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Abstract:



Preparation of defect-free and well-controlled solution-processed crystalline thin films is highly desirable for emerging technologies, such as perovskite solar cells. In this work, using PbI2 as a model solution with a vast variety of applications, we demonstrate that the excitation of a liquid thin film by imposed ultrasonic vibration on the film substrate significantly affects the nucleation and crystallization kinetics of PbI2 and the morphology of the resulting solid thin film. It is found that by applying ultrasonic vibration to PbI2 solution spun onto an ITO substrate with a moderate power and excitation duration (5 W and 1 min for the 40 kHz transducer used in this study), the nucleation rate increases and the crystals transform from 2D or planar to epitaxial 3D columnar structures, resulting in the suppression of crystallization dewetting. The effects of various induced physical phenomena as a result of the excitation by ultrasonic vibration are discussed, including microstreaming and micromixing, increased heat transfer and local temperature, a change in the thermodynamic state of the solution, and a decrease in the supersaturation point. It is shown that the ultrasonic-assisted solution deposition of the PbI2 thin films is controllable and reproducible, a process which is low-cost and in line with the large-scale fabrication of such solution-processed thin films.
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1. Introduction


Crystalline materials are frequently used in traditional applications, such as silicon-based semiconductors, as well as emerging molecular semiconducting devices, owing to their tunable physical and chemical properties and the ease of processing. The functional properties of the crystalline substances, such as their band gap, electrical and thermal conductivity, transparency, and chemical and thermal stability are not only dependent of the chemical composition and the basic crystal structure, but also depend on the characteristics of their crystallites, such as size and size distribution, preferential orientation, alignment, and number density [1,2,3,4,5,6,7,8]. This work focuses on the nucleation and crystallization of lead iodide (PbI2), a semiconductor with numerous applications. Small and compact PbI2 crystallites preferentially developed along the (001) plane can provide low electrical resistivity and large band gap, suitable for sensor development [5,9], and the layered and planar PbI2 is suitable for the development of flexible detectors [10]. In addition, PbI2 is a major precursor for the fabrication of methylammonium lead perovskite solar cells [11], using a two-step deposition method, in which a PbI2 thin film is deposited first, which serves as a template for the deposition of the second precursor [6,8,12,13].



Thin films are deposited either from the vapor phase or a liquid solution, where the latter is a simple and cost-effective process, but suffers from poor reproducibility and the presence of defects. It has been shown that the 2D-grown PbI2 films with poor grain boundaries may render high sheet resistivity and weak optical responses, due to the large number of charge-trapping sites [14]. Additionally, coexistence of multiple phases or amorphous areas in the PbI2 matrix may hinder the performance of the associated devices [15]. Achieving intact, defect-free, and reproducible solution-processed thin film entails careful control of all aspects of the deposition process to yield a desired thin solid film [16]. Crystalline thin films are even more challenging to fabricate compared to the amorphous films, because the complex spatial geometry of the crystallites in such films may affect the film integrity and roughness. Most of the relevant studies have considered thermal annealing, chemical treatments, and solution engineering for controlling the crystal growth during the deposition, e.g., [17,18,19], with varying degrees of success, and at the expense of incurring additional costs and environmental footprint. In this context, Habibi et al. [19] examined solution deposition of PbI2 thin films and tuned the process parameters to suppress the phenomenon of dewetting caused by crystallization (crystallization dewetting). In the absence of crystallization dewetting, an intact and pinhole-free thin film can form. It was stated that dewetting can be induced by crystallization due to the consumption of the solute from the diffusion layers adjacent to the growing crystallites during solvent evaporation (Figure 1). While crystallization dewetting, which has a geometrical nature, occurs only in thin liquid films of ionic solutions, general mechanisms of liquid film dewetting, such as spinodal dewetting due to the long range intermolecular effects, heterogeneous dewetting due to impurities, and homogenous nucleation due to the presence of the thermal shocks may cause dewetting and film rupture, as well [19,20,21,22]. Therefore, phase change due to seed formation may trigger microscopic heterogeneous dewetting, and consumption of the solute and growth of large crystallites in the film may create protruded crystallites causing macroscopic crystallization dewetting.


