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Abstract

:

This paper investigates TiN for its potential to enhance light-harvesting efficiency as an alternative material to Au for nanoscale plasmonic light trapping in thin-film solar cells. Using nanosphere lithography (NSL), plasmonic arrays of both Au and TiN are fabricated and characterized. Later, the fabricated TiN and Au arrays are integrated into a thin-film organic photovoltaic (OPV) device with a PBDB-T:ITIC-M bulk heterojunction (BHJ) active layer. A comparative study between these Au and TiN nanostructured arrays evaluates their fabrication process and plasmonic response, highlighting the advantages and disadvantages of TiN compared to a conventional plasmonic material such as Au. The effect of the fabricated arrays when integrated into an OPV is presented and compared to understand the viability of TiN. As one of the first experimental studies utilizing TiN arrays for the plasmonic enhancement of photovoltaics, the results offer valuable insight that can guide future applications and decisions in design.
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1. Introduction


Humanity’s need for energy increases under the looming danger of global warming, pollution, and resource scarcity, which have arisen due to the dependence on conventional fossil-based energy sources. Solar energy is one of the most promising sustainable substitutes for conventional energy sources such as fossil fuels [1]. One of the greatest challenges to this progress comes from the cost per watt of solar cells, which has motivated photovoltaics research to focus on reducing costs and increasing efficiency. Reducing the thickness of solar cells allows for shorter minority-carrier diffusion lengths and minimizes recombination. Thinner cells also mean less material and energy consumption in manufacturing and the possibility of utilizing rare materials for mass photovoltaics (PV) production. On the other hand, thinner photovoltaic structures also mean less effective volume for light absorption by the active layer, lowering photovoltaic efficiency, especially for materials with indirect band gaps and low absorption coefficients like silicon [2]. This issue can be mitigated by utilizing light-trapping mechanisms to increase incident light’s effective optical path length inside the active absorption layer [3]. Geometric optical solutions such as surface texturing have proven helpful for thick solar cells. However, the active layers get thinner beyond the wavelength of the incident light, and the geometric optical solutions lose effectiveness in achieving effective light trapping. The Lambertian/Yablonovitch limit of geometric solutions also fails to cover wide spectral working ranges and struggles to achieve scattering from subwavelength structures [4,5]. Additionally, large surface structures increase the surface area of the active layer, increasing the recombination of minority carriers and thus lowering PV efficiency. Due to these limitations, light trapping methods for thin-film photovoltaics based on wave optics achieve efficiency enhancements larger than geometric approaches [6]. The plasmonic enhancement of PV achieves light trapping by utilizing localized surface plasmons and surface plasmon polaritons, which allow for the confinement of light inside the subwavelength thin active layer [7,8,9].



When adapted to solar cells, plasmonic nanostructures allow for the scattering of incident light inside the active layer [10]. This can significantly improve effective optical path length and efficiency [11]. With a deep history and very strong plasmonic response due to their high carrier concentration and low optical losses, materials such as Au and Ag have been extensively used to showcase the plasmonic phenomena and their applications [12,13,14,15]. The utilization of conventional plasmonic metal nanostructures was thoroughly investigated for light trapping and the plasmonic enhancement of solar cells [16,17,18,19]. When reviewed, the importance of the structural integrity and durability of the plasmonic nanostructures can be highlighted from the attempts to fine-tune the plasmonic responses by geometrical optimization [20,21,22]. The existing research showcases the dependence of plasmonic light trapping on the size and shape of nanostructures. Low structural durability and the added disadvantage of the high cost of conventional plasmonic materials such as gold and silver have driven research to find better alternative plasmonic materials [23].



One of the most promising alternative plasmonic materials is group IVB transition metal nitrides (TMNs) [24,25,26]. TMNs were shown to have comparable plasmonic responses to materials such as Au and Ag. TMNs such as TiN are abundant and inexpensive compared to precious metals. Metals such as Ag, Ag, Cu, and Al are not chemically, thermally, and structurally stable, especially on the nanoscale. On the other hand, TiN has a robust refractory nature and is a thermally and structurally stable material [27,28,29,30]. Additionally, TiN is compatible with complementary metal–oxide–semiconductors (CMOSs), meaning it can be integrated into readily available CMOS manufacturing technologies [31,32]. This promise of feasibility furthers the potential of TiN as an alternative plasmonic material for various applications. Furthermore, TMNs have tunable optical and electronic properties [33]. Unlike conventional plasmonic materials with free electrons in the conduction band, the metallic and plasmonic behavior of TiN is due to the incomplete hybridization between Ti-3d and N-2p orbitals, allowing excess d-orbital electrons to move to the conduction band. This behavior makes the plasmonic response of TiN very sensitive to stoichiometry. This creates an additional degree of freedom in plasmonic design, where it can be publicized as having an extra form of plasmonic tunability [34,35,36].



