuum-deposited MoQOs is
typically employed in inverted structures [13]. However, the hygroscopic and acidic nature
of PEDOT:PSS can degrade the commonly used indium tin oxide (ITO) electrode material.
To overcome these challenges, alternative HTL materials, including various transition
metal oxides, have been suggested [14,15]. Yet, these alternatives often require vacuum
processing or complicated chemistry, involving high-temperature annealing, which add
complexity and energy intensity to the cell manufacturing process.

The advent of Internet of Things (IoT) technology has catalyzed the development of
low-energy electronics, such as wireless sensors and router nodes, that can be powered
by the minimal energy harvested from indoor lighting. This advancement has carved a
specialized market for OPVs. Compared to their inorganic counterparts [16,17], OPVs have
demonstrated superior performance in indoor environments, attributed to their highly
tunable light absorption properties and lower current leakage. Studies indicate that OPVs
can achieve indoor PCE values exceeding 30% [18,19], underscoring their potential in
powering low-energy-consuming electronics for indoor use. A key factor distinguishing
indoor from outdoor power generation is the light source. Indoor artificial lighting, pre-
dominantly within the visible spectrum, has a varied emission spectrum and significantly
lower intensity—often less than one-thousandth—compared to outdoor sunlight [20].

TMDs are a class of layered semiconductor that consist of one transition metal atom
(M) and two chalcogen atoms (X) in the general chemical formula of MX; (Figure 1a).
In their bulk or three-dimensional (3D) form, TMDs appear as stacked layers of X-M-X
held together by weak van der Waals forces, wherein the metal and chalcogen atoms
are connected with strong covalent bonds, creating a honeycomb-shaped lattice. Bulk
TMDs are semiconductors with a tunable indirect energy bandgap that widens and shifts
toward a direct bandgap with the transition toward a monolayer structure [21-23]. Due
to their optical and electrical properties [24,25], TMDs such as MoS;, WS,, MoSe,, and
WSe; have been utilized in electronic and optoelectronic technologies [25,26], photovoltaic
devices [27,28], and energy storage [29].
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Figure 1. (a) Three-dimensional structure of TMDs, where M = transition metal and X = chalcogen.
(b) Digital photograph of TMD dispersions prepared in IPA via liquid phase exfoliation (LPE).
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Monolayer or few-layer TMDs can be produced with exfoliation, which involves the
isolation of individual flakes from the bulk crystal by applying an external force which
is sufficient to overcome the van der Waals forces holding the individual flakes together.
Exfoliation is a top-down production method that can be achieved by mechanical cleavage,
also known as “the Scotch™ tape method” [30] and chemical exfoliation [31,32]. In this
study, liquid phase exfoliation (LPE) was employed to produce exfoliated TMD flakes
directly from pristine TMD powders.

LPE is a simple, high-yield, scalable, and cost-effective method of producing exfoliated
mono- and few-layer nanomaterials such as graphene, graphene-related materials, and
TMDs [33-36]. The driving force behind LPE is cavitation [37,38]. Cavitation involves
the formation and growth of bubbles within the liquid medium due to the applied high
ultrasonic frequencies, the intercalation of these microbubbles between the individual
sheets of the bulk nanomaterial, and subsequent collapse of said bubbles. Upon implosion,
the energy that is released from the generated shock wave is sufficient to overcome the
van der Waals forces between the materials layers resulting in the separation of individual
nanosheets. Another important benefit of LPE as a production method for exfoliated
nanomaterials is that the produced nanosheets are dispersed directly into a liquid medium
from the bulk crystal and are ready to use for further modification through chemical
reactions or for thin film formulation using several deposition methods, such as spin-
coating [27] or inkjet printing [39].

For the deposition of the LPE-produced TMD flakes onto the AL, spray-coating was
employed. This deposition method was selected as an alternative to spin-coating, as it
ensures the distribution of TMD flakes all along the AL surface and allows for thickness
control by monitoring the total volume of the dispersion that is sprayed, with results
ranging from TMD flake decoration to thick, compact TMD films. The spray-coating
method involves spraying a solution or dispersion of a material onto the desired substrate,
which is mildly heated to aid the evaporation of the solvent, thus leaving behind a solid
thin film of the material.

