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Abstract

:

We report optical characterization and theoretical simulation of plasmon enhanced methylammonium lead iodide (MAPbI   3  ) thin-film perovskite solar cells. Specifically, various nanohole (NH) and nanodisk (ND) arrays are fabricated on gold/MAPbI   3   interfaces. Significant absorption enhancement is observed experimentally in 75 nm and 110 nm-thick perovskite films. As a result of increased light scattering by plasmonic concentrators, the original Fabry–Pérot thin-film cavity effects are suppressed in specific structures. However, thanks to field enhancement caused by plasmonic resonances and in-plane interference of propagating surface plasmon polaritons, the calculated overall power conversion efficiency (PCE) of the solar cell is expected to increase by up to 45.5%, compared to its flat counterpart. The role of different geometry parameters of the nanostructure arrays is further investigated using three dimensional (3D) finite-difference time-domain (FDTD) simulations, which makes it possible to identify the physical origin of the absorption enhancement as a function of wavelength and design parameters. These findings demonstrate the potential of plasmonic nanostructures in further enhancing the performance of photovoltaic devices based on thin-film perovskites.
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1. Introduction


Hybrid organic–inorganic perovskites have become one of the most popular photovoltaic materials due to their high absorption coefficient [1], long carrier diffusion length [2] as well as low-cost fabrication process [3,4,5,6,7], which make them excellent candidates for high-efficiency solar cells. As one of the most popular members of perovskite materials, methylammonium lead iodide or CH   3  NH   3  PbI   3   (MAPbI   3  ) possesses such a high absorption coefficient that a 400 nm-thick film is sufficient to absorb most of the incident solar spectrum below its bandgap. Although the record power conversion efficiency (PCE) of a single-junction perovskite solar cell has reached values up to 25.2% [8], there is still much room to boost the PCE. Therefore, several methods have been proposed to improve the performance of perovskite solar cells, one of which involves the use of surface plasmons. Plasmonic effects could be employed to improve the performance of perovskite solar cells [9,10,11,12,13,14,15] by embedding nanoparticles [16,17,18,19,20,21,22,23,24,25,26,27,28,29,30] or plasmonic concentrators [31,32,33,34,35] that can increase absorption, especially near the optical band edge of the material. Previous theoretical research has shown that nanohole (NH) or nanodisk (ND) arrays embedded on gold electrodes with a thin layer of MAPbI   3   deposited on them can significantly improve the solar cell PCE by up to ∼10%. The reduced film thickness has the implied benefits of reducing the amount of toxic materials, improving electronic performance and enabling fabrication on flexible substrates [36].



In this work, we report the experimental fabrication, structural and optical characterization, as well as theoretical simulations of plasmon enhanced MAPbI   3   perovskite solar cell with NH and ND arrays on gold substrates, as a function of geometry parameters and varying thickness of MAPbI   3   deposited on top. Four geometry features, height h, diameter D, pitch P and MAPbI   3   thickness t, are systematically studied by three-dimensional finite-difference time-domain (3D FDTD) simulations to identify the physical effects responsible for the absorption and PCE enhancement.




2. Materials and Methods


An adhesion layer of 4 nm-thick titanium and a layer of 200 nm-thick gold was sequentially deposited on a 1 mm-thick quartz substrate using electron beam evaporation. Subsequently, NH or ND arrays of varying geometry parameters were fabricated on the thick gold film using focused ion beam (FIB) milling.