As a promising alternative plasmonic material, many researchers have investigated TiN for plasmonic enhancement in solar cells. Various TiN-based plasmonic structures were simulated and investigated as plasmonic solar absorbers. In addition, numerical studies showed TiN as a promising material for plasmonic enhancement in photovoltaic cells. Khalifa et al. compared TiN and silver periodic structures placed at the back of an Si cell via FDTD, promoting TiN as a cheaper alternative to silver for amorphous silicon solar cells [37]. Venugopal et al. numerically investigated TiN as an alternative plasmonic material for thin silicon solar cells and showed that optimized plasmonic TiN nanoparticles show a similar enhancement to Au nanoparticles [38]. Khezripour et al. conducted FDTD numerical simulations of their proposed top and bottom nanograting TiN arrays design, claiming a theoretical increase of 12.73% in silicon solar-cell efficiency due to light trapping [39]. Additionally, Khezripour et al. proposed and simulated a hybrid design of aluminum and titanium nitride nano-squares for light trapping in P3HT: PCBM organic solar cells [40]. Most recently, multiple simulation studies were conducted by N. Akhtary et al. where triangular, bowtie-shaped, and spherical TiN structures were simulated to show that TiN is a viable alternative to Ag and Au for the plasmonic enhancement of silicon solar cells [41].



While academia is rich in numerical studies of varying designs that claim TiN arrays as successful contenders for the plasmonic enhancement in PV cells, no published studies investigate this claim experimentally. To affirm the viability of TiN-based plasmonic enhancement in thin-film solar cells, this paper conducted a comparative experimental study between Au and TiN plasmonic arrays. Nanosphere lithography (NSL) was utilized for the fabrication of plasmonic pyramid arrays as it is a method that tends to create broad plasmonic responses that fit photovoltaic applications. Additionally, NSL, as a high-throughput lithography method, compliments the feasibility ambitions of plasmonic TiN. The fabricated plasmonic arrays were investigated and later implemented in a basic thin-film photovoltaic structure with a PBDB-T:ITIC-M bulk heterojunction (BHJ) active layer. By experimentally comparing TiN to Au, this paper aims to investigate the candidacy of TiN as a viable alternative material for plasmonic enhancement in photovoltaics.




2. Materials and Methods


2.1. Plasmonic Array Fabrication


Pre-patterned 100 nm thick Indium Tin Oxide (ITO)-coated soda lime glass (SLG) substrates were bought from Ossila, UK. The substrates were dumped into a warm 2% concentration Hellmanex® III alkaline solution (Hellma GmbH, Jena, Germany) and sonicated in an ultrasonic bath for 1 h for cleaning. After the Hellmanex treatment, the substrates were dump-rinsed two times in fresh Milli-Q DI water to remove any residual chemicals left on the surface. Afterward, substrates were sonicated for 15 min in acetone, methanol, and isopropanol and dried with a nitrogen stream to finalize the cleaning process.



The TiN plasmonic arrays were fabricated on top of ITO and ZnO thin films using nanosphere lithography. The intended architecture is represented in Figure 1. Polybead® 500 nm and a 200 nm diameter polystyrene (PS) nanosphere (Polysciences Inc., Warrington, PA, USA) solution with a 2.7% volume concentration was purchased from Polysciences. The suspension was supernatant-cycled with Milli-Q DI water to remove any residual surfactants. The bead solutions were brought to a 50% mixture of Milli-Q DI water and ethanol with a final volume concentration of 3.6%. The finalized bead solution was sonicated for 1 h to eliminate particle aggregation. A slide setup with a 5 mL syringe needle with 600 μL of 3.6% concentration 1:1 water/ethanol-ratio bead solution, piranha solution-cleaned microscope glass slides, an Era Pump Systems NE-1000 programmable single syringe, and a Milli-Q DI water-filled crystallization dish, which was used for monolayer sphere assembly. The assembled NSL mask was transferred onto UV ozone-treated samples and dried at room temperature.



An additional deposition mask was attached to limit the array deposition onto the PV-cell areas of the samples. Si-wafer substrates were also added later to characterize the deposited thin films. A Nanovak® NVSP-400 Magnetron sputtering system (Nanovak, Ankara, Türkiye) was utilized for the reactive sputtering of plasmonic TiN. TiN depositions were carried out after intensive chamber cleaning and zirconium pre-sputtering to trap the residual oxygen contamination inside the chamber. A 99.99% pure titanium Adesis sputter target with a 2-inch diameter was reactively sputtered under a 1 sccm Ar and 0.5 sccm N2 flow at an approximate pressure of 5 mTorr under 350 V DC bias [29,30]. The plasmonic Au layer was coated with the MIDAS Vaksis PVD instrument (VAKSIS, Ankara, Türkiye) using physical vapor deposition. A 3 nm thick adhesion layer of Ti was coated using e-beam evaporation to establish strong adhesion between the Au layer and the substrate. Afterward, the 99.9% pure Au pellets were thermally deposited at a rate of 2 Å/s to form a uniform plasmonic Au layer. A quartz crystal microbalance (QCM) was used to track the thin-film thickness during deposition. After Au or TiN deposition, the PS-nanosphere NSL masks were removed via dumping and gentle sonication in toluene. After the lift-off process, the samples were rinsed in isopropanol and dried under a mild nitrogen flow.