In this study, we embarked on a detailed investigation into the properties and appli-
cations of exfoliated transition metal dichalcogenides (TMDs), focusing on their potential
as alternative HTLs in OPVs. Our approach involved a thorough characterization of the
optical properties of MoS;, MoSe;, WS;, and WSe; using UV-visible absorption and Raman
spectroscopy. These analyses confirmed the unique excitonic transitions and direct bandgap
features of the TMDs, aligning well with the existing literature. A significant aspect of our
research was the integration of these TMDs into OPV systems, where they were tested under
both standard and indoor lighting conditions. This dual-environment testing was crucial
in evaluating the real-world applicability of the TMDs in OPVs, especially considering the
varying light conditions in practical scenarios. The results were particularly promising for
MoS;,, which emerged as a strong contender among the TMDs for its effective performance
as an HTL. This material demonstrated comparable, and in some cases superior, efficacy to
traditional HTL materials like MoOj3, both under standard solar illumination and indoor
lighting conditions. The adaptability of MoS; across different light intensities, essential
for indoor applications, was a standout finding, highlighting its potential versatility in
photovoltaic applications. Furthermore, the long-term stability of MoS,, surpassing that of
MoO; in extended aging tests, pointed to its robustness and suitability for sustained use
in OPV applications. This comprehensive study not only advances our understanding of
TMDs in photovoltaic applications but also opens new avenues for the development of
more efficient and versatile OPVs, suitable for a wide range of environmental conditions.

2. Materials and Methods

For the preparation of the exfoliated TMDs, molybdenum(IV) sulfide (98%), molyb-
denum(IV) selenide (99.9%, metals basis), tungsten(IV) sulfide, (99.8%, metals basis) and
tungsten(IV) selenide (99.8%, metals basis) were purchased from Thermo Fisher Scientific
Inc. (Waltham, MA, USA), while isopropanol (IPA, >99.8%) was purchased from Hon-
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eywell (Charlotte, NC, USA). LPE was performed using a Hielscher (Teltow, Germany)
UP200Ht (200 W, 26 KHz) ultrasonic probe. The resulting TMD dispersions were isolated
via centrifugation using a Hettich (Tuttlingen, Germany) UNIVERSAL 320 centrifuge. The
UV-Vis absorption spectra of the TMD dispersions and their respective sprayed film were
recorded using a Shimadzu (Kyoto, Japan) UV-2401 PC Recording Spectrophotometer and
UV Probe Software v2.34. Raman spectra were obtained at room temperature using a
modified LabRAM HR Raman Spectrometer (HORIBA Scientific, Kyoto, Japan). Deposition
of TMD dispersions via spray-coating was carried out using a commercial spray gun and
air compressor.

To prepare the TMD dispersions, 135 mg of each TMD powder was added to 45 mL
IPA for an initial concentration of 3 mg/mL. Each mixture was ultrasonicated using an
ultrasonic probe (200 W, 26 KHz, 100% Amplitude) for 2 h to achieve LPE. An ice bath
was used throughout LPE to maintain low temperatures and avoid overheating. The
dispersions were then centrifugated for 20 min to remove unexfoliated particles and aggre-
gates. MoS,(IPA) was centrifugated at 5000 rpm (3075 g), while MoSe,(IPA), WS,(IPA), and
WSe;(IPA) were centrifugated at 4000 rpm (1968 g). The resulting dispersions (Figure 1b)
were diluted to C/2 and their UV-Vis absorption spectra were recorded (Figure 2). Solid
samples for Raman spectroscopy measurements (Figure S1) were prepared by drop-casting
10 pL of each LPE-prepared TMD dispersion onto O,-plasma-treated (50 W, 5 min) silicon
(Si) substrates.
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Figure 2. UV-visible absorption spectra of LPE-prepared (a) MoS;; (b) MoSe;; (c) WS,; (d) WSe;
dispersions in IPA.

