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[bookmark: _Hlk143516854]Abstract: In this study we develop a strategy to insulate 6,6 -Phenyl C61 butyric acid methyl ester (PCBM) on the basal plane of transition metal dichalcogenides (TMDs). Concretely single layers of MoS2, MoSe2, MoTe2, WS2, WSe2 and WTe2 and ultrathin MoO2 and WO2 were grown via chemical vapor deposition (CVD). Then, the thiol group of a PCBM modified with cysteine reacts with the chalcogen vacancies on the basal plane of TMDs, yielding PCBM-MoS2, PCBM-MoSe2, PCBM-WS2, PCBM-WSe2, PCBM-WTe2, PCBM-MoO2 and PCBM-WO2. Afterwards, all the hybrid materials were characterized using several techniques, including XPS, Raman spectroscopy, TEM, AFM, and cyclic voltammetry. Furthermore, PCBM causes a unique optical and electrical impact in every TMDs. For MoS2 devices, the conductivity and photoluminescence (PL) emission achieve a remarkable enhancement of 1700% and 200% in PCBM-MoS2 hybrids. Similarly, PCBM-MoTe2 hybrids exhibit a 2-fold enhancement in PL emission at 1.1 eV. On the other hand, PCBM-MoSe2, PCBM-WSe2 and PCBM-WS2 hybrids exhibited a new interlayer exciton at 1.29-1.44, 1.7 and 1.37-154 eV along with an enhancement of the photo-response by 2400, 3200 and 600%, respectively. Additionally, PCBM-WTe2 and PCBM-WO2 showed a modest photo-response, in sharp contrast with pristine WTe2 or WO2 which archive pure metallic character.

[bookmark: _Hlk109303027]Introduction
The combination, insulation and characterization of low-dimensional materials pose significant challenges and require cutting-edge technologies due to their nanoscopic  dimensions. Specifically, low-dimensional materials are described as any material in which at least one of the 3 dimensions is smaller than 100 nm.[1] Commonly referred to as nanomaterials, they often exhibit quantum states, and possess properties that significantly differ from their  three-dimensional (3D) counterparts. Graphene, as a prime illustration, epitomizes a  two-dimensional (2D) material with one dimension being incredibly thin, with just a single carbon atom thickness (0.3 Å), while the other two dimensions extend infinitely.[2] A notable instance of a one-dimensional (1D) material concerns carbon nanotubes or lineal polymers, where two of the three dimensions are smaller than 1 nm. [3] On the other hand, insulated molecules such as fullerenes with dimensions of 1nm3 are the quintessential example of zero-dimensional (0D) materials. With the exception of a few 2D materials, manipulating insulated low-dimensional materials is exceedingly challenging, primarily because they are not optically visible. In recent years, substantial efforts have been undertaken to overcome these obstacles.[4,5]
One of the most representative 2D materials are the so-called Transition Metal Dichalcogenide (TMDs). TMDs are generally represented by the formula MX2, where M refers to transition metal such as Mo and W and X denotes dichalcogenides (S, Se, and Te). Single layers of TMDs have a height of 3 atoms (between 0.62 A for MoS2 and 0.82 for MoTe2)[6,7] while the other two dimensions can also be macroscopic. In fact, large monocrystals of TMDs are easily visible with the naked eye.[8] 2D-TMDs have different structural phases, with the 2H being the most extensively studied in nanotechnology due to its semiconducting character[9] whereas the 1T, which is metallic, has interesting applications in catalysis. Semiconducting TMDs are stables at room temperature and relatively resistant to chemical degradation.[9] The bandgap (BG) of TMDs is situated in the visible to near-infrared (NIR) region (2.2-1.0 eV) and exhibit a large quantum yield, leading in a bright photoluminescence. On the other hand, the mechanical properties of TMDs allow to transfer single layers from one substrate to another and further manipulation without inducing significant cracks.[10-12] Devices of TMDs such as transistors can easily reach carrier mobilities superior to 50 cm2/Vs and archive current on-off ratio superior to 8 orders.[13]Therefore, TMDs are attractive in nanotechnology for the fabrication of new nanodevices. 
In certain areas of nanoscience, it is crucial to devise simple strategies that facilitate targeted interactions between nanomaterials. For example, MoS2 (a 2D-material) can interact towards van deer Waals forces with WS2 (another 2D-Material)[14] or carbon nanotubes[15] (a 1D-Material) by employing pick-up methods. However, transfer processes[16] needs very experimented professionals and requires an excessive amount of time. Furthermore, 0D-materials have sizes that are several orders of magnitude lower than the resolution of visible light, rendering this approach inapplicable. The main objective of transfer procedures is to obtain ultraclean samples to thoroughly investigate any property such as interlayer excitons,[14] the photovoltaic effect[17,18] or develop new nanodevices.[19,20] Nanomaterials mixed in liquid or solid state have the risk to produce random aggregated species, poisoning or directly killing their low dimensional properties; nevertheless, based in its simplicity and high-yield, this approach can easily reach real applications.[21] Essentially, combination of the best advantages of both methodologies is extremely demanded. Close to this ideal situation, covalent functionalization could mix homogeneously both materials, swiftly and at low prices. The main challenge about this methodology is to forecast the chemical reactivity of both nanomaterials to archive the desired hybrid material. 
The reactivity of TMDs is mainly located at the edges, which contain a high concentration of defects such as chalcogen vacancies. Concretely, thiols[22-26] or disulfanes[27] react with chalcogen vacancies of TMDs and, in addition, are able to carry molecules or quantum dots.[28] Disulfanes has been extensively employed to functionalize the edges of layered MoS2 and WS2 with chromophores such as porphyrins,[29] phthalocyanines,[30] or perylenes.[31] On the other hand, the basal plane of large TMDs nanosheets remains inert due to the lack of vacancies, decreasing the functionalization ratio and challenging the proper characterization. However, the presence of chalcogen vacancies enables the basal functionalization of TMDs with thiols or disulfanes.[9] Concretely, the basal plane of MoS2 and WS2 were functionalized with Zn-porphyrin (ZnP) bearing a dithiolane by simple mixing the materials during several days. Aggregates or non-covalent species were removed by simple washings.[32] ZnP was completely insulated in regions of 1 nm2 and a new interlayer exciton with a lifetime of 3.5 ns was detected. In addition, thiols owned in antibodies can covalently react with the basal plane of MoS2 or WS2, enabling the development of reusable biosensors for COVID-19 detection.[33] However, this new covalent functionalization strategy has only been employed with MoS2 or WS2 and its effects with other chalcogens such as Se or Te remains totally unexplored. 
The aim of this contribution is to develop a universal and simple technique that allows the insulation of 0D-materials at the basal plane of 2D-TMDs and pay close attention to the optical and electronic properties of the new hybrid materials. To achieve this goal, we chemically functionalize the basal plane of  semiconducting MoS2, MoSe2, MoTe2, WS2, WSe2 and metallic WTe2, MoO2 (40 nm) and WO2 (100 nm) with N-([6,6] Phenyl C61 butanoyl)cysteine (PCBM-Cys). The functionalization reaction was successful in all the materials, archiving 1 functional group of PCBM-Cys per every 18-40 units of MX2 in PCBM-TMDs. As a result, each individual PCBM molecule (0.72 nm in diameter) is successfully insulated on the surface of TMDs, covering areas with an average range between 2.1 and 4.4 nm2, representing 9-20% of the surface and thereby preventing PCBM self-interactions.. The absence of aggregations facilitates precise investigation of the optoelectronic properties exhibited by the newly developed PCBM-MoS2, PCBM-MoSe2, PCBM-MoTe2, PCBM-WS2, PCBM-WSe2 and PCBM-WTe2 0D-2D hybrid materials. Briefly, the results obtained by absorption spectra, PL emission spectra, fluorescence lifetime, cyclic voltammetry and the photocurrent suggest that PCBM-MoS2 and PCBM-MoTe2 has an alignment type I and PCBM-MoSe2, PCBM-WS2, PCBM-WSe2, type II. On the other hand, the effect of PCBM in PCBM-WTe2, PCBM-MoO2 and PCBM-WO2 was depreciable. Finally, we want to point out that all TMDs were synthesized, functionalized, and manipulated by employing the same techniques, obtaining a clear and precise comparison among all the PCBM-TMDs material.
Results and Discussion
[bookmark: _Hlk129524824]To start with, figure 1a shows the synthetic route of N-([6,6] Phenyl C61 butanoyl) cysteine (PCBM-Cys). Briefly, [6,6]-Phenyl C61 butyric acid methyl ester (PCBM) was hydrolyzed according with the bibliography and further coupled with cysteine.[34,35] On the other hand, TMDs (MoS2, MoSe2, MoTe2, WS2, WSe2, WTe2, MoO2 and WO2) were synthesized by chemical vapor deposition (CVD), employing NaCl as a promotor.[9,32,33,36]  All the conditions are shown at supporting information and table S1. Among all the nanomaterials mentioned, MoS2, WS2, MoSe2, and WSe2 exclusively exhibit semiconducting characteristics.[35] MoTe2 displays a combination of metallic and semiconducting phases,[11] while WTe2, MoO2, and WO2 are exclusively metallic. Then, the covalent functionalization reaction was carried out by the simple mixture of PCBM-Cys with the target TMDs (see experimental section and figure S1). Figure 1b shows all these PCBM-TMDs (PCBM-MoS2, PCBM-MoSe2, PCBM-MoTe2, PCBM-WS2, PCBM-WSe2, PCBM-WTe2, PCBM-MoO2 and PCBM-WO2) described in this study, along with their respective emissive regions. In addition, when conducting blank experiments, such as the functionalization of MoS2 with cysteine (Figure S2), minimal changes were observed in the optoelectronic properties of the nanomaterial.[34] Hence, PCBM plays a pivotal role in inducing the observed optical and electronic changes in TMDs.
[bookmark: _Hlk147653947][image: A diagram of a graphing diagram  Description automatically generated]
Figure 1. (a) Synthesis of PCBM-TMDs. (i) Acetic acid/HCl (ii) EDCI, DMAP, Cysteine, THF (iii) Exf. TMDs, DMAc (b) Representation of all the PCBM-TMDs, the dash line shows the semiconducting and metallic TMDs hybrids at the left and right, respectively.