2.2. Plasmon Enhanced Organic Photovoltaic Fabrication


The plasmon-enhanced OPV device architecture for both on-top ITO and ZnO interlayers is represented in Figure 2.



The electron transport and active bulk heterojunction (BHJ) layers were deposited using spin coating inside a glovebox system. The hole transport layer (HTL) and cathode layer were deposited using thermal evaporation. The ZnO layer of the PV architecture was deposited using a spin-coating precursor solution. The solution was prepared by mixing 10 mL 2-methoxyethanol, 0.82 g Zinc Acetate dehydrate, and 0.192 mL ethanolamine [42]. The prepared solution was stirred at 60 °C and left for hydrolysis for 12 h. Afterward, the solution was filtered through a 47 µm syringe filter. Before spin coating, the samples were treated with UV ozone for 40 min. Spin coating was carried out by dynamically dispensing 35 µL at 3500 rpm for 30 s to achieve an approximate 40 nm ZnO layer thickness. The cathode areas of the substrates were cleaned using a cotton swab dipped in 2-methoxyethanol. Later, the ZnO layer was thermally annealed for 1 h at 200 °C. As the bulk heterojunction layer of the solar cell, a high-performance donor polymer PBDB-T (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)])) and a non-fullerene acceptor polymer ITIC-M (3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6/7-methyl)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene) mixture was used. The mixture was prepared by mixing a 1:1 weight ratio of the two polymers in a 20 mg·mL−1 chlorobenzene solution with 0.5% DIO (1,8-diiodooctane). The solution was prepared inside a glovebox, stirred for 1 h at 40 °C, and kept under an inert N2 atmosphere. The prepared solution was dynamically spin-coated over the ZnO-coated substrate at 2000 rpm for 50 s with 30 µL an inert atmosphere to get an approximate thin-film thickness of 100 nm [43]. The samples were later thermally annealed at 80 °C on a hot plate, and the cathode areas of the substrate were cleaned using chlorobenzene-dipped cotton swabs. After loading the samples into a cathode mask, they were moved to an evaporator for HTL and anode evaporation.



The Torr thermal evaporator deposited 10 nm of MoO3 as HTL and 100 nm of Ag as the anode metal. The thickness of the deposited materials was tracked during deposition using a quartz crystal microbalance (QCM). The depositions were done with a cathode mask around approximately 3 × 10−6 Torr pressure with voltage-controlled heating to have approximate deposition rates of 3 and 7 Å·min−1 for MoO3 and Ag, respectively. After thermal evaporation, the substrates were encapsulated. The encapsulation coverslips were cleaned, and encapsulation epoxy (Ossila E132, Ossila Ltd., Sheffield, UK) was dripped onto the substrates and enclosed with the soda lime glass coverslip [44,45]. Afterward, the samples were exposed to UV light to cure for 10 min. Electrical connection legs were mechanically attached to the ITO contacts.




2.3. Thin-Film and OPV Characterization


The visible light microscopy (VLM) images used in this study were taken by a Carl Zeiss Optical Microscope (Carl Zeiss GmbH, Oberkochen, Germany) utilizing 5×, 20×, and 50× magnifying lenses and an AxioCam Erc5s camera in dark field mode. A Leo Supra 35 VP SEM-EDX was used in this study. A NanoMagnetic Instruments hp-AFM with tapping mode (NanoMagnetics Ltd., Oxford, UK) was used to gather topographical images of the samples. A J.A. Woollam Co. VASE VB-400 (J.A. Woollam Co., Lincoln, NE, USA) was used for the VASE measurements. Measurements were carried out in the 300–1700 nm wavelength range for the polarized incident beam. The measurements were taken at 65°, 70°, and 75° incidence angles to increase the fitting accuracy. WVASE32© 3.686 software to model and extrapolate n and k optical constants. The diffraction measurements were taken using a Bruker D8 Advance in the 2θ range of 20–90°. The measurements were taken with 0.0204° increments with a 1 s step time and a substrate rotation of 10 rpm. The thin film-coated substrates were attached flat onto a substrate chuck and leveled horizontally. Any measurement offsets were aligned using the (004) plane diffraction of Si substrates. Raman measurements were acquired using a Renishaw InVia Reflex Raman Spectrometer (Renishaw plc, Wotton-under-Edge, Gloucestershire, UK) with a 532 nm diode-pumped green laser. The measurements were taken in the 100–2000 cm−1 Raman shifts range with 20 s exposure time and two accumulations per measurement under dark ambient conditions. UV–Vis spectroscopy measurements (Shimadzu Inc., Kyoto, Japan) were taken via the UV–Visible Shimadzu UV 3150 instrument measuring in the wavelength range of 300–1700 nm. To cover the full range of wavelengths, two photon sensors with different working ranges were used, and the sensors were swapped during measurements at 890 nm. The samples were inserted inside the instrument attached to the illumination mask to confine the measurements to the structured areas. An LCS-100 94011A Small Area Solar Simulator was used to generate solar irradiance and apply a power density of 100 mW·cm−2, which was verified by a Newport 843R optical power meter and fine-tuned. The light incidence area on the solar cells was set to 0.0212 cm2 per cell using the illumination mask. The PV samples were inserted into a ZIF Test board via electrical connection legs. The test board was connected to a Keithley 2400 source meter. The samples on the breadboard with the attached illumination mask were placed underneath the solar simulator for illuminated measurements. Dark I-V measurements were taken using the same electrical setup by placing the samples inside a black box with no external light.