For the device fabrication, the glass substrates with the indium tin oxide (ITO) pat-
tern from Naranjo first underwent a thorough cleaning process. Initially, they were sub-
jected to ultrasonic cleaning (37 KHz) in a sequence of deionized water, acetone, and
isopropanol, each for a duration of 10 min. This was followed by drying using a flow
of nitrogen gas and then an oxygen plasma treatment (50 W) for 5 min. Subsequently,
a zinc oxide (ZnO) solution was prepared by mixing zinc acetate dihydrate (0.5 g) and
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ethanolamine (0.14 g) in 10 mL of 2-methoxyethanol. This mixture was stirred vigorously
for 12 h under ambient conditions. The ZnO ETL layer was deposited at 4000 rpm for
40 s and was annealed at 160 °C for 30 min. For the active layer (AL), a solution compris-
ing Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-
(5,5-(1",3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5"-c’]dithiophene-4,8-dione)]
(PBDB-T) and 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis
(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno [1,2-b:5,6-b’]dithiophene (ITIC) in a
1:1 ratio (10:10 mg) was dissolved in 992.5 pL of chlorobenzene (CB) and 7.5 pL of 1,8-
diiodooctane (DIO). This solution was then spin-coated onto the prepared substrates at
a speed of 2500 rpm for 60 s. To complete the device, molybdenum oxide (MoOy) and
silver (Ag), measuring 10 nm and 100 nm, respectively, were thermally evaporated onto the
substrates. This was realized in a high-vacuum thermal evaporator operating at less than
3 x 107° Torr, creating an active area of 0.4 cm?. To incorporate the TMD flakes as the HTL
into the OPV devices, 0.5 mL of each TMD (IPA) dispersion were spray-coated onto the
previously deposited AL. The spray-coating deposition was performed using a commercial
airbrush and the devices were placed on a hotplate (40 °C) to aid solvent removal. The
carrier gas pressure was set at 2 bar, the deposition rate was 5 spray cycles per ml, the
deposition height was set at 15 cm, and the length was set at ~7 cm. The dispersions were
sprayed in 30 s intervals to allow time for the solvent to evaporate before beginning the
next spray cycle.

The electrical performance of the solar cell devices was evaluated through current
density-voltage (J-V) testing conducted in a nitrogen-filled glovebox. This process utilized
an Oriel solar simulator equipped with a 450 W Xenon lamp and an AM1.5G filter. To
ensure accuracy, the lamp’s intensity was carefully calibrated to 100 mW /cm? using a KG5
silicon reference cell before any measurements were taken. Regarding the indoor light
measurements, an ultra-low-cost, commercial, and remotely-controlled smart LED lamp
was used that has the ability to change its emission spectrum and intensity per user’s taste.
The X-ray diffraction (XRD) measurements were conducted using a RIGAKU (Tokyo, Japan)
D/MAX-2500 powder diffractometer equipped with a monochromated Cu Ko radiation
[(A = 1.5418 A)]. Steady-state and time-resolved photoluminescence spectra were measured
using a fluorescence spectrophotometer (FS5, Edinburgh Instruments, Livingston, UK) at
room temperature. The samples were excited using a 478.4 nm laser as a source.