To ensure the absence of non-covalent impurities or aggregations in all PCBM-TMDs materials, a meticulous washing process was employed using dimethylacetamide (DMAc) in a Soxhlet extractor. This method was chosen to meticulously purify the PCBM-TMDs, ensuring the absence of non-covalent species or additional impurities in the final product.[32] Subsequently, we conducted standard characterization techniques to verify the successful covalent functionalization.[27,28,32,33] Raman mappings revealed signatures of PCBM-Cys, including the D band at 1300 cm-1, D’ band at 1374 cm-1, and G band at 1566 cm-1, exclusively on the surface of the TMDs flakes (see inset of figure 2a). Additionally, the relative intensity of some defective nodes of TMDs such as 2LA(M) decreases. For instance, 2LA(M) band at 460 cm-1 of MoS2 decreases an average of 7% in PCBM-MoS2 (see a representative example in figure 2a). The reduction in the intensity of the 2LA(M) band, which is a defective band, serves as evidence of the covalent interaction between chalcogen vacancies in TMDs and the thiol group of PCBM-Cys.[32,33] Furthermore, the Atomic Force Microscopy (AFM)  technique demonstrates the presence of ultra-small regions, which are attributed to the presence of PCBM-Cys on the surface of the TMDs (refer to figure 2b-c for a representative of AFM to low and high magnifications, respectively). Due to the constrained resolution of the 15 nm diameter AFM tip, the atomic-level intricacies along the x and y axes manifest dimensions in the order of several nanometers for ultra-small molecules such as PCBM, rather than 1 nm² dimensions.[32,37] These ultra-small regions were conspicuously absent in the pristine CVD materials, characterized by a wholly homogeneous surface, as illustrated in Figure S11a. This observation underscores the conclusion that these regions were introduced during the reaction process. 
In contrast, transmission electron microscopy (TEM) exhibits ample resolution to differentiate individual circular features of approximately 1 nm² on the surface of PCBM-MoS2. This stands in stark contrast to the pristine CVD sample, which displayed a remarkably uniform appearance, (figure 2d vs S11). These features could be attributed to the presence of individual PCBM molecules, further revealing a large range of functionalization. The diffraction pattern confirms the semiconducting nature of MoS2 and its complete stability after undergoing the functionalization process (see a representative example in figure 2d, inset). Furthermore, atomic-scale resolution energy-dispersive X-ray spectroscopy (EDX) conducted via TEM confirmed the presence of sulfur at 2.31 keV on the basal plane of all the materials, providing evidence for the incorporation of PCBM-Cys in PCBM-TMDs hybrids (a representative example of WSe2-PCBM is shown in figure 2e).[30] X-ray photoelectron spectroscopy (XPS) not only corroborates the findings of EDX but also provides valuable insights into the nature of the bonding. For instance, the detection of amide groups identified through XPS at 399.45 eV confirms the presence of PCBM-Cys on the surface of TMDs. Additionally, changes in the morphology of the sulfur binding energies suggest a transformation in the nature of the thiol group of PCBM-Cys upon interaction with Mo or W metals within chalcogen vacancies. Specifically, this transformation leads to the formation of new metal-sulfur bonds and the cleavage of the S-H bond. Notably, the sulfur bands at 164.62 and 168.68 eV in PCBM-Cys are eliminated, giving way to new bands at 160.54 and 166.27 eV in PCBM-MoSe2, and justifying the covalent functrionalization.[27,32,33,38,39] In addition, prior to functionalization, the metal and chalcogen bands of TMDs exhibit peaks associated with vacancies, which are superimposed with conventional bands.[27] Following functionalization with PCBM-Cys, the vacancies are covered, leading to a reduction or elimination of the previously observed defective peaks and ending in a subtle shift. Such phenomena have been observed in varying ratios across all the materials. Furthermore, based on the Scofield sensitivity factors and the XPS emission area of the elements of TMDs and PCBM, we can estimate that there is approximately one functional group of PCBM-Cys for every 18-40 units of MX2, indicating a similar ratio of functionalization across all TMDs. This suggests that the described covalent functionalization technique provides a consistent and standard functionalization for all the TMDs. Specifically, it was observed that one functional group of PCBM is attached per every 43, 18, 27, 30, 21, 18, 30, and 30 units of MoS2, MoSe2, MoTe2, WS2, WSe2, WTe2, MoO2, and WO2, respectively. Considering the unit cell of each material, this implies the isolation of one PCBM molecule in average areas of 4.4, 2.1, 3.5, 3.5, 2.4, 2.7, 3.1 and 3.0 nm2, respectively. Therefore, a PCBM coverage ranging between 9-20% of the total TMDs surface was observed, corresponding to an average spacing of PCBM-PCBM molecules ranging from 0.72 to 1.3 nm. Considering the typical distances between π-π interactions (0.35 nm), interactions among PCBM molecules on the TMDs surface are almost negligible. This leads to an approach towards the maximum functionalization of TMDs, where the final hybrid can be considered as a 0D material insulated within a 2D material.Top of Form The covalent functionalization character between PCBM-Cys and each TMDs was further analyzed via AFM, EDX-TEM, Raman, and XPS. The data and a comprehensive explanation can be found in the supporting information (Figure S2-S10). However, in this manuscript, we have selectively showcased a subset of the most representative examples for brevity and clarity (Figure 2).[image: A collage of images of a solar cell  Description automatically generated]
[bookmark: _Hlk156219177][bookmark: _Hlk156219178]Figure 2. (a) Raman of pristine MoS2 (gray), PCBM-Cys (blue) and  PCBM-MoS2 hybrid material (orange); Inset corresponds to the intensity mapping of PCBM in PCBM-MoS2. (b-c) AFM for representative PCBM- MoS2;(d) TEM of PCBM-MoS2;  inset corresponds to the diffraction pattern. (e) EDX for representative PCBM-TMDs, concretely PCBM-WSe2; Inset, selected area for perform EDX under TEM magnifications. (f) XPS for pristine MoSe2 (gray), PCBM-MoSe2 (red) and deconvolution of PCBM-MoSe2, (green) as a representative PCBM-TMDs.