Figure 1. Schematic of the emergence of a crystal from a liquid film with time, causing possible dewetting adjacent to a protruded crystal (crystallization dewetting).
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In this work, instead of employing the traditional means of controlling the crystal growth, such as chemical and thermal treatments, ultrasonic vibration is imposed on the substrate of the wet-spun films, in order to achieve fine crystallites with no pinholes and dewetted areas in the thin film. This process resembles the well-known epitaxial growth in the vapor-deposition of thin films. Imposed vibration may affect a thin film of an ionic solution, such as PbI2, in two ways: firstly, it may affect the stability of the thin liquid or wet film, while there is still no significant phase change; secondly, it may affect the crystal growth during the phase change, where the former has been investigated in various works [23,24,25,26,27], whereas the latter entails more fundamental studies. Eslamian [27] provides a complete literature review on the effect of acoustic vibration in bulk and thin liquid films, including ionic solutions. Here, some representative works are reviewed. In bulk materials, acoustic (ultrasonic) vibration has been used to control the crystallization of fine-grained, homogenous, and dense ingots from molten solution of metals and semiconductors, e.g., [28,29,30], to the drying of fruits [31]. In brief, the generation and collapse of cavitation bubbles act as nucleation sites for crystallization, and flow streaming and agitation results in a decrease in the crystal size and homogenized composition of the product. In the area of sonochemical synthesis of nanomaterials, some workers have studied the effect of vibration on crystallinity. For instance, Gielen et al. [32] used ultrasonic vibration to control the crystallization and agglomeration of pharmaceutical particles grown in solution, concluding that controlled ultrasonic vibration assists the generation of nuclei and suppresses agglomeration, but prolonged or intensive vibration may damage and fracture the crystals. In thin films, some earlier works have focused on vibration-assisted chemical bath deposition of ceramic thin films, e.g., [33], where it was observed that the sonication of the bulk solution results in the higher crystallinity, lower roughness, higher density, and superior properties of the resulting solid thin films. In the area of thin film deposition using casting methods, Diemer et al. [34] generated low-frequency acoustic vibrations transmitted through air to the thin film of a polymer solution to tune the film crystallinity and nanostructure to fabricate high-performance organic thin film transistors. In a facile approach, we employed a 40 kHz ultrasonic transducer mounted inside of a metal box that also worked as the sample holder. In this method, the ultrasonic vibrations of the substrate are transmitted to the wet film. The method was employed to adjust and improve the crystallinity and homogeneity of various thin films, e.g., graphene-titania photocatalyst film [35], polymeric films [36,37,38], as well as the crystallinity of PbI2 and perovskite films [39,40,41]. It was concluded that the imposed vibration with proper amplitude and excitation duration has two major effects: firstly, it improves the uniformity and homogeneity of the composition of the resulting solution-processed thin solid film, because of the induced microstreaming in the liquid films [26] and, secondly, it controls the crystallization kinetics.



The foregoing introduction and literature review reveal that while there are several examples on the development of high-performance thin films using imposed acoustic vibration and the area is expanding quickly: there is little fundamental research on the effect of the acoustic or ultrasonic vibration on the crystallization kinetics. Thus, in this work, the aforementioned problem will be studied on spun-on wet films of PbI2 in dimethyl formamide (DMF) subjected to 40 kHz ultrasonic vibration at varying vibration powers and time durations. We will show that a well-controlled imposed vibration results in an enhanced nucleation rate, confinement of the crystal growth, suppression of aggregation and dewetting induced by crystallization, and uniform distribution of the crystallites in the thin film.