3. Results
3.1. Characterization of Exfoliated TMDs

When observing the recorded UV-Vis absorption spectra of all four TMD dispersions
in IPA (Figure 2), characteristic peaks of each sample are visible in the region of 500-900 nm
and are in agreement with previous reports on the optical absorbance of TMD nanoflakes
prepared via LPE with ultrasonication [40—42]. The absorption peaks appearing at 609
and 669 nm for MoS,, 705 and 807 nm for MoSe;, 527 and 633 nm for WS,, and ~550
and 755 nm for WSe, are attributed to excitonic transitions that arise at the K point of the
Brillouin zone and are a characteristic of the 2H-phase [40,43-45]. Absorbance at <500 nm
is owed to direct transitions from the valence band to the conduction band [40,43]. The
Raman spectra obtained for the prepared TMD samples are available in the Supporting
Information (Figure S1). Raman spectra were obtained at room temperature using a
modified LabRAM HR Raman Spectrometer (HORIBA Scientific, Kyoto, Japan). Raman
excitation was achieved with a 532 nm central wavelength solid-state laser module with
a maximum laser output power of 90 mW. The microscope was coupled with a 50x
microscopic objective lens with a 0.5 numerical aperture and 10.6 mm working distance
(LMPIlanFLN 50x /0.5, Olympus, Tokyo, Japan) that delivered the excitation light and
collected the Raman signals. The laser spot size was approximately 1.7 um laterally and
about 2 pm axially. A 600 grooves/mm grating was used, resulting in a Raman spectral
resolution of ~2 cm~!. Figure S1 shows the recorded Raman spectra of the four LPE-
prepared TMD flakes.
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For MoS,, two prominent peaks are observed at 376 cm ™! and 401 cm !, and are at-
tributed to first-order Raman modes, which are associated with the in-plane (E! 2¢) and out-
of-plane (A1) vibrational modes, respectively [46-49]. For MoSe;, the E! 2¢ peak appears
at 281 cm~! and is lower in intensity than the Az, which is observed at 236 em ™! [49-51],
An additional low-intensity peak is observed at 346 cm ™!, which is assigned to the B! 2g
vibrational mode. This mode is not active in bulk MoSe;; instead, it becomes Raman active
only in few-layer MoSe; samples. In the WS, spectrum, two signals are detected: a strong
peak at 338 cm ™!, which is attributed to the second-order Raman peak, associated with the
2LA(M) phonon mode, and the Ay, peak at 418 cm~! [40,52]. In WS,, the Elzg peak, which
appears at ~355 cm ™!, overlaps with the high-intensity 2LA peak [52]. The resonance of
the 2LA(M) phonon mode is activated in monolayer WS,, thus providing ample evidence
of the successful exfoliation of the bulk material [53]. Two additional low-intensity peaks
appear at 171 and 227 cm~!. Lastly, the Raman spectrum recorded for WSe, exhibits a
strong peak at 247 cm ™!, which is interpreted as the combination signal of the Ajg and E! 2g
Raman modes [49,50,54]. This can be an indicator of successful exfoliation, as distinct Ajg
and E! 2 peaks are observed in the bulk WSe; samples. The appearance of the B12g peak,
which is inactive in the bulk WSe;,, further supports the generation of few-layer flakes
upon ultrasonication.

X-ray diffraction (XRD) was utilized to investigate the crystalline phase, the degree of
crystallinity, and the flake size of the TMD samples [55,56]. The TMD powders, which were
measured as reference samples, exhibit multiple narrow, sharp peaks with high intensity,
indicating the existence of multiple layers within well-ordered, highly crystalline materials,
a long-range order, and well-defined scattering planes (Figure 3) [57]. The XRD patterns
of the TMD powders are in agreement with previous reports for MoS;, MoSe;, WS;, and
WSe; that match 2H polytype, which has a hexagonal (D6h) symmetry (space group:
P63 /mmc) [58-66]. The LPE-prepared TMD flakes have fewer and broader diffraction
peaks compared to their respective powders, indicating that the crystallites are of smaller
size and/or have a less ordered crystalline structure. Overall, the obtained results for
our LPE-prepared samples are in accordance with previously reported XRD patterns for
the same exfoliated nanomaterials [67,68]. The absence of any other diffraction peaks is
evidence that the exfoliated TMD flakes remain pristine and unoxidized during the LPE
process [65,67,69]. A low-intensity peak appears at 44° for the MoSe; flakes, which are
attributed to the aluminum (Al) holder [70]. A broad peak appears for the spray-coated
TMD samples, which is attributed to the signal derived from the glass substrates that
the TMD flakes were deposited onto [71,72]. The (002) peak is present in both the bulk
and exfoliated samples and corresponds to a typical Bragg’s plane for a nanocrystalline
structure [73]. The (002) peak of all the LPE-prepared flakes is much lower than that of the
respective powder, indicating successful exfoliation of the bulk material and the generation
of few-layer TMDs. Apart from the crystal structure analysis, information on the particle
size can be derived from the XRD peaks through the Scherrer equation [74-76]. The average
crystallite size D was calculated for the four TMDs at 14.44 nm for MoS,, 35 nm for MoSe,,
18.27 nm for WS,, and 31.11 nm for WSe,, according to the Scherrer equation, where
K =094, A =0.154 nm, 3 = FWHM, and 0 = peak position. The nanocrystalline size
of TMD flakes affects their physical, optoelectronic, mechanical, and structural proper-
ties [25,57,77-80]. The reduced crystallite sizes, estimated at 14.44 nm for MoS,, 35 nm
for MoSe;, 18.27 nm for WS,, and 31.11 nm for WSe;, contribute to a significant increase
in surface area and active sites [81]. This nanocrystalline feature is crucial for improving
the charge transfer efficiency and stability of the TMDs when applied as HTLs in OPVs.
The enhanced performance of MoS;, notably its high PCE and superior stability under
various lighting conditions, can be attributed to its nanocrystalline nature, which facilitates
efficient charge transfer properties and effective charge carrier dynamics [82,83]. The size-
dependent optical and electrical properties of these nanocrystalline TMDs underscore their
suitability for integration into OPVs, wherein their ability to enhance light absorption and
charge separation can significantly boost device performance.
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Figure 3. XRD patterns of the four TMDs (a) MoS,; (b) MoSe;; (c) WS;; (d) WSe,. The black line
corresponds to the bulk material powder and the blue line corresponds to the sprayed TMD flakes.