In short, we asserted that all the TMDs were functionalized with a similar yield, insulating molecules of PCBM on the surface of each TMDs. Our next goal is to compare the optical and electronic properties of the new hybrids, comprehending the distinctions and similarities observed in each TMDs, standardizing all the techniques to ensure that any minor differences do not compromise the integrity of our results.
Absorption spectroscopy provides valuable information about the electronic transitions in semiconducting nanomaterials. PCBM-Cys exhibits significant absorption in the solid state between 300-600 nm, with peak maxima at 367 and 488 nm (3.38 and 2.54 eV). TMDs, on the other hand, display A to D- excitons across a broader range of 300-1200 nm. Figure 3a illustrates the electronic transitions of pristine MoS2, MoSe2, WS2, WSe2, and MoTe2, and their band morphology aligns with the existing literature.[11,40] Further, the PCBM-TMDs archive the same bands that pristine materials but with an increment in the absorption associated with PCBM region at 300-600 nm (4.1-2.0 eV). In addition, PCBM-MoS2 exhibits absorption bands at 516 and 676 nm (1.24 and 1.83 eV). The band at 516 nm can be directly attributed to PCBM-Cys whereas the band at 676 nm corresponds to the transition between the valence band (VB) of MoS2 to the lowest unoccupied molecular orbital (LUMO) of PCBM-Cys, creating a new electron-hole pair (anticipating figure 3g). The slight nanometer shift of the band transitions in PCBM-MoS2, PCBM-MoSe2, PCBM-WS2, PCBM-WSe2 and PCBM-MoTe2 suggests electronic interactions between the PCBM and TMDs. Similar electronic interactions were described previously in theoretical studies of PCBM-TMDs composites.[41,42] On the other hand, metallic PCBM-WTe2, PCBM-MoO2 and PCBM-WO2 only exhibit slight absorption bands attributed to PCBM-Cys (see figure S8-10).[image: A screenshot of a graph  Description automatically generated]
Figure 3. (a) Absorption and (b) PL emission spectra, at low temperature, at 488 or 532 nm laser excitation, of PCBM-Cys (blue), pristine TMDs (gray) and functionalized PCBM-MoS2 (orange), PCBM-MoSe2 (red), PCBM-MoTe2 (magenta), PCBM-WS2 (olive), PCBM-WSe2 (pink). Representative examples of electronic mobility in alignment (c-d) - Type I and (e-h) - Type II.
[image: A graph of different colors  Description automatically generated]
[bookmark: _Hlk156250253]Figure 4. (a) PLE and (b) SWV of PCBM-Cys (blue), pristine TMDs (gray) and functionalized PCBM-MoS2 (orange), PCBM-MoSe2 (red), PCBM-MoTe2 (magenta), PCBM-WS2 (olive), PCBM-WSe2 (pink), PCBM-WTe2 (black), PCBM-MoO2 (violet) and PCBM-WO2 (purple). 

[bookmark: _Hlk147613201]Photoluminescence (PL) emission provides additional information on the electronic transitions of TMDs and PCBM-Cys. Initially, PCBM-Cys exhibits a broad emissive band at 1.5-1.7 eV, associated with the self-aggregation of PCBM. However, the emission of insulated PCBM at 2.00 eV was not observed in the solid state. The PL emission from PCBM-PCBM self-aggregation is absent in all semiconducting PCBM-TMDs materials, while new bands at 2.00-2.10 eV confirm the insulation of PCBM on the surface of TMDs. Next, the intensity of single layer MoS2 enhances 3-folds in PCBM-MoS2, suggesting an alignment type I with PCBM-Cys (see figure 3b). In this alignment, under light irradiation, the PCBM-Cys transfer electrons from the LUMO to the conduction band (CB) of MoS2 and holes from the highest occupied molecular orbital (HOMO) to the VB (Figure 3c), thereby enhancing the PL emission of MoS2 (Figure 3d). When measuring bilayers of PCBM-MoS2, where the bandgap of MoS2 is reduced,[43] the intensity decreases and a new band (NB) transition appears at 1.84 eV, suggesting alignment type II. Under alignment type II, electrons from the CV are transferred to the LUMO, while holes predominantly accumulate at the valence band (Figure 3f). This electronic redistribution fosters the creation of stable electron-hole pairs, and the NB emerges through their emissive recombination, resulting in significant fluorescence emission (Figure 3g). It should be noted that the blank experiment with cysteine-MoS2 (figure S2) does not exhibit appreciable changes in the material's intensity. Therefore, we consider the passivation effect conducted by PCBM-Cys to be negligible in our system. Next, for MoSe2, the PL emission remains constant in PCBM-MoSe2, archiving a new couple of bands, NB, at low energies, 1.44 and 1.29 eV, that can be explained by electron transfer of LUMO and LUMO+1 of PCBM-Cys to valence band of MoSe2 (figure 3g). Moreover, the PL of PCBM-MoSe2 suggests alignment type II; Similar information was observed in PCBM-WS2 and PCBM-WSe2 (see figure 3b). In PCBM-MoTe2, the PL emission of MoTe2 is enhanced 2-fold, indicating an alignment type I, and a band at 2.0 eV ensures that PCBM is completely insulated and free of aggregations. Next, PCBM-WTe2 is the only material that shows the presence of PCBM aggregations at 1.71 eV. However, the intensity is very weak, and the morphology is completely different from that of PCBM-PCBM, suggesting a low number of these aggregations. Finally, PCBM-MoO2 or PCBM-WO2 exhibit very weak PL emission of insulated PCBM at 2.13 and 2.08 eV, respectively  (see figure S12). 
[bookmark: _Hlk156258942]Furthermore, Trion (A- ) and neutral exciton (A0) have been found in all semiconducting TMDs and PCBM-TMDs materials at low temperatures. Concretely, MoS2, MoSe2, MoTe2, WS2 and WSe2 shows a A- , 1.850, 1.582, 1.092, 1.992 and 1.6501 eV and A0 at 1.890, 1.597, 1.104, 2.010, 1.701 eV whereas the values are shifted after functionalization, appearing the A- of PCBM-MoS2, PCBM-MoSe2, PCBM-MoTe2, PCBM-WS2 and PCBM-WSe2 at 1.840, 1.608, 1.092, 2.009 and 1.632 and A0 at 1.883, 1.622, 1.1043, 2.034 and 1.679 eV, respectively. Moreover, PCBM strongly tailored the optical properties of TMDs. The binding (dissociation) energy shows ultra-low values for all the materials, ranging from 40 meV for MoS2 to 12 meV for MoTe2 in exfoliated materials and 43 meV for PCBM-MoS2 to 12 meV for PCBM-MoTe2 in functionalized materials. Such values imply that electrons and holes can be easily dispersed throughout the material, which is consistent with the elevated photo-responses (R) observed in the TMDs transistor devices (see below). 
Photoluminescence excitation (PLE) spectra (see figure 4a) reveal new electronic transitions in PCBM-WS2, PCBM-WSe2 and in bilayers of PCBM-MoS2. Concretely, the bilayer of PCBM-MoS2 shows the new transition at 650 nm (1.9 eV) in bilayers of MoS2. On the other hand, the transitions of PCBM-WS2  were found at 610 nm (2.03 eV) and 720 nm (1.72 eV), while the transition of PCBM-WSe2 hybrid material is located at 740 nm (1.67 eV). Strong emission at these excitations for PCBM-WS2 and PCBM-WSe2 and bilayers of PCBM-MoS2 can be correlated with absorption of energy from valence band of TMDs to LUMO or LUMO+1 of PCBM-Cys, creating a new electron hole pair (see figure 3g). Therefore, these new PLE transitions must be intimately related to the NB described in the photoluminescence emission.
[bookmark: _Hlk157173745]Fluorescence lifetimes were recorded using time-correlated single-photon counting (TCSPC) for each PL emission band of TMDs, PCBM-Cys and NB separately. After functionalization, the lifetimes of TMDs or PCBM-Cys are shortened in PCBM-MoSe2, PCBM-WS2 and PCBM-WSe2 (see table 1), which indicates a new pathway of relaxation between PCBM-Cys and TMDs (figure 3f). On the other hand, those bands associated to new transitions NB shows long lifetimes up to 3 ns in PCBM-MoSe2 (figure 3g).  In the supporting information, figure S13 illustrates the lifetime decay of the new bands for PCBM-MoS2, PCBM-MoSe2, PCBM-WS2, and PCBM-WSe2. Subsequently, the reduction in lifetimes associated with the MoS2 and MoTe2 bands in PCBM-MoS2 and PCBM-MoTe2 suggest that the holes at HOMO of PCBM-Cys can be transferred to VB of TMDs increasing the possibilities of electron hole recombination between CB and VB of MoS2 or MoTe2 (see figure 3c). [image: A chart of different colors  Description automatically generated]Figure 5. Energy diagram for PCBM-MoS2 (orange), PCBM-MoSe2 (red), PCBM-MoTe2 (magenta), PCBM-WS2 (olive) and PCBM-WSe2 (pink) hybrids. The energy diagram was shifted +6.10 eV from the traditional vacuum energy diagram to start the HOMO of PCBM at 0.0 eV. 