3. Results and Discussion


Even though TiN sputtered with high substrate temperatures showed higher FOM performance, it was not further investigated as PS has a glass transition temperature of around 90 °C, and any PS-based NSL assembly would deform above this temperature. As shown in Figure 3, the RT-deposited TiN films exhibit significantly lower localized surface plasmon resonance (LSPR) figures of merit (FOMs) compared to Au [46]. The plasmonic FOM of the deposited TiN thin films was highly dependent on the thickness of the sputtered film. As the deposited thickness decreased, the plasmonic FOM reduced considerably. Similar results where the deposition thickness affects the optical properties were also thoroughly investigated by Nieborek et al. [47].



In Figure 4, TiN (110) and (200) peaks are not present for the 20 nm deposited films due to the thickness of the thin film. The TiN (220) peak shoulder at 62° was observed for the 20 nm thick film. Additionally, the results suggest the existence of rutile TiO2 planes in their spectrum, as marked in Figure 4a. This can be observed more clearly from the (100) TiO2 peak, while the TiO2 (101), (111), and (211) positions are below the signal noise. The Raman spectra analysis offers complementary results to the XRD results, where the 20 nm film shows a very low peak presence of TiN, which is mostly drowned out by the Si peaks, which are exaggerated by the lack of a thick film above the deposited wafer. However, the presence of TA and A+O responses does verify that the deposited film is not purely TiO2 and is heavily contaminated by O2 [29]. This explains the red-shifted dielectric     ε   1     response of the 20 nm thick TiN film, indicating that the sputtering system has high O2 contamination that persists even after Zr plasma cleaning.



After the monolayer NSL assembly was transferred to the substrates, microscopic techniques were used to qualify the monolayer assembly further and ensure transfer success. Verifying the packing quality of 500 nm diameter assemblies via VLM is possible. The self-assembled 500 nm diameter NSL layers had a closed-packed formation with minor multi-layer island formations and stacking faults, as shown in Figure 5.



Due to the smaller size of the 200 nm diameter NSL, SEM verification was prioritized. The NSL-coated substrates that passed this verification were later used in further stages of device fabrication. The self-assembled 500 nm diameter NSL layers had a closed-packed formation with minor multi-layer island formations and stacking faults, as shown in Figure 6.



The sputtering setup is designed to sputter at a 43° deposition angle. In Figure 7, the simulation and SEM images of the fabricated arrays show that the deposition angle impacts the geometry of the shadow masking. To overcome this issue, a substrate holder with angular control was designed to match the perpendicular polar deposition angle of thermal evaporation. The desired deposition pattern was achieved after the polar deposition angle was matched for perpendicular deposition.



The periodic triangular shadow pattern of the NSL masking can be seen from the SEM images of the AU arrays in Figure 8. Honeycomb-patterned triangle arrays show areas of perfectly close-packed NSL masking. Bowtie and zigzag-like structures are deposited due to stacking faults of the nano-spheres. These masking faults can be due to imperfect NSL assembly conditions or size variations from abnormal beads. The perpendicular incidence of the evaporated metal particles to the substrate allows the deposition to match the NSL mask gaps with minimal conformal coating on the edges of the PS beads. The fabricated triangles are an almost perfect fit to the NSL masks while being slightly smaller and blunter, with more separation than the simulated deposition geometry. The deposited array was covered over the large cathode area with no significant voids or flat thin-film depositions. The morphological comparison between the evaporated Au and sputtered TiN highlights the difference between the two deposition methods. Comparing the highly close-packed deposition areas, we can see no bridging between the individual Au triangles. Meanwhile, TiN triangles seem to have very thin bridging between their corners. The edges of the evaporated Au triangles are sharper, suggesting a step-like formation, unlike the TiN triangles. From the images in Figure 8, it can be assumed that the fabricated Au structures have a triangular-prism-like morphology, while the fabricated TiN structures have a pyramid-like morphology. Two significant differences between evaporation and sputtering incident particles explain this phenomenon. Firstly, during evaporation, the indecent Au particles reach the substrate at an almost perfectly perpendicular angle with minimal collisions during their straight trajectory. This is also aided by the relatively long distance between the evaporated target material and the substrate. Meanwhile, the deposited particles of reactive magnetron sputtering have a wider range of angle of incidence due to collisions with the sputtering gasses and themselves. Secondly, during magnetron sputtering, the incident particles are higher in energy than evaporation, leading to increased lateral mobility during the physisorption on the surface.