Following the FIB milling, the substrates were treated with UV-ozone for 45 min to enhance the wettability. The MAPbI   3   precursor solution was prepared by dissolving 159 mg of methylammonium iodide (Greatcell, Queanbeyan, Australia) and 461 mg of PbI   2   (Sigma-Aldrich, St. Louis, MO, USA) in 78 mg dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO, USA) and 1368 mg of N,N-dimethylformamide (Acros organics, NJ, USA) to obtain a 30 wt% solution. To deposit the MAPbI   3   layer, the solution was spin-coated at 4000 rpm for 30 s with an acceleration of 1300 rpm/s in a nitrogen-filled glove box. At the 10th second of spinning, 250  μ L diethyl ether (Sigma-Aldrich, St. Louis, MO, USA) was dripped onto the substrate. The as-coated film was then annealed at 100    ∘  C for 20 min to obtain the MAPbI   3   thin film. The film thickness can be controlled by adjusting the amount of N,N-dimethylformamide. Schematic illustrations of the fabricated NH and ND array coated with MAPbI   3   thin film are displayed in Figure 1a,b, respectively.



The thickness of the synthesized MAPbI   3   films were characterized using a variable angle spectroscopic ellipsometer (J.M. Woollam, Lincoln, NE, USA, M-2000). The reflectance spectra were characterized using an inverted microscope (Nikon Instruments, Melville, NY, USA, Eclipse Ti) with a small numerical aperture objective (10×, NA = 0.3) to mimic normal incidence. A randomly polarized broadband light source was used to illuminate the sample. The reflected light from the samples was coupled into a spectrograph (Princeton Instruments, Acton, MA, USA, Acton SpectraPro SP-2300) and was detected using a charge-coupled device camera (Princeton Instruments, Acton, MA, USA, Pixis 100). A piece of flat silicon wafer was used as a calibration reference during the characterization.



Apart from experimentally characterizing the absorptance spectra, simulations are also performed using FDTD method. A commerical-grade 3D electromagnetic simulator from Lumerical Inc. (Vancouver, BC, Canada) was used [37]. Anti-symmetric and symmetric boundary conditions were used in the lateral directions while perfectly matched layer boundary conditions were used in the vertical directions. The real and imaginary parts of refractive indices for gold and MAPbI   3   were obtained from literature [38,39]. Considering the balance between computational cost and accuracy for different structures, the mesh size varied among 4 nm × 4 nm × 2 nm, 4 nm × 4 nm × 1 nm and 3 nm × 3 nm × 2 nm in the Cartesian coordinates.




3. Results and Discussion


Figure 2a,b,e,f show the tilted and top-view scanning electron microscope (SEM) micrographs of example NH and ND arrays prior to the MAPbI   3   synthesis. To investigate the absorption enhancement brought by the plasmonic nanostructure, the corresponding reflectance spectra   R ( λ )   were measured, and the measured absorptance spectra   A ( λ ) = 1 − R ( λ )   are reported in Figure 2c,g. Absorptance of nanostructured gold surface (black solid lines) shows a similar spectral shape as that of flat gold surface (black dashed lines) for both NH and ND arrays, while the NH array exhibits relatively higher absorption. This is because a portion of the scattered light by plasmonic concentrators is not collected by the finite NA of the objective lens, therefore a lower measured reflectance (i.e., higher absorption). By contrast, ND array in Figure 2e,f has smaller feature size and larger array pitch. Therefore, a smaller portion of light is scattered and a higher portion of reflected light is collected by the objective (i.e., lower absorption). The scattered light can be efficiently absorbed by adding a layer of MAPbI   3   on the top. After being coated with a 110 nm-thick MAPbI   3   film, the absorptance spectrum of the flat-interface structure (red dashed lines) shows a peak at wavelength  λ  = 526 nm. This results from the Fabry–Pérot cavity effect supported by the perovskite thin-film. The absorption decreases with increasing wavelength because the perovskite layer no longer supports any Fabry–Pérot cavity mode and the material has weaker absorbing property at longer wavelength. With NH or ND nanostructures (red solid lines), the absorption gets significantly enhanced at longer wavelengths, as is shown as red fillings in Figure 2d,h. For NH array, the spectral peak at  λ  = 526 nm gets weaker. This is because the structure disrupts the interference in the film [36]. In contrast, ND array still preserves that spectral peak due to its smaller feature size and lower nanostructure concentration. The absorptance spectra of perovskite/nanostructured gold are normalized to that of perovskite/flat gold and are displayed in Figure 2d,h. The blue filling at lower wavelengths represents the suppression of Fabry–Pérot cavity mode while the red filling represents the absorption enhancement brought by the plasmonic nanostructure. It is obvious that the example NH could not preserve the cavity effect as well as ND array (larger blue filling area), but the greater absorption enhancement by the plasmonic effects at longer wavelengths compensates for the loss at lower wavelengths (larger red filling area). As a comparison, for the example ND array, both blue and red filling areas are much smaller in Figure 2h, indicating negligible suppression at short wavelengths but also less significant enhancement at longer wavelengths.