2. Materials and Methods


All materials were purchased from Sigma-Aldrich (St. Louis, MI, USA). Indium-tin oxide (ITO)-coated glass substrates were washed with detergent, deionized water, and 2-propanol in an ultrasonic bath for 30 min, followed by the UV-ozone treatment (SAMCO Inc., Kyoto, Japan) for 15 min in order to remove the contaminants and increase the surface energy. For preparation of the PbI2 thin films, 30 μL of 0.5 M solution of PbI2 in DMF was dispensed on the substrate and spun at 1500 RPM for 8 s. Under these conditions, the thickness of the as-spun wet film is estimated to be about 1.5 µm [22] and, therefore, spinodal dewetting is absent. The wet films were subjected to the ultrasonic “substrate vibration post treatment” (SVPT) at varying time durations of 1, 2, and 3 min, and ultrasonic vibration powers of 5, 10, 15, and 20 W at 40 kHz. The amplitudes of the vibration associated with these powers are in the range of 100 to 500 nm, as reported in our previous work [25]. The ultrasonic vibration system (Yuhuan Clangsonic Ultrasonic Co., Ltd., Zhejiang, China) is a custom-made steel box, inside which a vertically-vibrating ultrasonic transducer is mounted. To apply the SVPT, the as-spun wet films are placed and secured atop the vibrating box immediately after the spin coating process. A reference PbI2 thin film was also prepared by conventional spin coating (without the SVPT), but at the same casting and post annealing conditions used for the SVPT samples (90 °C for 45 min).



Scanning electron microscopy (SEM, Hitachi, Model S-3400 N, Tokyo, Japan) was used to obtain top-view and cross-sectional SEM images of the samples to observe and evaluate the grain size, compactness of grain boundaries, uniformity of the crystalline lattice, and the density of pinholes within the thin films. A standard X-ray diffractometer (Bruker AXS, D8 Advance 2, powder X-ray diffraction (XRD) system, Billerica, MA, USA)) was used to study the lattice parameters, including the size and dimension of the crystalline domains and the interlayer spacing, using Cu Kα1 radiation (λ = 1.5406 Å). The XRD scanning rate was set at 5°/min and the incident angle was varied from 5 to 65°. The crystal formation mechanism during the solution deposition was studied via thermal gravimetery (TG), in the form of mass loss measurement (Mettler-Toledo 0.1 mg balance, Columbus, OH, USA) as a function of time, at four different temperatures in triplicate. Thin films were subjected to the UV-VIS spectrophotometry (Shimadzu UV-3101PC UV-Vis-NIR, Kyoto, Japan) with air as the background media. Raman spectroscopy at room temperature (Horiba Jobin Yvon LabRam model HR800, Kyoto, Japan) was utilized to show the influence of vibration on the structure and binding energy of the PbI2 crystals. The intensity of the laser beams was set at 5 mW and the Raman shifts were calibrated at 521 cm.




3. Results and Discussion


Figure 2 depicts the evolution of the morphology, configuration, and dispersion of PbI2 grains and their thin films, prepared without and with the application of the ultrasonic substrate vibration post treatment (SVPT). In the SVPT method [37], the wet-spun film is placed on an ultrasonic transducer in order to mildly excite the wet film. Further details are provided in Section 2. The corresponding cross-sectional SEM images, shown in Figure 3, reveal additional information on the effect of the SVPT on the spatial direction of the crystal growth and the film thickness. Several conclusive observations are made based on Figure 2: The pristine sample contains large laterally grown crystals. The application of the SVPT results in a decrease in the grain size. At the vibration for 5 W and 1 min a significant improvement is observed in the uniform distribution of the small grains and suppression of the dewetting. Excessive power of the vibration results in the formation of large grains again, negating the positive effect of the SVPT. Figure 3 also reveals some concrete facts as follows: The grain height (film thickness) in all cases is comparable and is about 400 nm, showing that the difference in the film morphology under various conditions is related to the planar grain growth. It is also substantiated that the SVPT at 5 W and 1 min results in very orderly vertically-grown grains, while the vibration at an increased power of 10 W nullifies the positive effect of the vibration observed at 5 W for 1 min. Such effects are elaborated in the following sections.