An additional variation between the evaporated Au and sputtered TiN arrays can be seen in the height difference. When comparing the deposited structures in highly close-packed areas and stacking fault areas, unlike the evaporated Au structures, the sputtered TiN structures have a significant height difference. This indicates that the sputtered TiN triangle arrays suffer from mask shadowing and are not the same height as their thin-film counterparts. The AFM scans of the TiN array sputtered to be 100 nm thick confirm that the NSL-masked sputtering has a height limit in the deposition driven by the gap size between the nano-sphere assembly. As shown in Figure 9, the highly close-packed areas with smaller gaps in the mask are deposited more thinly, while regions with imperfect close-packed assemblies are deposited more thickly due to the larger gaps. AFM scans of arrays fabricated with a 200 nm diameter NSL assembly showed that the height limit for the used sputtering system with 200 nm diameter NSL beads was roughly 10 nm. After the height-limiting behavior of sputtering was observed, Au array depositions were reduced to 20 nm to match the topography of the TiN array better. The TiN deposition was kept at 40 nm to create an array with approximately 20 nm tall structures.



Figure 10 represents a byproduct structure of the TiN layer deposited on top of the 500 nm NSL assembly and flipped upside down after PS beads are dissolved in toluene. The existence of this contaminant is due to an unsuccessful lift-off process that was unable to clear the surface of the substrate. Although it is an undesirable contaminant for PV enhancement, the rare image of these contaminating structures provides valuable information about the height-limiting phenomena of TiN sputter deposition. The morphology of the leftover sphere shells shows the significant overhang bridging of TiN layers over the NSL mask gaps. The gaps are significantly filled in highly close-packed locations. Due to the conformal deposition characteristic of sputtering, this clogging of the mask gaps limits the maximum height for the array deposition, which is approximately 20 nm for the setup used in this study.



No traces of similar contaminants were found in evaporated Au samples, even after deliberate partial lift-off attempts. This is probably due to the absence of bridging between the Au layers deposited on the NSL structures, which prevents them from forming a large film-like structure over the NSL beads.



Of the fabricated samples, the nine fabrications listed in Table 1 were selected to proceed to spectral analysis and PV fabrication. Pristine substrates with no deposited arrays were also measured and used in PV fabrication as a reference. The images of the encapsulated samples can be seen in Figure 11. The intensity of the diffraction patterns from the samples highly depends on the deposited array thickness and the sphere radius of the NSL masking.



As seen from Figure 12a, with decreasing NSL nano-sphere diameter, the Λ of the array and the size of the particles decrease, in turn shifting the plasmonic peak to a lower wavelength. Both 500 nm and 200 nm close-packed NSL fabrication arrays have observable peaks inside the target wavelength range for the BHJ. The amorphously packed NSL fabrication shows a very broad peak due to the varying sizes and mythologies of the deposited material. This highlights the potential ability of the inherent packing randomness of the NSL technique. Although this can be useful to cover greater ranges of wavelength and maximize efficiency, for the case of 200 nm amorphous nano-sphere packing, the peak position remains outside the BHJ efficiency range. The inability of the amorphous structure to produce a more significant peak at a lower wavelength than the close-packed structure might be attributed to the limitation where the smallest size structure that the NSL shadow can achieve is by close packing.



The TiN sputtering with 200 nm diameter NSL nano-spheres has increased height limitation. The relatively low absorbance values of the arrays represented in Figure 12b can be attributed to the 10 nm thickness of the deposited arrays. Similar to its Au counterpart, as the NSL diameter of the TiN fabrication decreases, there is a redshift on the absorption peak to a lower wavelength due to the reduced size of the particles and the Λ of the array. In addition, for TiN, both peaks fail to cover the highest quantum efficiency wavelength range for the BHJ. When compared to Figure 12a, notably, the shifts in the spectral peaks of Au are much more prominent than TiN, suggesting that the morphological tunability of Au has a greater range than TiN. However, the difference in the shapes of the structures and the oxygen contamination of thin TiN thicknesses must be considered during further discussions.



The comparative spectral absorbance profile in Figure 12c shows significant optical differences between the Au and TiN arrays. The most predominant one is the location and width of their peaks at 1200 nm, which can be attributed to their difference in morphology. Compared to the silver arrays of various shapes by Haes et al. [48], the fabricated TiN array shows a profile similar to the pyramid arrays with a broad and longer wavelength peak. Meanwhile, the fabricated Au arrays show a narrower profile similar to a prism. This similarity is also strengthened by the morphological investigations, where sputtered arrays show a more pyramid-like structure than the triangular prism-like structures achieved from evaporation.