Varshini equation was employed to carefully obtain the bandgap (BG) in each sample based on the PL shift with respect to temperature (table 1). In addition, excitation power versus integral of PL emission (Intensityµ (power)µ) was studied to assign the nature of the materials. All information is presented in (table 1). It is worthy to remark that single layer of PCBM-MoS2 displays an enhancement of the slope (α) of MoS2 emission caused by the effect of PCBM, probably by the injection of electrons-holes. In addition, new bands in PCBM-MoSe2, PCBM-WS2 and PCBM-WSe2 show slopes << 1, in agreement with previous 0D-2D mixed materials.[23,32] This small α value of NB is expected due to the relatively low loading of PCBM-Cys and the limited diffusion of excitons. The blank experiment of Cys-MoS2 shows no evidence of any spectroscopic change in absorption spectra, PL emission or fluorescence lifetime (see figure S2). Moreover, we discard the possibility that these new bands in PCBM-TMDs are related with defects since they are not very broad, and they are not observed before functionalization. Furthermore, the width of the band at low energy and high energy are very symmetric in any temperature.[44,45]
 Next, electrochemical voltammetry will provide information about the potentials at which each material (TMDs, PCBM-Cys or PCBM-TMDs) can undergo oxidation or reduction. This information can be utilized to gain initial insights into the electronic distribution of the material. The square wave voltammetry (SWV) of PCBM, MoS2, MoSe2, WS2, WSe2 and the hybrid materials PCBM-MoS2, PCBM-MoSe2, PCBM-WS2 and PCBM-WSe2 are shown in figure 4b. First, PCBM has an oxidation peak at -0.79 V (-3.43 eV) and two reductions peaks at 1.64V (-5.86 eV) and 1.87 V ( -6.09 eV) which correspond to the electrochemical HOMO, LUMO and LUMO+1, respectively. Moreover, the electrochemical bandgap of PCBM corresponds to 2.43 eV in agreement with the bibliography.[46] In addition, PCBM has a second oxidation peak at 1.01 V (-5.23 eV) associated with the PCBM aggregations. The electrochemical analysis of single layers of TMDs or PCBM-TMDs hybrids proved challenging due to the low sensitivity of the instrument. Consequently, we were compelled to analyze liquid-exfoliated materials. Layered PCBM-MoS2, PCBM-MoSe2, PCBM-WS2 and PCBM-WSe2 exhibit an oxidation peaks at 1.09 V (-5.31 eV), 0.64 V (-4.87 eV), 0.89 V (-5.11 eV) and 0.7 V (-4.92 eV), respectively, while the reduction peaks are shown at -0.67 V (-3.55 eV), -0.75 V (-3.47 eV), -0.80 V (-3.42 eV) and -0.76 V (-3.46 eV), respectively. Therefore, layered PCBM-MoS2, PCBM-MoSe2, PCBM-WS2 and PCBM-WSe2 have electrochemical bandgaps of 1.76, 1.39, 1.69 and 1.45 eV, in agreement with the values obtained by PL emission (see figure 3b). The shifts in the TMDs signatures after functionalization (see figure 4b) further indicate a significant electronic coupling with PCBM.
Utilizing the optical bandgaps calculated with the Varshini equation and the electrochemical energy levels obtained through Square Wave Voltammetry (SWV), a simplified energy diagram was constructed (see Figure 5). Initially, the values of a HOMO (-6.10 eV) and LUMO (-3.70 eV) of insulated PCBM were  compared with the bibliography,[45,47] and the sourced bandgap of 2.40 eV agrees with the electrochemical values derived from SWV (2.43 eV). Subsequently, single layers of MoS2 and MoTe2 exhibit optical bandgaps within the range of PCBM-Cys, consistent with the alignment type I. Conversely, the energy (E) of NBs of bilayer of PCBM-MoS2, PCBM-MoSe2, PCBM-WS2 and PCBM-WSe2 corresponds to the energy difference between the LUMO (or LUMO+1) of PCBM-Cys and valence band of TMDs (equation 1). Having calculated the position of the valence band, the conduction band of  PCBM-MoS2, PCBM-MoSe2, PCBM-WS2 and PCBM-WSe2 was determined by adding the corresponding optical bandgaps to the valence band. It is noteworthy that this vacuum energy level diagram is similar but not identical to those described by the classical band alignment in 3D-3D systems, (see supporting information figure S14)[45,46] despite the fact that PCBM-Cys is a 0D material and the fermi level of thin films should not be applied.[46]Table 1. Optical and electronic parameters of PCBM-TMDs hybrid materials. 
Material
TMDs 
BG [eV]
TMDs 
t [ns]
TMDs
α
PCBM
BG [eV]
PCBM
t [ns]
PCBM
α
NB 
BG [eV]
NB
t [ns]
NB
α
TPER
[s]
σ
[nA/V]
PCBM-Cys
-
-
-
1.54, 1.74
1.06
1
-
-
-
-
-
MoS2
1.91
0.5
0.8
-
-
-
-
-
-
0.33
0.04
PCBM-MoS2
1.91 300%a
0.2
1.05
1.71
0.3
0.6
1.84b
1.6b
-
0.61
0.71
Cys-MoS2
1.91
-
0.8
-
-
-
-
-
-
0.16c
0.04
MoSe2
1.60
0.24
0.86
-
-
-
-
-
-
 0.13
136
PCBM-MoSe2
1.60 100%a
0.24
0.86
2.00
0.1
-
1.29, 1.44
3 ns
0.53
0.10
61
MoTe2
1.1 
-
-
-
-
-
-
-
-
19
0.030
PCBM-MoTe2
1.1 300%a
-
-
2.00
0. 58
0.15
-
-
-
4.5
0.002
WS2
2.05 
0.172
0.95
-
-
-
-
-
-
1.44
0.009
PCBM-WS2
2.10 5%a
0.012
0.8
2.10
0.6
0.76
1.71
1.8
0.82
0.43
3x10-5
WSe2
1.71 
0.60
1.08
-
-
-
-
-
-
0.03
3x10-5
PCBM-WSe2
1.68 20%a
0.24
0.76
2.00
0.1
0.6
1.37, 1.54
0.1
0.88
<0.001
2x10-6
WTe2
-
-
-
-
-
-
-
-
-
-
-
PCBM-WTe2
-
-
-
1.71
0.67
1
-
-
-
1.50
8x10-6
MoO2
-
-
-
-
-
-
-
-
-
-
4x106
PCBM-MoO2
-
-
-
2.13
-
-
-
-
-
-
1x106
WO2
-
-
-
-
-
-
-
-
-
0.31
0.015
PCBM-WO2
-
-
-
2.08
-
-
-
-
-
0.20
0.003
a) The overmentioned percentage corresponds to the ratio of Intensity Area of PCBM-TMDs versus pristine TMDs (equation 4); b) BL corresponds to bilayer of MoS2; c) This value was normalized.