Figure 2. Top-view SEM images showing the evolution of the crystal morphology by the ultrasonic vibration time and power. (a) Pristine sample and (b) samples subjected to the SVPT at varying times and powers. All images have the same magnification and scale bar.
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Figure 3. Cross-sectional SEM images of (a) pristine PbI2 thin films and (b) thin films subjected to the SVPT. All images have the same magnification and scale bar.
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Crystallization is associated with two successive, parallel, or even competitive phenomena of the nucleation and growth. The term “nucleation” refers to the formation of stable primary seeds of a critical size, including the time gap from the occurrence of surpersaturation to appearing detectable embryos. Here “seed” denotes the molecular-sized crystallites with perfect forms, but still in co-existence with the solution with no clear boundaries. “Growth”, on the other hand, refers to the diffusion and absorption of the molecules of the solute onto the surfaces of the existing nuclei, resulting in the cluster formation, cluster development, and aggregation. The nature of the solution, method of the deposition, the substrate roughness, and the properties of the solute greatly affect the crystallization mechanism in the molecular scale [42,43].



The pristine thin film (c.f. Figure 2a) demonstrates laterally (2D) overgrown PbI2 grains with dewetted areas. We noticed that this planar growth behavior is amplified at lower concentrations, perhaps due to the lower rate of nucleation. PbI2 has a planar stacking structure repeating itself along the c-axis, normal to the substrate [17,44]. These planes intrinsically tend to develop from the side faces, in order to balance the surface interactive forces [5,44]. At low solution concentrations, the nucleation rate is low and the grain fronts are less confined by the neighboring grain borders and, therefore, propagate until the complete depletion of the solute from the diffusion layer.



Applying the SVPT at 5 W results in a major change in the film morphology, as seen in Figure 2b, where smaller grains are formed with distinct grain boundaries compared to the pristine film. By increasing the power of the vibration from 5 to 10 W, the morphology of thin film changes from irregular and small grains to grid-style large grain structures; thus, the SVPT is most effective at 5 W applied for 1 min. It is deduced that, as a result of the excitation by the ultrasonic vibration, the growth of large planar or 2D grains is suppressed due to an increase in the nucleation rate and the density of primary stable embryos [45,46,47]. In other words, in a dense population of stable seeds, the grain fronts will be confined by the neighboring cells. Hence, the role of the SVPT may be established as follows: in a regular spin-coating process, the rough surface of the substrate initiates heterogeneous nucleation, while the nucleation in the bulk solution occurs in a homogenous manner [48]. Such disharmony develops a bi-modal and non-uniform crystalline matrix. The SVPT enhances the heterogeneous nucleation rate on the substrate surface by supplying the energy of the nucleation [49] in two ways: Firstly, the vibrating substrate, regardless of its surface profile, transfers the vibrational energy to the bulk liquid. Secondly, the surface profile of the substrate (sputtered ITO film, in this case, with a roughness of ~5 nm) may have a role, as well, in that the atoms located at the peaks of the surface profile may reach higher temperatures than the average substrate temperature and, therefore, these hot spots may act as nucleation sites. From a thermodynamic point of view, the SVPT increases the evaporation rate [26] and the local temperature leading to a shift from the equilibrium state to the supersaturation point, which is the onset of nucleation. As a result of the aforementioned effects, the nucleation rate increases, while the critical size of the nuclei decreases [1]; therefore, more seeds will have the chance to reach the maturation limit and survive. Imposing ultrasonic vibration also creates microstreaming and micromixing motion within the film [27]. This results in uniform mixing and distribution of the embryos generated on the substrate surface and within the film. This uniform and accelerated nucleation favors the size distribution, compactness, dimensionality, and the morphology of the crystallites [1,46,47].