3.2. Device Fabrication and Characterization

The inverted architecture followed for the development of the OPVs in our study
is displayed in Figure 4a. A thin layer of the four TMDs was inserted via spray-coating
between the AL and the metal anode, in order to fabricate the OPVs. The active layer
that was used is PBDB-T:ITIC. The J-V curves in Figure 4b compare the devices fabricated
without HTL, with MoQOs, and with the four TMDs MoS,, MoSe;, WS,, and WSe, taken
under 100 mW/cm? AM 1.5G illumination. Table 1 and Figure 4c provide a summary of
the average values for short-circuit current density (Jsc), open-circuit voltage (Voc), fill
factor (FF), and power conversion efficiency (PCE) for each device set. The absence of
an HTL results in a lower PCE of 5.2 4 0.14%, attributed to a diminished built-in electric
field. This is evident from the moderate open-circuit voltage (Voc) and short-circuit current
density (Jsc) values. The devices incorporating the commonly used MoOj3 as an HTL
show a significant improvement, elevating the PCE to 9.68 £ 0.12%. This improvement
underscores the pivotal role of an efficient HIL in photovoltaic devices, as evidenced by the
increased Voc and Jsc values, along with a substantial FF. Shifting focus to the four TMDs,
MoS,, MoSe;, WS,, and WSe,, as spray-coated replacement HTLs, each MX, demonstrates
unique performance characteristics. MoS, emerges as a strong contender, closely rivaling
the performance of MoOs with a PCE of 9.78 & 0.10%. This suggests that MoS, is an
effective alternative to traditional HTL materials. MoSe;, while showing a higher Voc,
yielded a PCE of 7.21 + 0.41%, indicating a compromise in other performance metrics
like Jsc and FF. WS, and WSe;,, although exhibiting comparable Voc values to MoS; and
MoO;, fall short in their overall performance, with PCEs of 7.76 =+ 0.64% and 6.51 £ 0.62%,
respectively. Their lower Jsc and FF values suggest that while they are viable HTL materials,
their efficiency in converting solar energy is less optimal compared to MoS; and MoOs.
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Table 1. Average photovoltaic parameters from J-V characterization of 20 devices, with and without
TMDs as the HTL. The boldface values denote the parameters of the best performing devices.

HTL Voc (V) Jsc (mA/cm?) FF (%) PCE (%)

No HITL 0.73 4 0.02 14.35 4 0.31 48.87 +0.32 524 0.14
(0.74) (14.63) (49.15) (5.34)

MoOs 0.88 + 0.01 15.71 + 0.1 69.27 4+ 0.52 9.68 4+ 0.12
(0.89) (16.36) (71.13) (10.38)

MoS 0.89 + 0.01 15.88 4 0.09 69.08 4 0.45 9.78 4+ 0.10
2 (0.90) (16.07) (70.31) (10.12)

MoSe, 0.77 4 0.05 14.25 + 0.44 62.73 + 3.34 721 4+ 041
(0.89) (13.94) (71.04) (8.86)