Next, phototransistors aid in understanding how light affects conductivity in PCBM-TMDs materials. PCBM should transfer electrons and/or holes under light illumination, with different behavior in alignment type I or II, and due to the low binding energies extracted by photoluminescence, ranging between 12-43 eV in pristine TMDs and PCBM-TMDs, the charges should be easily delocalized, contributing to tailoring the electronic behavior of the devices. Furthermore, the absence of PCBM aggregations aids understanding of the system by suppressing PCBM-PCBM interactions while reducing trap states.
Concretely, field-effect transistor (FET) devices with single layers (<1nm) of MoS2, MoSe2, WS2, WSe2, MoTe2 and ultrathin MoO2, MoO2 (40 nm) and WO2 (90 nm) were crafted in SiO2 substrate. The electrodes of bismuth/gold were fabricated using an electron beam lithography (EBL) and metal deposition approach, with a channel length of 5 μm for all the TMDs. It should be noted that the same devices were studied previously and after being functionalized with PCBM-Cys. The devices of TMDs with semiconducting character were depicted in figure 6 whereas the metallic hybrid materials can be found at supporting information (figure S8-S10). Following their absorption spectra, all pristine materials show a maximum photo-response between 407 and 532 nm (figure 3a VS figure 6). Then, after functionalization, PCBM-MoS2 shows an increasing of 1700% of the conductivity (I) under dark condition in comparison with pristine MoS2 material because PCBM-Cys provides holes at valence band and electrons in conduction band by electron/hole-transfer spontaneously generated (figure 3c). On the other hand, the light response (equation 2) does not enhance proportionally, indicating that PCBM-Cys transfer more holes at valence band (dark current) than electrons at conduction band (under light illumination). Ultimately, the variation of the response of PCBM-MoS2 in contrast to pristine MoS2 (; equation 3) shows values of -81% at 254 nm, 43% at 365 nm, -60% at 407 nm, -48% at 532 nm and -74% at 650 nm. Therefore, the response of PCBM-MoS2 rises only under 365 nm light illumination, region in which the absorption is mainly dominated by the PCBM-Cys (all responses are shown in figure 6). Enhancement of dark current was not observed in PCBM-MoTe2, probably because the bounding of thiols at Tellurium vacancies produces a negative effect at the basal plane of MoTe2. Nevertheless, the light response of PCBM-MoTe2 increases out from the MoTe2 absorption region, obtaining higher values at 365 nm > 254 nm > 650nm > 532nm and decreasing at 407 nm. PCBM-MoSe2 has alignment type II and thermal or spontaneous electrons generated on TMDs are trapped by the LUMO of PCBM-Cys. In consequence, the conductivity in dark conditions decreases in PCBM-MoSe2 (figure 3e). However, under light illumination, photo-holes generated on PCBM-Cys are transferred not only to the valence band of MoSe2, but in addition, electrons at LUMO in PCBM-Cys block the electron transfer from CB of MoSe2 to LUMO of PCBM-Cys, reducing the electron confinement (figure 3h). Hence, photo-response of PCBM-MoSe2 improves in  25-folds at 254 nm, 7-folds at 354 nm, 6.5-folds at 407 nm, 8.8-folds at 532 nm and 3-folds at 650 nm. PCBM-WS2 and PCBM-WSe2 also show alignment type II, and the  enhance at 532 nm 33 and 7-folds after functionalization with PCBM-Cys. Typically, the value of  increases when laser excitation is close to PCBM-Cys maxima absorption and out from the TMDs excitons (figure 3a VS figure 6). PCBM-WTe2 and ultrathin materials of PCBM-MoO2 and PCBM-WO2 show metallic character exclusively with a substantial flow of current. For example, MoO2 has a conductivity[48] of 4×10-3 A/V, being 3×105-fold more conductive than any other material presented in this work, but no photo-response was archived even after functionalization with PCBM-Cys. 

((Equation))								(1)



Where, VBTMDs is the valance band of TMDs,  is the position of the energy vacuum diagram of the LUMO or LUMO+1 of PCBM and  is the energy subtracted by the PL emission of the new bands, in alignment type II.

((Equation))								(2)



Where R is response,  and  are the conductivity of the material under light illumination and dark).

[bookmark: _Hlk137036662]((Equation))								(3)


Where  is the variation of the response between the PCBM-TMDs and pristine TMDs,  and are the response of PCBM-TMDs and pristine TMDs, respectively.

[bookmark: _Hlk137036173]((Equation))								(4)

[bookmark: _Hlk137035932]
Where  is the variation of the PL intensity between the PCBM-TMDs and pristine TMDs,  and are the PL emission of PCBM-TMDs and pristine TMDs, respectively.