In addition to promoting the nucleation rate, the SVPT affects the crystal growth. Upon nucleation in both heterogeneous and homogenous modes, the clusters of solute molecules emerge and develop by absorbing more solute molecules from the solution. Under the SVPT, the growing clusters frequently collide with one another, due to the large density of nuclei and the excitement of the solution by the imparted energy and induced microstreaming. As a result, it is speculated that the rate of the PbI2 cluster breakup increases, relatively, resulting in the formation of smaller crystallites and the suppression of the crystallization dewetting, as observed in Figure 2b for the 5 W vibration power. While the SVPT with proper power and duration (5 W for 1 min) has a positive effect on the film morphology by decreasing the grain size and suppression of the crystallization dewetting, Figure 2b shows the adverse effect of prolonged duration and excessive power of the vibration on the grains and the film morphology, in that increasing the vibration time and power results in an increase in the grain size and the extent of the crystallization dewetting.



Figure 4 depicts the time variation of the temperature of the vibrated substrate, an ITO-coated glass, measured by an infrared thermometer, as well as the variation of the solution viscosity with temperature. The substrate temperature increases with both the power and time of vibration, and the solution viscosity decreases with the solution temperature, which is assumed to be in thermal equilibrium with the substrate due to the small thickness of the film and the mixing effect of vibration. Using these data one may be able to interpret the effect of the vibration time and power on the crystallization as follows: Compared to 5 W, the vibration power of 10 W imparts more energy and heat and produces stronger microstreaming. The increase of temperature shifts the thermodynamic equilibrium of solution to a higher solubility and, consequently, a higher supersaturation point. Thus, an excessive increase in temperature (due to a higher power or prolonged vibration) may result in dissolution of some formed embryos, which may be consumed to overgrow stable seeds. Moreover, in the reduced viscosity condition as a result of the increased temperature, the microstreaming effects will be more intensive [49,50], leading to a decrease in the effective rate of nucleation, negating the positive effect of the SVPT discussed above, causing the grains to overgrow and aggregate, as observed in Figure 2b. In general, one may speculate that the prolonged time and high power of vibration both have similar effects, i.e., both result in larger grain size, as seen in SEM images, and increased dewetting, although some differences are also observed, presumably due to stronger microstreaming and shear forces created when the vibration power is high. In general, the imposed vibration affects the crystal nucleation and growth, through both the fluid flow and thermodynamic states of the solution.


Figure 4. (a) Thermal history of the ultrasonically vibrated substrate (ITO-coated glass), and (b) variation of the viscosity of PbI2-DMF solution (0.5 M) as a function of temperature. The error bars represent the standard deviation.
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SEM images of Figure 2 and Figure 3 reveal that the chance of crystallization dewetting in a thin film depends on the size, morphology, density, dimensionality, and orientation of the crystals, and can be controlled to some extent by applying the SVPT. It was particularly argued that with ultrasonication the crystallization path can be altered to a nucleation-dominant regime. Herein, we attempt to verify this hypothesis from the kinetics perspective. The Kolmogorov-Johnson-Mehl-Avrami (KJMA) model, often referred to as the Avrami equation [51,52,53,54,55] governs the crystallization kinetics of each crystal as follows:


[image: ]