The J-V characteristics of fabricated OPV devices were tested under AM1.5G illumination within 12 h of the BHJ fabrication steps to minimize possible degradation. The IV characterization result derivations for each device can be seen as supporting information.



Cells presented extremely poor or no diode-like PV responses during IV measurements. This could be due to faults in PV fabrication, such as pinholes, short circuits, or contamination. Although such failures are not seen in the reference cells, this should not be attributed to the lack of plasmonic arrays. Still, in the pristine condition, the reference cells are kept in, as they are not subjected to various characterization steps.



The IV results showed various changes in efficiency for varying architectures. When the IV cell efficiencies were compared as a whole, it was notable that many of the cells with the best performance were located in similar locations on the samples. These phenomena might be due to the spin coating of the asymmetric substrates creating minor variations throughout the coated surface.



A highly sensitive and multi-step fabrication such as the plasmon-enhanced PV fabrication undertaken in this thesis is open to many points of non-uniformity and contamination during various stages that can bring about variations in results. The samples are intentionally designed to have multiple cells to increase the sample size and work around this issue. Due to this reason, outlier results should not be considered when interpreting the results and are thus eliminated from further investigation. The champion cells from each device were comparatively investigated, as detailed in Table 1 and Table 2. The list of prepared samples for device manufacturing denotes their deposited array material, approximate final array thickness, NSL bead diameter size, NSL bead packing, and array location.



The investigated samples were patterned with either 200 nm or 500 nm PS beads in the NSL process. For the same OPV devices, the thickness of the deposited thin film ranged from 10 to 40 nm. Finally, we also investigated plasmonic arrays on ZnO/BHJ interfaces and ITO/ZnO interfaces.



For plasmonic arrays in ITO/ZnO patterned with a 200 nm period, the Au plasmonic array-integrated OPVs show lower power-conversion efficiency than reference devices. Both closed-packed and amorphous plasmonic Au arrays showed 5–25% lower performance. In the case of TiN, OPV devices with TiN arrays showed a slight improvement of 2.8% on average. However, reference champion devices exhibited a higher performance. For plasmonic arrays with a 500 nm period in the ITO/ZnO interface, we investigated both 20 nm thick and 10–20 nm thick TiN depositions. In this case, we observed an improvement of 12% for 10 nm TiN depositions on average. On the other hand, 20 nm thick depositions of Au and TiN showed 0.8% and 4.9% lower power-conversion efficiency on average. It is possible that a period of 500 nm provided larger nanostructures on these interfaces, and thicker devices resulted in the back-reflection of incoming illumination.



For plasmonic arrays in ZnO/BHJ patterned with a 500 nm period, we observed an average power conversion-efficiency improvement of 11.8% for TiN plasmonic arrays. In contrast, we observed an average efficiency decrease of 9% in Au plasmonic arrays. The improvement in short-circuit current density was notable, reaching 10.24 mA·cm−2 in TiN plasmonic arrays.



To investigate this stark difference in Au and TiN plasmonic arrays, we have seen that the work function of both plasmonic materials plays a significant role in the performance of the final devices. The work function difference does not show a meaningful contribution when plasmonic arrays sandwich between ITO and ZnO layers since ITO and ZnO are highly conductive materials for electrons. In essence, both ZnO and ITO are highly doped n-type semiconductors. However, the work function plays a significant role when the plasmonic arrays are in contact with the BHJ active layer, as shown in Figure 13. TiN has a work function around −4.5 eV, close to both LUMO levels of ITIC-M and ZnO, to facilitate electron transport. On the other hand, Au has a work function of −5.2 eV, close to the HOMO level of both PBDB-T and ITIC-M, which could lead to the hole injection into the cathode. In this case, the hole collection efficiency would significantly decrease and lead to recombination in the vicinity of the cathode. In fact, we observed a significant decrease in short-circuit current density.



We believe that the favorable work function of TiN leads to more efficient charge-carrier collection and reduces the hole injection and eventual recombination rate. Both TiN and Au would facilitate local field enhancement in the active layer for the higher light absorption of the BHJ active layer. However, the overall performance of an OPV device depends not only on the absorption rate of the incoming light but also on the charge-carrier collection efficiency.




4. Conclusions


This study fabricated multiple variations of plasmonic arrays using Au and TiN to compare TiN as a viable candidate for feasible plasmon-enhanced thin-film solar-cell applications. Their fabrication and plasmonic properties were compared using NSL as a high-throughput array fabrication patterning technique for both Au and TiN. It was found that the lack of morphological freedom in the TiN array fabrication due to NSL pushed TiN arrays towards undesirable plasmonic optical responses. In addition, the oxygen affinity of Ti combined with the tunable optical properties of TiN by composition was found to significantly limit the plasmonic performance of TiN for sputtering. The compositional degree of freedom in the plasmonic tuning of TiN was shown to be a double-edged sword for nanofabrication as it introduces higher degrees of control requirements. This was especially true for fabrication techniques such as NSL that limit control over variables like temperature. Additionally, the TiN array fabrication suffered from height limitations due to the conformal nature of magnetron sputtering. For NSL masking with 500 nm and 200 nm radius beads, the height of the deposited arrays in closed-packed formations was limited to approximately 20 nm and 10 nm, respectively. These aspects highlight some challenges that must be considered when presenting plasmonic-enhancement architectures that include TMNs.