Time of photoelectric responses (TPER) and response recoveries of pristine TMDs or PCBM-TMDs are minimally affected by the power of the laser and wavelength. Moreover, we show a representative laser excitation power (407 nm at 10.5 mW/cm2) before and after functionalization (see table 1). Notably, the addition of PCBM-Cys has a negative effect on the response of MoS2, doubling the time in PCBM-MoS2. In contrast, the addition of PCBM-Cys improves the time responses in PCBM-WSe2, PCBM-WS2, PCBM-MoTe2, and PCBM-MoSe2, being 3, 23, 30 and 77% of the original lifetime in pristine WSe2, WS2, MoTe2, and MoSe2 FET-devices, respectively (see table 1). 
The values of Responsivity (Rλ), External Quantum Efficiency (EQE) at 254, 365, 407, 532 and 650 nm were recorded at table S2 and S3 for all TMDs and PCBM-TMDs materials while table 2 displays the best performance for any of the PCBM-TMDs hybrid materials. Specific detectivity (D*) was additionally recorded in table S3. Remarkably, PCBM-MoS2 and PCBM-MoSe2 and PCBM-WO2 show maxima responsivity of 1.4, 2.1×10-2 and 9.3×10-3 A/W and an EQE of 320, 5.0 and 1000%, respectively. On the other hand, all the semiconducting PCBM-TMDs exhibited excellent detectivities, ranging from 3.8×1014 for PCBM-WSe2 to 2.8×1012 for PCBM-WS2 at 650 nm. Overall, the responses, responsivities, external quantum efficiencies and detectivities of the investigated materials are excellent, surpassing some of the previous findings described in the literature for 0D-2D heterostructures (as shown in table 2). 
[bookmark: _Hlk85754062][bookmark: _Hlk85756412]Valuable information such as transfer curve or characteristics were recorded at the supporting information (figure S3-S10). In summary, ohmic contact was negligible in all semiconducting materials and the photo-current is affected by the gate voltage. For example, the photo-response of PCBM-MoS2 enhances 2 orders of magnitude when -30 V was applied to the gate (see figure S3o), implying a light response of 150.000%. On the other hand, the dark current and photocurrent of PCBM-WSe2 exhibited a proportional increase with the drain-source voltage (VDS). In addition, the photo-response is proportional to the laser power densities within the range of 1-15 mW/cm2 the (see figure S7j). For instance, PCBM-MoS2 (see figure S3o) and PDBM-WSe2 (see figure S7k-l) show a photo-response of 5.4×10-6 A×cm2/W and 3.31×10-9 A×cm2/W, respectively. Regarding carrier mobilities, it is noteworthy that PCBM-MoSe2 improves 12-fold in dark, while PCBM-WSe2 exhibited an 11-fold improvement, under light illumination, as compared to the pristine materials. Further details about carrier mobilities in dark and light are described at supporting information (see description and figures S2-S10), while the conductance (σ) in dark is shown in table 1.[image: A graph of different colored lines  Description automatically generated]
Figure 6. Photo-response of semiconducting (a) PCBM-MoS2 (opaque line) and pristine MoS2 (semitransparent line), (b) PCBM-MoSe2 (opaque line) and pristine MoSe2 (semitransparent line), (c) MoTe2 (opaque line) and pristine MoTe2 (semitransparent line), (d) PCBM-WS2 (opaque line) and pristine WS2 (semitransparent line) and (e) PCBM-WSe2 (opaque line) and pristine WSe2 (semitransparent line) at 254 (violet), 365 (blue), 407(purple), 532 (green), and 650 nm (red) light excitation. Response and laser excitation are labeled in the picture.

Finally, the best outcomes from this work are compared to other PCBM hybrids listed in the bibliography. No evidence of covalent functionalization is found. Instead, non-covalent functionalization between PCBM and TMDs is reported in a few publications that focus on composites. Thus, The photoresponse between 400-500 nm of composites based on WS2 and PCBM became comparable to our hybrid PCBM-WS2 upon the addition of a third component (Poly-(N, N'-bis-4-butylphenyl-N, N'-bisphenyl) benzidine which modifies the ground state of the hybrid material.[71,72] PCBM-WSe2 exhibits significant improvements of the electronic properties in comparison with the PCBM and WSe2 composites described in the bibliography.[73] For example, the photo-response enhance 7 folds in our PCMB-WS2, whereas nanocomposites show only a 16% improvement.[47] Composites of PCBM with layered MoS2 shows alignment type II and were employed in catalytic purposes[74] and for create memory devices,[36] handicapping any reliable comparison. However, at low PCBM concentration (0.2%) the conductivity of the system is double at 1 VDS whereas in our PCBM-MoS2 the value increases 17-folds. Unfortunately, no comparable data were found in the bibliography for PCBM-MoTe2 or PCBM-MoSe2. Overall, our results highlight the potential of PCBM-Cys as an effective approach for enhancing the electronic properties of PCBM-TMDs FET devices and pave the way for the application of PCBM-TMDs in advanced electronic technologies, where improved device performance and enhanced charge transport are desired.
Table 2. Response, Responsivity and External Quantum Efficiency of 2D TMDs functionalized with 0D materials. 
	Material
	R (%)a
	Rλ [A/W]
	ΕQΕ [%]
	Reference

	COVALENT

	Pyrene-WS2
	-20
	-
	-
	[38]

	ZnP-MoS2
	1200
	4.9×10-5
	1.4×10-2
	[32]

	ZnP-WS2
	600
	2.3×10-5
	7.3×10-3
	[32]

	NiP-WS2
	300
	-
	-
	[49]

	PCBM-MoS2
	1510; (150000 at -30 VG)
	1.4
	3.2×102
	This Work

	PCBM-MoSe2
	336
	2.1×10-2
	5
	This Work

	PCBM-MoTe2
	44
	2.2×10-3
	5×10-1
	This Work

	PCBM-WS2
	352
	5×10-5
	9.6×10-3
	This Work

	PCBM-WSe2
	37740
	3.6×10-4
	7×10-2
	This Work

	PCBM-Te2
	17
	9×10-9
	2.5×10-6
	This Work

	PCBM-MoO2
	0
	0
	0
	This Work

	PCBM-WO2
	47
	3.1
	1.0×103
	This Work

	NON-COVALENT

	PbS/MoS2
	200
	-
	-
	[50]

	Ge/WS2
	100000
	0.6
	
	[51]

	PbSe/MoS2
	1
	-
	-
	[52]

	Perylene/MoS2
	15000
	1×103
	
	[53]

	Au/MoTe2
	-
	4×10-5
	-
	[54]

	Perylene/WS2
	-
	-
	2
	[55]

	Methylene blue/MoS2
	1900
	-
	-
	[56]

	ZnP/MoS2
	1500
	-
	-
	[57]

	ZnP/WS2
	500
	-
	-
	[57]

	ZnP/MoSe2
	5
	-
	-
	[57]

	ZnP/WSe2
	5
	-
	-
	[57]

	ZnP/MoS2
	800
	-
	-
	[58]

	FeP/MoS2
	500
	-
	-
	[58]

	H2P/MoS2
	200
	-
	-
	[58]

	GaP/MoS2
	200
	-
	-
	[58]

	ZnPc/MoS2
	300000
	4.3×102
	-
	[37]

	NiPc/WSe2
	230
	-
	-
	[59]

	CuPc/MoS2
	800
	2
	13
	[60]

	Rodamine/MoS2
	-
	1.1
	2.8×102
	[61]

	BTP-4F/MoS2 
	100000
	3.2
	7.6×102
	[62]

	BTBT/MoS2
	300
	4.7×102
	1.5×105
	[63]

	MoO2/MoSe2
	100000
	0.1
	2.3×10
	[64]

	Carbon dots/MoS2
	80000
	3.8×102
	-
	[65]

	IEICO-4F/WSe2
	350
	8.32
	-
	[66]

	Polymer/Au/WS2
	8000
	1.02
	8
	[45]

	MoS2/C60
	1000
	-
	3.5×10
	[67,68]

	WS2/C60
	-
	-
	2.3×10
	[68]

	WO3/WS2
	
	2.5×102
	8.5×104
	[69]

	Si/WS2
	
	4.3
	1.1×103
	[70]


a) The best values of the photo response were shown at optimal excitation wavelength. Regarding bibliography, the values of VDS and 0VG, light power densities, temperatures and wavelengths remain unspecified .
Experimental Section
Synthesis:
[bookmark: _Hlk156229874]6,6 -Phenyl C61 butyric acid (PCBM-COOH): The ester owned in 6,6-Phenyl C61 butyric acid methyl ester (PCBM) was hydrolyzed, resulting in the formation of PCBM-COOH compound, as described in the bibliography.[34] Essentially, 300 mg of PCBM was sonicated in a solution of 3/7 acetic acid, 1/7 HCl, and 3/7 toluene with a volume of 100 ml. The mixture was then stirred at reflux overnight. Then, the material was purified. 1H NMR (400 MHz, 1/1: (CD3)2SO/CD3OD) δ 8.02 (d, J = 7.1 Hz, 2H), 7.58 (t, J = 7.4 Hz, 2H), 7.49 (t, J = 7.4 Hz, 1H), 2.92 (m, 2H), 2.42 (t, 2H), 2.05 (m, 2H). Maldi (C71H12O2): Predicted= 896.08, 897.09, 898.09, 899.09, 900.10, experimental= 896.148, 897.163, 898.165, 899.188, 900.197. See spectroscopic characterization in figure S1.