A variety of nanostructured gold surfaces (NH or ND arrays) were fabricated based on optimal design considerations [36]. The top row of Figure 3 shows the SEM micrographs of the NH (left) and ND arrays (right). The measured and normalized absorptance spectra of these NH and ND arrays are shown in Figure 3a–d. For NH arrays (left column), as pitch P increases from 200 nm (circle symbols) to 250 nm (triangle symbols), the spectral peaks redshift from  λ  = 632 nm to  λ  = 666 nm. This results from the pitch-dependent collective surface plasmon polariton (SPP) resonances in the hexagonal lattice [36,40]. In addition, with hole depth increasing from 40 nm (solid symbols) to 70 nm (open symbols), the Fabry–Pérot cavity mode gets disrupted, resulting in a relatively lower absorption at  λ  = 526 nm, but there is more significant absorption enhancement at longer wavelengths. A similar behavior is also observed in ND arrays: structures suppressing the Fabry–Pérot thin-film interference effects show stronger absorption enhancement near the MAPbI   3   band edge.



The absorption enhancement with different perovskite layer thicknesses is also investigated experimentally. MAPbI   3   layers with different thicknesses (t = 75, 110, 300 nm) were synthesized on the same nanostructure and the corresponding absorptance spectra were characterized and displayed in Figure 4. The spectral peaks and dips in the flat-interface cases (dashed lines) again result from the Fabry–Pérot cavity modes supported by different perovskite thicknesses at different wavelengths. The SEM micrographs of nanostructured surfaces are displayed in the top panels. Low-density and small-feature-size nanostructures and the corresponding absorptance spectra are shown in the left column. For different thicknesses t, these two structures can preserve the Fabry–Pérot cavity modes, as well as bring additional absorption enhancement. However, the absorption enhancement becomes much less significant as t increases to 300 nm, because most of the incident light is absorbed by the perovskite material before interacting with the plasmonic concentrators. For NH or ND arrays with larger feature sizes and higher concentration (right column), Fabry–Pérot cavity effects are significantly suppressed at the resonant wavelengths. In addition, both high-density and large-feature-size arrays exhibit stronger absorption enhancement at other wavelength ranges comparing to the low-density and small-feature-size arrays. Moreover, obvious absorption enhancement is observed even when t increases to 300 nm.



To further evaluate how the plasmonic effects and absorption enhancement will affect the overall performance of real photovoltaic devices, the PCE can be obtained using the measured absorptance spectra for different active layer thicknesses. With the detailed balance assumption, PCE can be expressed as


  PCE =    ∫  λ <  λ g       AM 1.5  ( λ )    2 π λ   ℏ c   A  ( λ )   E g  d λ   1  s u n    



(1)




where   λ g   is the bandgap wavelength of MAPbI   3  , AM1.5  ( λ )   is the wavelength-dependent air mass 1.5 solar radiation spectrum, ℏ is the reduced Planck constant and   1  s u n   is the 1000 W/m   2   incident solar power density [41]. The experimentally measured absorptance spectra includes the absorption in both gold and MAPbI   3  , but the portion absorbed by gold is relatively small according to previously reported study [36]. For NH and ND arrays in Figure 4 coated with multiple active layer thicknesses, the calculated PCE and PCE enhancement is shown in Figure 5.