TiN can provide a more favorable work function for charge-carrier collection in the device architectures we have investigated. Although Au intrinsically has better plasmonic performance in comparison to TiN, Au has a −5.2 eV work function close to the HOMO levels of components of BHJ—both PBDB-T and ITIC. The resulting hole injection lowered the overall efficiency of these devices by 9%. In contrast, TiN facilitated both the plasmonic enhancement and efficient collection of charge carriers, leading to an improvement of %11.8 in OPV efficiency on average.
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Figure 1. Three-dimensional representations of the fabricated plasmonic arrays on different interlayers (a) on top of the ITO transparent conductor layer and (b) on top of the ZnO electron transport layer. The hexagonal yellow pyramid arrays represent the plasmonic Au/TiN metals. 
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Figure 2. Three-dimensional representations of the fabricated plasmon-enhanced organic photovoltaic samples with incorporated plasmonic arrays (a) within the ZnO electron transport layer, (b) within the active layer. The hexagonal yellow pyramid arrays represent the plasmonic Au/TiN metals. 
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Figure 3. (a) Real part (    ε   1    ) and (b) imaginary part (    ε   2    ) of the dielectric function, (c) LSPR figure of merit vs. wavelength graphs of 20 nm Au and deposited TiN thin films with various thicknesses extrapolated from ellipsometry measurement. 
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Figure 4. (a) X-ray diffraction (XRD) patterns of deposited TiN films of various thicknesses between values of interest with marked diffraction planes of Si, TiO2, and TiN represented by black, brown, and green, respectively. (b) Raman shift spectrum of TiN thin films with different thicknesses with marked peaks for Si, TiO2, and TiN represented by black, brown, and green, respectively. 
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Figure 5. (a) 5×, (b) 20×, and (c) 100× magnification dark-field VLM images of 500 nm diameter nanosphere monolayer NSL assembly. (d) 6 × 104 magnification SEM images of 500 nm diameter nanosphere monolayer NSL mask. 
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Figure 6. (a) 100× magnification dark-field VLM images of 200 nm diameter nanosphere monolayer NSL assembly. (b) 10 k× and (c) 50 k× magnification SEM images of 200 nm diameter nanosphere monolayer NSL. 
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Figure 7. Simulation of (a) 43° and (b) 90° polar-angle shadow of NSL mask. SEM images of (c) 43° and (d) 90° polar-angle sputter-deposited TiN array. 
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Figure 8. (a) Simulation of 90° polar-angle shadow of NSL mask. SEM images of (b) TiN and (c) Au plasmonic arrays fabricated using NSL. 






Figure 8. (a) Simulation of 90° polar-angle shadow of NSL mask. SEM images of (b) TiN and (c) Au plasmonic arrays fabricated using NSL.



[image: Crystals 14 00828 g008]







[image: Crystals 14 00828 g009] 





Figure 9. (a,b) AFM scans of substrates fabricated with 500 nm radius NSL assembly and 100 nm thick TiN deposition with color-coded step-height profile markings. (c) Topographical height graph of the color-coded profiles. The corresponding line profiles in part b and c are assigned by individual colors. 
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Figure 10. (a) SEM image of a distorted TiN layer deposited on top of the 500 nm NSL assembly flipped upside down after dumping in toluene dissolve the PS beads. (b) Representative diagram of the TiN layer deposited on top of the 500 nm NSL assembly. Blue represents the deposited TiN. Orange circles represent the PS nanospheres. 
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Figure 11. Photos of the investigated samples after encapsulation and solar simulation were taken under an angled light source to accentuate the diffraction patterns of the plasmonic arrays. 






Figure 11. Photos of the investigated samples after encapsulation and solar simulation were taken under an angled light source to accentuate the diffraction patterns of the plasmonic arrays.



[image: Crystals 14 00828 g011]







[image: Crystals 14 00828 g012] 





Figure 12. (a) 300–1700 nm range UV–Vis absorbance spectra of Au with varying NSL diameter and bead packing. (b) 300–1700 nm range UV–Vis absorbance spectra of TiN samples with varying NSL diameter and thickness. (c) 300–1700 nm range UV–Vis absorbance spectra of samples comparatively manufactured Au and TiN plasmonic arrays. Light-yellow rectangles represent the highest quantum efficiency wavelength range of a PBDB-T:ITIC-M BHJ. 
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Figure 13. (a) J-V characteristics of PBDB-T:ITIC-M BHJ OPV devices which have Au/TiN plasmonic arrays (templated with NSL using 200 nm and 500 nm PS beads) at various thickness on ITO interlayer levels under AM1.5G illumination. (b) J-V characteristics of PBDB-T:ITIC-M BHJ OPV devices which have Au/TiN plasmonic arrays (templated with NSL 500 nm PS beads) at various thickness levels on ZnO interlayer under AM1.5G illumination. (c) The device architecture with plasmonic arrays at the ITO/ZnO interface and the energy band diagram. (d) The device architecture with plasmonic arrays at the ZnO/BHJ interface and the energy band diagram. 