N-([6,6] Phenyl C61 butanoyl)cysteine (PCBM-Cys): First, 10 mg of PCBM-COOH, 134 mg of 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI) (5 equiv.), and 100 mg of 4-Dimethylaminopyridine (DMAP) (5 equiv.) were dispersed in dry Tetrahydrofuran (THF) and sonicated for a few minutes. The mixture was then added dropwise to an ice-cooled solution of dry THF containing 132 mg of cysteine (20 equiv.) under stirring for 30 minutes. Subsequently, it was sonicated for 30 seconds and stirred on ice for 30-60 minutes. This stirring and sonication process was repeated multiple times. Finally, the solution was stirred overnight at temperatures below 50 oC. The resulting product is brown and tends to adhere to the walls. It was purified by passing it through a 0.1 μm PTFE membrane filter. The material was then washed sequentially with hot water (20 ml), DMF (10 ml), acetone (10 ml), and DCM (1 ml). Finally, the PCBM-Cys was completely dried under vacuum overnight, yielding 50%. The material should be stored in a dark and cool environment.1H NMR (400 MHz, CDCL3) δ 7.92 (s, 1H), 7.53 (s, 4H), 5.65 – 4.76 (m, 1H), 2.90 (s, 2H), 2.57 – 2.41 (m, 1H), 2.28 (s, 4H), 2.03 (s, 2H).  Maldi (C74H17NO3S) predicted= 999.09,1000.10, 1001.10, 1002.10,1003.10, experimental= 999.222, 1000.229, 1001.236, 1003.244, 1003.253, 1004.255. IR, -NH and -CH2-=3050-2800, -COOR- =1695, -CONR- =1653cm-1, Aromatic=1550-1400 cm-1. UV-Vis (NMP): 329 nm, 490 nm. PL (solid) 650-750 nm, Raman: D=1300, D´=1374, G=1566 cm-1. XPS: 168.62 eV (thiol), 289.46 and 287.12 eV (carbonyl), 285.8 (C-H), 285.04 (aromatic carbon). See information in figure S1.

Chemical Vapor deposition of TMDs: The CVD growth of all the TMDs was performed using a separator temperature controller AFM-9P-III ASH.[9,32,36] The temperature controller allowed precise control of the growth conditions during the chemical vapor deposition process. Additionally, the Argon flow was monitored using a Horiba STEC controlled unit PE-D2O. This unit ensured accurate monitoring and control of the Argon gas flow rate, which is crucial for controlling the growth parameters and optimizing the growth process. For a more detailed explanation of the growth process and specific growth conditions for each TMD, please refer to the supporting information, experimental section, and table S1. 

PCBM-TMDs covalent functionalization: The following procedure is valid for CVD-TMDs, on a substrate of HBN or SiO2 with or without electrodes. MoS2 (or WS2) [or other TMDs] was immersed in 5ml of Dimethylacetamide, abbreviated as DMAc, with 2 mg PCBM-Cys. The reaction mixture was stirred at 1 revolution per minute (r.p.m) for 4 days under vacuum at a temperature of 50 oC (or 40oC) [or at room temperature] while being kept in the dark. Subsequently, the sample was cleaned by immersion in pure DMAc, repeating the cleaning process four times. To ensure the complete removal of non-covalently bound species, a Solhex extractor using carbon sulfide was employed. The sample was treated with carbon sulfide for a period of 12 to 24 hours to remove any residual non-covalent additives.
For information on substrate pre-treatment, TEM, AFM, PL, XPS methodologies, and device fabrication, please refer to the experimental section of the supporting documentation.
 

Conclusion
In this work we have developed a new methodology to conveniently insulate molecules on the basal plane of TMDs. Concretely, chemically modified PCBM interacts with chalcogen vacancies randomly dispersed around the surface of TMDs. The optical and electronic analysis shows that PCBM-MoS2 and PCBM-MoTe2 forms alignment type I whereas PCBM-MoSe2, PCBM-WS2 and PCBM-WSe2 and bilayers of PCBM-MoS2 have type II. Furthermore, PCBM produces no relevant changes at PCBM-WTe2 and ultrathin PCBM-MoO2 and PCBM-WO2 hybrids. By synthesizing and functionalizing all the TMDs using the same methodology, a comprehensive and accurate comparison of the materials is possible. First, we found an enhancement of the TMDs emission in alignment type I, increasing 2-folds in PCBM-MoS2 and PCBM-MoTe2, with only PCBM-MoS2 exhibiting an exceptional photo-response—a remarkable 150,000% enhancement under optimal conditions. In addition, new sharp bands associated with interlayer excitons were found in PCBM-MoSe2, PCBM-WS2 and PCBM-WSe2 within the energy range of 1.29-1.71 eV. Further, PCBM-MoS2, PCBM-MoSe2, PCBM-WS2 and PCBM-WSe2 exhibit improvements in the photo-responses, rendering values of 150.000, 336, 352 and 37740%, respectively. Some of the best accomplishments include the time response of PCBM-WSe2 and PCBM-MoSe2, which were 0.001 and 0.1s, respectively. To the best of our knowledge, this is the first time that one covalent functionalization technique has been proved with multiple TMDs. This technique allows to perform excellent transistors and straightforward comparison between different properties of the materials, fact that makes this work pioneering and paves the way to develop more efficient nanodevices[75] based on transition metal dichalcogenides and zero-dimensional materials.
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The PCBM was insulated onto the surfaces of ten transition metal dichalcogenides (TMDs) through covalent functionalization. Comprehensive studies were conducted on their optical and electronic properties, including photoluminescence, conductivity, and photo-response. PCBM customized the properties of each TMDs, classifying them into three groups based on alignment: type I, type II, and metallic.
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Abstract:


 


In this study we develop a strategy to insulate 


6,6 


-


Phenyl 


C


61


 


butyric acid methyl ester


 


(PCBM) on the basal plane of transition 


metal dichalcogenides (TMDs). Concretely single layers of MoS


2


, 


MoSe


2


, MoTe


2


, WS


2


, WSe


2


 


and WTe


2


 


and ultrathin MoO


2


 


and WO


2


 


were grown via chemical vapor deposition (CVD). Then


, 


the thiol 


group of a PCBM modified with cysteine reacts with the chalcogen 


vacancies on the basal plane of TMDs


, yielding 


PCBM


-


MoS


2, 


PCBM


-


MoSe


2


, 


PCBM


-


WS


2


,


 


PCBM


-


WSe


2


,


 


PCBM


-


WTe


2


,


 