WS 0.86 + 0.02 14.84 4 0.55 60.42 + 3.43 7.76 + 0.64
2 (0.89) (16.06) (68.46) 9.82)

Woe 0.8 + 0.05 13.81 + 0.56 59.03 + 4.09 6.51 + 0.62
2 (0.89) (13.29) (67.28) (7.96)

To study the charge carrier dynamics and understand the efficiency of the various
HTLs in the OPVs, we performed photoluminescence (PL) measurements (Figure S2). In
the provided PL graph, MoQj is denoted with the lowest PL intensity among the tested
HTL materials, suggesting a highly efficient charge separation. The TMDs also demonstrate
quenched PL intensities in comparison to the device without an HTL, indicating enhanced
charge transfer processes and potential photovoltaic performance benefits over the non-
HTL baseline. This quenching effect is a positive attribute for the application of these
materials in solar cell technologies.

3.3. Indoor Devices Fabrication and Characterization

Next, we tested the OPV cells under indoor lighting conditions. This step was crucial
to further understand the real-world applicability of these cells in environments where
artificial lighting is the primary light source. Specifically, we focused on the discrete
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illuminance steps of 200, 500, and 1000 lux, which are representative of conditions typical for
indoor environments, like homes, offices, and commercial spaces. The corresponding light
power intensities measured at these lux levels were 61, 151, and 303 pW/cm?, respectively.
The data in Figure 5 and Table 2 offer compelling insight into the performance of the devices
under different indoor lighting conditions, particularly highlighting the efficacy of MoS,
as an HTL, similar to the results seen before under AM 1.5G illumination. The efficacy of
MoS; as a viable HTL, comparable to the commonly used MoOs3, is notably highlighted. At
the outset, under the 200 lux condition, which simulates dim indoor environments, OPV
cells without any HTL demonstrate a baseline PCE of 8.55%. When MoS; is employed
as an HTL, there is a significant leap in performance, with the PCE reaching 17.29%, a
figure that closely rivals the 17.97% achieved by cells using MoQOj3. This parity in efficiency
at a lower light intensity underscores the potential of MoS, as a strong alternative to
MoOj in less illuminated settings. As the light intensity increases to 500 lux, representing
moderately lit indoor spaces, the trend affirming the competitiveness of MoS, continues,
as seen in Figure 5a. In this scenario, cells without an HTL show a modest improvement
in PCE to 9.68%, but the introduction of MoS; as an HTL results in a substantial boost in
efficiency to 19.16%, a value that nearly matches the 20.02% PCE of cells with MoOj3. This
consistency in performance under medium light intensity further cements MoS,’s position
as an effective and viable HTL option. At the highest light intensity of 1000 lux, akin to well-
lit indoor areas, the efficiency of cells without an HTL reaches 10.83%. However, OPV cells
incorporating MoS, as an HTL exhibit an impressive PCE of 22.26%, maintaining a close
gap with the 22.34% PCE observed in cells using MoOj3. This sustained high performance
of MoS; at elevated light levels highlights its capability to operate effectively across a
broad spectrum of lighting conditions, making it a compelling alternative to the traditional
MoO3; HTL.
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— 500 lux
——MoS
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Figure 5. J-V curves of the best performing devices (a) comparing the different HTLs under 500 lux
indoor lighting intensity and (b) comparing MoS, under different indoor light intensities.

Table 2. Parameters of the OPV cells with various HTLs under different indoor light intensities.

Light Pin Jsc o o

HTL Source (lux) (uW/cm?) Voc (V) (uA/cm?) FF (%) PCE (%)
200 61 0.58 20.04 44.51 8.55
No HTL 500 151 0.61 49.59 48.55 9.68
1000 303 0.62 104.49 50.31 10.83
200 61 0.71 22.41 68.90 17.97
MoOs3 500 151 0.73 55.45 74.74 20.02

1000 303 0.75 116.84 77.28 22.34
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Table 2. Cont.