(1)




where Ka is the constant of crystallization rate and q is the Avrami exponent, which indicates the dimensionality and nucleation state, and y(t) is the time-dependent mass fraction of the crystallized phase, PbI2 in this work. It is more practical to evaluate y(t) by correlating it with the evaporated mass of the solvent through the following equation:
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(2)




where We(t) and Wi denote the total mass of the evaporated solvent at time t and the initial mass of the thin liquid film, respectively, and xs denotes the initial mass fraction of the solvent in the solution. Thermal gravimetry (TG) measurements of the pristine sample and the sample subjected to the SVPT at 5 W for 1 min were performed to calculate y(t) using Equation (2). For each sample four sets of the TG measurements were performed at 70, 80, 90, and 100 °C, where the mass of the thin film was measured every 2 min. The TG data (y(t) versus t) were then imported to MATLAB to calculate the Ka and q values based on Equation (1) via the least-square non-linear curve fitting (R2 = 0.995). The representative TG data, i.e., y(t) versus time corresponding to 90 °C is illustrated in Figure 5a. Figure 5b displays the q and Ka values versus temperature for the pristine sample and the sample subjected to the SVPT.


Figure 5. (a) Crystallized fraction, y(t), versus time, t, measured by TG at 90 °C. (b) Avrami exponent and the rate constant versus temperature, for pristine and the SVPT thin films (5 W and 1 min).
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The values of the reaction rates (Ka) calculated from the TG measurements were plotted versus 1/RT in the log-log axes based of the Arrhenius equation, as follows:


[image: ]



(3)







Based on the aforementioned procedure, the nucleation frequency factor (Z0) and the activation energy of crystallization (Ea) of the pristine and the SVPT samples were obtained and listed in Table 1. The average Avrami constant and exponent, [image: ] and [image: ], obtained from the TG measurements, are also listed in Table 1. Z0 is interpreted as the number of attempts made by the nuclei in the unit of time to overcome the barrier energy [42,43]. Z0 also represents the induction time of recognizable seed formation [2,45]. Figure 5a shows that the time dependent crystallization of the pristine sample is associated with a small slope within the first 1 min, whereas in the SVPT sample, the crystallization shows a steep slope from the beginning, implying a fast rate from the early stages. Particularly, Figure 5a shows that within the first 1 min of the SVPT, a significant fraction of the crystals (>60%) have already emerged, due to the increased nucleation rate, as discussed before, demonstrating the merit of the SVPT.



Table 1. Crystallization kinetics parameters of pristine samples and the samples subjected to the SVPT at 5 W for 1 min, extracted from the TG data. [image: ] are the average values obtained from four TG measurements at 70, 80, 90, and 100 °C.







	
Pristine Samples

	
SVPT Samples
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Ea (kJ·mol−1)

	
Z0 (min−q)
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Ea (kJ·mol−1)

	
Z0 (min−q)




	
2.27

	
0.15

	
52.46

	
3.20 × 106

	
3.52

	
0.56

	
45.71

	
9.82 × 106










The relatively lower activation energy of crystallization of the SVPT sample is consistent with the accelerated seeding or nucleation rate and reduced critical size of the stable nuclei, as observed in the previous section. The constant (Ka) of the SVPT sample is four times larger than that of the pristine sample, reflecting a shorter time required for crystal maturation in the former sample. The Avrami exponent power, q = q1 + q2, includes two factors: the crystal dimensionality (q1) and crystallization mode (q2). Table 1 shows that the Avarmi exponent of the SVPT sample is larger than that of the pristine sample. According to the literature, q1 is expected to be in the range of 1 to 3, where ~1 usually represents the formation of the rode-like 1D structures, ~2 is associated with the formation of planar or disc-like 2D structures or lateral growth, and ~3 is associated with the spatially-expanded or 3D columnar crystals [43,44,45,46,47]. The value of q2 which is typically in the range of 0 to 1 indicates the contribution of nucleation in the crystallization process. A larger q2 (→1) indicates a larger contribution of nucleation in the crystallization process [2,56,57,58,59]. Here, the average collective value of the Avrami exponent, i.e., [image: ], is 2.27 for the pristine sample and 3.52 for the SVPT sample. From the increased [image: ], we infer that the SVPT process not only can increase the rate (dominance) of nucleation, but also facilities multi-dimensional growth of the crystallites (transformation of the 2D grains to 3D grains), as the SEM images show.