PCBM


-


MoO


2


 


and 


PCBM


-


WO


2


. Afterwards, all the hybrid materials were characterized 


using several techniques, including XPS, Raman spectroscopy, TEM, 


AFM, and cyclic voltammetry. Furthermore, PCBM causes a unique 


optical and electrical impact in every TMDs. For MoS


2


 


devices, the 


conductivity and photoluminescence (PL) emission 


achieve


 


a 


remarkable enhancement


 


of 1700% and 200% in 


PCBM


-


MoS


2


 


hybrids. Similarly, 


PCBM


-


MoTe


2


 


hybrids exhibit a 2


-


fold 


enhancement in PL emission at 1.1 eV. On the other hand, 


PCBM


-


MoSe


2


, 


PCBM


-


WSe


2


 


an


d 


PCBM


-


WS


2


 


hybrids 


exhibited


 


a new 


interlayer exciton at 1.29


-


1.44, 1.7 and 1.37


-


154 eV 


along with an 


enhancement of the photo


-


response by 2400, 3200 and 600%, 


respectively. Additionally, 


PCBM


-


WTe


2


 


and 


PCBM


-


WO


2


 


showed 


a 


modest


 


photo


-


response, in sharp contrast with pristine WTe


2


 


or WO


2


 


which archive pure metallic character.


 


 


Introduction


 


The 


combination


,


 


in


sulation


 


and characterization


 


of low


-


dimensional


 


materials 


pose significant challenges 


a


nd


 


require 


cutting


-


edge technologies


 


due to 


their


 


nanoscopic  dimensions


. 


Specifically, l


ow


-


dimensional materials are described as 


any 


material in which at least one of the 3 dimensions is smaller than 


100 nm.


[


1


]


 


Commonly referred to as nanomaterials, 


they 


often 


exhibit quantum states, and possess properties that significantly 


differ from their 


 


three


-


dimensional (


3D


)


 


counterparts. Graphene, 


as a prime illustration, epitomizes a 


 


two


-


dimensional (


2D


)


 


material with one dimension being incredibly thin, with just a 


single carbon atom thickness (0.3 Å), while the other two 


dimensions extend infinitely.


[


2


]


 


A notable instance of a 


one


-


dimensional


 


(1D)


 


material 


concerns


 


carbon nanotubes or lineal 


polymers


,


 


where 


two


 


of the 


three


 


dimensions are smaller than 1 


nm.


 


[3]


 


On the other hand, insulated molecule


s


 


such as fullerenes 


with dimensions of 1nm


3


 


are the quintessential example of 


zero


-


dimensional (0D) materials


. 


With the exception of a few 2D 


materials, manip


ulating insulated low


-


dimensional materials is 


exceedingly challenging, 


primarily


 


because they are not optically 


visible. In recent years, substantial efforts have been undertaken 


to overcome these obstacles


.


[


4,5


]


 


One of the most representative 2D materials are the so


-


called 


Transition Metal Dichalcogenide (TMDs). TMDs are generally 


represented by the formula 


MX


2


, where 


M


 


refers to transition 


metal such as Mo and W and 


X


 


denotes dichalcogenides (S, Se, 


and Te). Single layers of TMDs have a height of 3 atoms (between 




RESEARCH ARTICLE         1     Insulating 6,6 - Phenyl - C61 - butyric  A cid  M ethyl  E ster on  T ransition - M etal  D ichalcogenides:  Impact of the Hybrid Materials  on the   O ptical and  E lectrical  P roperties     Ruben Canton - Vitoria a , b*  and Ryo Kitaura a,c     [a]   Prof. Dr.  R. Canton - Vitoria,  Prof. Dr. R. Kitaura   Department of Chemistry   Nagoya University   Nagoya, Aichi 464 - 8602, Japan   [b]   Prof. Dr. R. Canton - Vitoria   Theoretical and Physical Chemistry Institute Department of Chemistry   National Hellenic Research  Foundation   48 Vassileos Constantinou Avenue, 11635 Athens, Greece.   E - mail: rcanton@eie.gr   [c]   Prof. Dr. R. Kitaura   International Center for Materials Nanoarchitectonics   National Institute for Materials Science   1 - 1 Namiki, Tsukuba 305 - 0044, Japan     Supporting information for this article is given via a link at the end of the document .     Abstract:   In this study we develop a strategy to insulate  6,6  - Phenyl  C 61   butyric acid methyl ester   (PCBM) on the basal plane of transition  metal dichalcogenides (TMDs). Concretely single layers of MoS 2 ,  MoSe 2 , MoTe 2 , WS 2 , WSe 2   and WTe 2   and ultrathin MoO 2   and WO 2   were grown via chemical vapor deposition (CVD). Then ,  the thiol  group of a PCBM modified with cysteine reacts with the chalcogen  vacancies on the basal plane of TMDs , yielding  PCBM - MoS 2,  PCBM - MoSe 2 ,  PCBM - WS 2 ,   PCBM - WSe 2 ,   PCBM - WTe 2 ,   PCBM - MoO 2   and  PCBM - WO 2 . Afterwards, all the hybrid materials were characterized  using several techniques, including XPS, Raman spectroscopy, TEM,  AFM, and cyclic voltammetry. Furthermore, PCBM causes a unique  optical and electrical impact in every TMDs. For MoS 2   devices, the  conductivity and photoluminescence (PL) emission  achieve   a  remarkable enhancement   of 1700% and 200% in  PCBM - MoS 2   hybrids. Similarly,  PCBM - MoTe 2   hybrids exhibit a 2 - fold  enhancement in PL emission at 1.1 eV. On the other hand,  PCBM - MoSe 2 ,  PCBM - WSe 2   an d  PCBM - WS 2   hybrids  exhibited   a new  interlayer exciton at 1.29 - 1.44, 1.7 and 1.37 - 154 eV  along with an  enhancement of the photo - response by 2400, 3200 and 600%,  respectively. Additionally,  PCBM - WTe 2   and  PCBM - WO 2   showed  a  modest   photo - response, in sharp contrast with pristine WTe 2   or WO 2   which archive pure metallic character.     Introduction   The  combination ,   in sulation   and characterization   of low - dimensional   materials  pose significant challenges  a nd   require  cutting - edge technologies   due to  their   nanoscopic  dimensions .  Specifically, l ow - dimensional materials are described as  any  material in which at least one of the 3 dimensions is smaller than  100 nm. [ 1 ]   Commonly referred to as nanomaterials,  they  often  exhibit quantum states, and possess properties that significantly  differ from their    three - dimensional ( 3D )   counterparts. Graphene,  as a prime illustration, epitomizes a    two - dimensional ( 2D )   material with one dimension being incredibly thin, with just a  single carbon atom thickness (0.3 Å), while the other two  dimensions extend infinitely. [ 2 ]   A notable instance of a  one - dimensional   (1D)   material  concerns   carbon nanotubes or lineal  polymers ,   where  two   of the  three   dimensions are smaller than 1  nm.   [3]   On the other hand, insulated molecule s   such as fullerenes  with dimensions of 1nm 3   are the quintessential example of  zero - dimensional (0D) materials .  With the exception of a few 2D  materials, manip ulating insulated low - dimensional materials is  exceedingly challenging,  primarily   because they are not optically  visible. In recent years, substantial efforts have been undertaken  to overcome these obstacles . [ 4,5 ]   One of the most representative 2D materials are the so - called  Transition Metal Dichalcogenide (TMDs). TMDs are generally  represented by the formula  MX 2 , where  M   refers to transition  metal such as Mo and W and  X   denotes dichalcogenides (S, Se,  and Te). Single layers of TMDs have a height of 3 atoms (between 