The PCE of flat structure PCE    f l a t   (t) (dashed line) is obtained using the multilayer interference model. For all three thicknesses (t = 75, 110 and 300 nm), all four nanostructure arrays exhibit PCE enhancement. Specifically, for active layer thickness t = 75 nm, high-density NH and ND arrays (red symbols) increase the PCE by 26.6% and 45.5%, respectively.



As a comparison, low-density nanostructure arrays (blue symbols) do not enhance the PCE as much. As the thickness increases to 300 nm, the PCE enhancement becomes much less significant due to the weaker plasmonic effect. The performance difference narrows between arrays of different concentration and feature sizes, enhancing the PCE by 3.7–7.0%.



As demonstrated in the experiment, plasmonic nanostructures with various geometry parameters exhibit different absorption enhancement behavior. Therefore, FDTD simulations were performed to further investigate the influence of different geometry parameters on the absorption enhancement.



Figure 6a–d display the simulated absorptance spectra of an example NH array (P = 250 nm, D = 200 nm, h = −70 nm) coated with 110 nm-thick MAPbI   3   film. In the left column, each of the four parameters are individually varied, meanwhile the other three parameters are kept fixed. When each parameter is varied, specific spectra with spectral peaks of interest are selected and respectively exhibited in Figure 6e–h and the insets show the electric field intensity distribution at the peak wavelengths.



First, the role of NH depth   | h |   is investigated. It is noticeable that the spectral peak at  λ  = 545 nm redshifts when   | h |   increases from 10 nm (black solid line) to 70 nm (yellow line). This peak results from the shallow hole, not disrupting the Fabry–Pérot effect (the bright horizontal band in inset (1)). When   | h |   increases to 50 nm, the peak redshifts due to a localized surface plasmon resonance (LSPR) arising inside the hole (inset (2) in Figure 6e). When   | h |   further increases to 150 nm, the constructive interference near the MAPbI   3  /gold interface is restored, but is not as strong (faint horizontal band in inset (3) in Figure 6e).



Figure 6b,c respectively demonstrate the absorptance spectra change with varying pitch P and diameter D. The black and purple dashed lines correspond to absorptance spectra of 110 nm and (110+  | h |  ) nm-thick MAPbI   3   film on flat gold, respectively. With small feature sizes (small diameter D) or low NH concentration (large pitch P), the absorptance spectra are similar to that of 110 nm-thick MAPbI   3   on flat gold (black dashed lines). As the NH size or concentration increases, the absorptance spectral shape starts to shift towards that of 180 nm-thick MAPbI   3   on flat gold (purple dashed lines), which results from the Fabry–Pérot mode between the bottom of the holes and top of MAPbI   3   film. In addition, another peak near 630 nm shows up in some structures. Insets (6, 9) in Figure 6f,g show that these spectral peaks attribute to the LSPR inside the NH structure. Moreover, an additional spectral peak is observed at  λ  = 736 nm. These peaks results from the LSPR between neighboring NH structures, as is shown in insets (7, 10) in Figure 6f,g. Figure 6d demonstrates the thickness dependence of the absorptance spectra. With increasing thickness, the multiple peaks corresponds to the LSPR inside the holes or between neighboring holes. In addition, the resonances gets weaker as t increases due to less light–matter interaction.



Likewise, the role of the ND geometry parameters in absorption enhancement is also investigated. Figure 7 shows the simulated absorptance spectra of an example ND array (P = 400 nm, D = 100 nm, h = 40 nm) coated with MAPbI   3   thin film of t = 110 nm.



While varying h (Figure 7a), the absorptance spectra shape mainly follows that of flat-interface structure (dashed black line), showing peaks at  λ  = 530 nm, which corresponds to the Fabry–Pérot effect of 110 nm-thick MAPbI   3   on gold. Insets (1, 3) in Figure 7e show a discontinuous horizontal band, indicating that the existence of ND disrupts the cavity effect, but the spectral peaks still persists. Additionally, the ND also brings additional plasmonic resonances, as is shown in inset (3), enhancing the absorption with increasing height. Moreover, for a specific structure (h = 60 nm), another resonance is observed on the top of the disk structure, as is shown in inset (2) in Figure 7e.