Figure 13. (a) J-V characteristics of PBDB-T:ITIC-M BHJ OPV devices which have Au/TiN plasmonic arrays (templated with NSL using 200 nm and 500 nm PS beads) at various thickness on ITO interlayer levels under AM1.5G illumination. (b) J-V characteristics of PBDB-T:ITIC-M BHJ OPV devices which have Au/TiN plasmonic arrays (templated with NSL 500 nm PS beads) at various thickness levels on ZnO interlayer under AM1.5G illumination. (c) The device architecture with plasmonic arrays at the ITO/ZnO interface and the energy band diagram. (d) The device architecture with plasmonic arrays at the ZnO/BHJ interface and the energy band diagram.



[image: Crystals 14 00828 g013]







 





Table 1. The list of prepared samples for device manufacturing denotes their deposited array material, approximate final array thickness, NSL bead diameter size, NSL bead packing, and array location.
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	Sample Code
	Plasmonic

Material
	Thickness

(nm)
	NSL

Bead Diameter (nm)
	NSL

Bead Packing
	Substrate





	Reference
	-
	-
	-
	-
	ITO



	Au-20-500-CP
	Au
	20
	500
	Close Packed
	ITO



	Au-20-200-CP
	Au
	20
	200
	Close Packed
	ITO



	Au-20-200-A
	Au
	20
	200
	Amorphous
	ITO



	TiN-20-500-CP
	TiN
	20
	500
	Close Packed
	ITO



	TiN-10-200-CP
	TiN
	10
	200
	Close Packed
	ITO



	TiN-10-500-CP
	TiN
	10
	500
	Close Packed
	ITO



	Au-40-500-ZnO
	Au
	40
	500
	Close Packed
	ZnO



	TiN-20-500-ZnO
	TiN
	20
	500
	Close Packed
	ZnO










 





Table 2. Short-circuit current density (Jsc), open circuit potential (Voc), series resistance (Rs), shunt resistance (Rsh), fill factor (FF), champion cell power-conversion efficiency and average power-conversion efficiency (ηeff), and enhancement (%) values that are driven from the solar-simulated IV measurements of the champion cell of each fabricated sample. The positive and negative enhancement (%) are represent with red and blue colors, respectively.
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	Sample Code
	Jsc

(mA/cm2)
	Voc

(mV)
	Rs

(Ω/cm2)
	Rsh

(Ω/cm2)
	FF

(%)
	Champion Cell ηeff (%)
	ηeff

(%)
	Enhancement (%)





	Reference
	8.92 ± 0.74
	861 ± 3
	13.36 ± 0.75
	1145 ± 290
	59.9 ± 0.9
	5.45
	4.65 ± 0.46
	-



	Au-20-500-CP
	9.51 ± 0.22
	856 ± 9
	11.57 ± 1.58
	990 ± 298
	56.5 ± 0.9
	5.09
	4.61 ± 0.34
	−0.8%



	Au-20-200-CP
	8.79 ± 0.59
	763 ± 9
	22.83 ± 12.29
	950 ± 773
	48.7 ± 13.7
	5.03
	3.48 ± 1.55
	−25.1%



	Au-20-200-A
	8.19 ± 0.19
	861 ± 6
	11.48 ± 0.50
	1388 ± 313
	62.6 ± 1.8
	4.49
	4.41 ± 0.07
	−5.1%



	TiN-20-500-CP
	8.54 ± 0.16
	853 ± 8
	11.20 ± 0.21
	1298 ± 275
	60.5 ± 1.2
	4.53
	4.42 ± 0.08
	−4.9%



	TiN-10-200-CP
	9.18 ± 0.15
	852 ± 10
	10.84 ± 1.74
	1165 ± 292
	61.0 ± 3.5
	5.28
	4.78 ± 0.35
	+2.8%



	TiN-10-500-CP
	9.84 ± 0.49
	862 ± 10
	9.58 ± 1.00
	1142 ± 181
	61.4 ± 3.7
	5.55
	5.21 ± 0.37
	+12.0%



	Au-40-500-ZnO
	8.58 ± 0.70
	841 ± 11
	12.66 ± 1.31
	1548 ± 286
	58.6 ± 0.9
	4.73
	4.23 ± 0.37
	−9.0%



	TiN-20-500-ZnO
	10.24 ± 0.74
	865 ± 7
	11.39 ± 0.87
	1127 ± 265
	58.7 ± 1.7
	5.56
	5.20 ± 0.38
	+11.8%
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