Light Pin Jsc o o

HTL Source (lux) (uW/cm?) Voc (V) (uA/cm?) FF (%) PCE (%)
200 61 0.70 22.01 67.99 17.29
MoS, 500 151 0.72 54.47 73.77 19.16
1000 303 0.75 114.79 78.09 22.26

3.4. Device Stability

Finally, we evaluated the stability of MoS; by comparing it to the devices without HTL
and MoOj3; by implementing the ISOS D1 protocol in unencapsulated devices. Figure 6
illustrates the comparative analysis of the normalized PCE over time, under aging condi-
tions, for the OPVs with different HTLs. This analysis is valuable for understanding the
longevity and stability of OPV cells under prolonged use. Initially, all HTL conditions start
with a normalized PCE set at unity for ease of comparison. As the aging time progresses,
there is a discernible decline in the normalized PCE for all conditions, which is indicative
of the degradation phenomena typical in OPV cells. However, the rate and degree of
degradation vary notably between the different HTLs. Cells without an HTL suffer the
most pronounced degradation, with their efficiency dropping precipitously to about 30% of
the initial value within 100 h, before entering a more gradual decline. Conversely, the OPV
cells incorporating MoS; as an HTL exhibit remarkable stability. The normalized PCE of
MoS;-equipped cells shows a slight initial reduction but remains notably high, above 80%,
even after several hundred hours of aging. This gentle slope indicates that MoS, signifi-
cantly decelerates the degradation process, suggesting an inherent stability that is beneficial
for the longevity of OPV cells. Intriguingly, while MoOj is known for its stability-enhancing
properties, the graph indicates that over extended aging times, its stability is surpassed
by that of MoS,. MoOj3 begins with a strong retention of PCE but experiences a more
pronounced degradation past the 300 h mark. The decline in the stability of MoO3 could
be attributable to several factors. MoQOj3 is known to be sensitive to moisture and could
undergo morphological and structural changes over time when exposed to environmental
factors. Additionally, the interaction between MoOj3 and the photoactive layers may lead to
interfacial reactions that compromise stability. In contrast, MoS,’s superior stability might
be ascribed to its robustness against environmental factors and a more stable interfacial
contact with the photoactive layer. Owing to its hydrophobic nature [84] and nonacidic
and chemically stable properties [85] the layered structure of MoS; could provide a barrier
from ambient moisture penetration, which is a critical factor in the aging of OPV cells.
Moreover, the chemical stability of MoS, might contribute to fewer interfacial reactions,
thereby preserving the integrity of the photoactive layer over time.

—e— No HTL
71 —=—MoS>

71 ——MoO3

100 200 300 400 500 600 700
Aging Time (hours)

Figure 6. Normalized PCE measured for the different HTLs as a function of the aging time.
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4. Conclusions

In this study, we studied exfoliated transition metal dichalcogenides (TMDs) and ex-
plored their applications as innovative hole transport layers (HTLs) in organic photovoltaics
(OPVs), both under standard and indoor lighting conditions. Our analysis, supported by
UV-visible absorption and Raman spectroscopy, confirmed the unique optical properties
of MoS,, MoSe;, WS,, and WSe;, in line with the existing literature on their excitonic
transitions and direct bandgap features. The integration of these TMDs into OPVs not
only enhanced power conversion efficiency (PCE) compared to the devices without HTL in
standard light conditions but also showed remarkable performance under indoor lighting,
an aspect critical for real-world applications. Particularly noteworthy was the performance
of MoS;, which demonstrated its effectiveness as an HTL, rivaling traditional materials
like MoOj in both standard and indoor lighting conditions. This adaptability of MoS,,
maintaining high PCE across a range of light intensities typical of indoor environments,
underscores its potential for diverse photovoltaic applications. Moreover, this study re-
vealed the superior stability of MoS, compared to MoO3 over extended aging periods,
suggesting its robustness against environmental factors and affirming its suitability for
long-term usage in OPVs. These findings not only contribute significantly to the field of
photovoltaic materials science but also pave the way for the development of more efficient
and stable OPVs suitable for a variety of lighting conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nanoenergyadv4030014/s1, Figure S1: Raman spectra of LPE-
prepared (a) MoS;; (b) MoSey; (c) WSy; (d) WSe; flakes; Figure S2: Photoluminescence (PL) spectra of
the four TMDs deposited on BHJ on glass.
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