The diameter D and array pitch P play a similar role in ND arrays: smaller feature sizes and low concentration preserve cavity effects, but also contribute to less plasmonic effect, as is shown in Figure 7b,c. For D = 320 nm (Figure 7f), specifically, the suppression of Fabry–Pérot effect is observed (inset (4) in Figure 7f). Similar to NH arrays, high-density (small P) ND arrays also suppress the cavity effects, while contributing to significant plasmonic effects (insets (7–9) in Figure 7g). In addition, multiple orders of localized standing-wave surface plasmonic resonances are observed on the top surface of the ND structure, as are reported in insets (5, 6) in Figure 7f.



Figure 7d shows the absorptance spectra of structures with varying MAPbI   3   thickness t coated on the ND arrays. Due to the small ND size, as well as the relatively large array pitch, the spectra peaks generally result from the Fabry–Pérot cavity effects (horizontal bands in insets (10–12) in Figure 7h). In spite of the existence of the ND structure, the modes still persist.



The PCE is calculated based on the previous simulation results, and is reported as black circle lines in Figure 8. The PCE of NH and ND structure are respectively displayed in the left and right column. As is expected, when coated with 110nm-thick MAPbI   3  , most of the structures with nanostructured surfaces exhibit significantly enhanced PCE (black circles) compared to their flat-interface counterparts (red dashed lines). It is worth noting that NH structures are adding extra perovskite material volume to the 110 nm-thick film, while ND structures have less perovskite material than the flat structure. To take this into account, two additional references are exhibited in Figure 8: (1) the blue dashed lines in Figure 8a–c and gray dashed lines in Figure 8e–g respectively show PCE    f l a t   (t = 110  ± | h |   nm) for NH and ND arrays; (2) the red triangle lines represent the PCE of flat structures with a combined thickness that accounts for the presence of two effective Fabry–Pérot cavities, which can be respectively expressed as


  PCE    c o m b i n e d   =   π  D 2    2  3   P 2    PCE    f l a t    ( t = 110   ± | h |   nm )  +  ( 1 −   π  D 2    2  3   P 2    )  PCE    f l a t    ( t = 110 nm )   



(2)




where the plus (minus) sign refers to NH (ND) arrays. For most of the structures, the nanostructured-surface PCE is greater than PCE    c o m b i n e d   , which further proves that the plasmonic effects improve the solar cell performance. In addition, the difference between these two PCEs generally increases with increasing D and decreasing P, i.e., the cell performance benefits more from high-density and large-size nanostructures. In addition, with small thickness t, a larger portion of light penetrates the perovskite active layer, interacting strongly with the nanostructure array, and therefore also results in a larger difference.




4. Conclusions


In conclusion, various plasmonic nanostructure arrays are experimentally fabricated on gold surfaces coated with perovskite films with varying thickness and their optical absorption properties are theoretically calculated by using 3D FDTD simulations. It is shown that, although thin-film interference effects can be negatively affected by the presence of nanoscatterers, overall, the plasmonic concentrators allow for significant absorption enhancement as the result of a combination of physical effects, i.e., (1) localized optical resonances (including surface plasmon resonances); (2) plasmonic modes in vertical cavities (such as the space within nanoholes); (3) in-plane constructive interference of surface plasmon polaritons that propagate along the metal/dielectric interface. Structures with higher surface density of nanoscattereres and with reduced film thickness generally show larger absorption and calculated PCE enhancements. The experimental results are supported by 3D FDTD simulations that help identify the individual physical effects and elucidate their interplay in redistributing the incident field intensity, which in turns determine the observed absorption and the calculated PCE enhancements.
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Figure 1. Schematic illustrations of methylammonium lead iodide (MAPbI   3  ) thin-film over nanostructured gold (Au) surface with (a) NH or (b) ND array, respectively. t represents the perovskite film thickness on the top of gold surface. P represents the triangular array pitch, while h and D respectively represent the height and diameter of a plasmonic concentrator. A negative h indicated NH, while a positive h corresponded to ND. 
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Figure 2. (a,b,e,f) display the tilted-view (a,e) and top-view (b,f) SEM micrographs of the fabricated nanohole (NH) array with P = 250 nm, D = 200 nm, h = −70 nm (a,b) and nanodisk (ND) array with P = 400 nm, D = 100 nm, h = 40 nm (e,f). (c,g) The measured absorptance spectra   A = 1 − R   for nanostructured (solid lines) or flat (dashed lines) gold with (red lines) or without (black lines) 110nm-thick MAPbI   3   thin-film. (d,h) show the absorptance spectra for 110nm-thick MAPbI   3   thin-films on nanostructured gold normalized to that of equal-thickness MAPbI   3   on flat gold. The red filling (  A /  A  r e f   > 1 . 0  ) represents absorption enhancement while the blue filling (  A /  A  r e f   < 1 . 0  ) represents absorption suppression. 
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Figure 3. Top-view SEM micrographs (top), experimental absorptance spectra (a,c) and normalized absorptance spectra (b,d) for 110nm-thick MAPbI   3   on flat (dashed lines) and nanostructured (solid lines with symbols) gold NH (left column) and ND (right column) arrays. The vertical dashed lines in (a) show the absorption spectral redshift as a function of pitch P (increasing from 200 nm to 250 nm). 
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Figure 4. Measured absorptance spectra of flat (dashed lines) and nanostructured (solid lines) gold surfaces coated with varying-thickness MAPbI   3   with t = 75 nm (a,d); 110 nm (b,e); 300 nm (c,f). The left (right) column corresponds to nanostructured gold surfaces with low (high) surface density of optical scatterers. The top panels show top-view SEM micrographs of gold surfaces with low (1–2) and high-concentration (3–4) ND or NH arrays. 
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Figure 5. (a) Power conversion efficiency (PCE) and (b) PCE enhancement estimated from experimental absorptance spectra for varying MAPbI   3   thickness values, t = 75, 110 and 300 nm with low (blue symbols) and high (red symbols) surface density of optical scatterers in NH (open symbols) and ND arrays (solid symbols). The dashed lines represent the PCE of flat-interface structures as a function of MAPbI   3   thickness. A strong PCE enhancement is clearly demonstrated for high-density nanostructures at t = 75 and 110 nm (red symbols). 
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Figure 6. (a–d) Simulated absorptance spectra of representative NH arrays coated with a 110 nm-thick MAPbI   3   film. Each of the geometry parameters (i.e., height, h, diameter, D, pitch, P and MAPbI   3   thickness, t) is individually varied while keeping the others constant. (e–h) Representative absorptance spectra from (a–d) showing spectral peaks of interest. The color maps reported as insets show cross sections of electric field intensity simulated at each corresponding spectral peak wavelength by using 3D finite-difference time-domain (FDTD). 
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Figure 7. (a–d) Simulated absorptance spectra of representative ND arrays coated with a 110 nm-thick MAPbI   3   film. The geometry parameters (i.e., height, h, diameter, D, pitch, P and MAPbI   3   thickness, t) are individually varied while the other three parameters are kept constant; (e–h) Representative absorptance spectra from (a–d) showing spectral peaks of interest. The color maps reported as insets show cross sections of electric field intensity simulated at each corresponding spectral peak wavelength by using 3D FDTD. 
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Figure 8. Calculated PCE for NH (a–d) and ND (e–h) arrays as a function of varying geometry parameters (i.e., height, h, diameter, D, array pitch, P and MAPbI   3   thickness, t). Dashed lines show the PCE of flat structures with t = 110 nm or 110  ± | h |   nm, while red triangle lines show the PCE of flat structures with a combined thickness that accounts for the presence of two effective Fabry–Pérot cavities in the nanostructured structure. 
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