In the next step, we utilized XRD to further investigate the effect of the ultrasonic vibration on the crystal lattice. Figure 6a,b (effect of the vibration time at 5 W) and (effect of the vibration power for 2 min of vibration) compare the XRD patterns of the PbI2 thin films for [image: ] angles at 12.93° and 38.95° associated with the (001) and (101) planes of hexagonal PbI2 crystals [14,44]. Figure 6c shows the variation of the domain size (L) and interlayer spacing (d) for the (001) plane, obtained using the following equations [17,60,61,62]:


[image: ]



(4)
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(5)




where w is the full width of half maximum (FWHM) of the generic peak, θ denotes the angle of incidence, and n is the Scherrer constant, an integer referring to the order of diffraction, which is ~0.9 for spherical crystallites. λ indicates the wavelength which is constant and its value is 1.5406 Å [17,61,62]. Here, we approximated the crystallite shapes as rectangular; therefore, the Scherrer constant was corrected by multiplying it by 1.3. The effect of the lattice strain on the evolution of the FWHM and peak broadening was calculated by the Williamson-Hall method [63,64] and was found to be negligible. Therefore, Equation (4) was assumed to be adequate for the estimation of the domain size.


Figure 6. Effect of the SVPT on XRD peaks of the PbI2 thin films. (a) Effect of the vibration time at a fixed vibration power of 5 W; (b) the effect of the vibration power on samples subjected to a 2 min SVPT; and (c) crystal domain size and interlayer spacing of two samples; the left diagram shows the samples prepared at varying vibration time at a constant power of 5 W, and the right diagram shows the samples prepared at varying ultrasonic power applied for 2 min.
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Figure 6 shows that on both (001) and (101) planes (parallel and normal to the substrate, respectively), vibration results in peak broadening and therefore a decrease in the domain size. Peak broadening is also interpreted as the increase of dimensionality, corroborating the results of the crystallization kinetics section. Additionally, a symmetric peak broadening, as observed for the (001) plane, indicates that all crystallites monotonically respond to the vibration [62,65,66]. The noise associated with the sporadic patterns of the (101) peak, particularly in Figure 6a, reflects the micro-strains between planes and plane displacement due to atomic imperfections, such as vacancies [60,61]. Peak intensity is another attribute of the XRD patterns. Overall, the peak intensity decreases in most samples subjected to the SVPT. Change of intensity may be due to a change in the atomic position and related imperfections in the crystalline array [60,61], which might have been induced by mechanical stresses and micro-strains caused by the SVPT. Figure 6 also shows a systematic peak shifting to the smaller Bragg angles as a result of the SVPT. This is a signature of the increased density of grain boundaries, which is consistent with a decrease in the domain size [66], as observed in Figure 6c. In addition, peak shifting toward the smaller or larger angles is due to a decreased or increased interlayer spacing, respectively [10,61,62], consistent with our results. As mentioned earlier, PbI2 crystals consist of I-Pb-I sheets and the crystal domain is composed of the repeating of such PbI2 layers. The bonding within the Pb and I is largely ionic, but adjacent PbI2 layers are bonded with the weak van der Walls forces [14,15]. It is speculated that the vibration induces micro-strains that affect these interlayer bonds, resulting in an increase in the interlayer spacing along the c-axis, i.e., normal to the substrate [17], as shown in Figure 6c for the (001) plane.



Raman spectroscopy provides information on the nanostructure and bonding status based on the molecular and crystal lattice vibrations. According to Figure 7a, the calibrated intensity of the Raman peaks systematically changes with the applied SVPT, i.e., the peak intensity decreases with the time and power of the imposed vibration. For a crystalline material, a decrease in the intensity implies a decrease in the crystal size [67,68]. It also shows that the sample has undergone a notable reorientation [67]. Thus, the data of Raman spectroscopy are consistent with the XRD data showing a decrease in the size of domains with an increase in the power and duration of vibration. The intensity of Raman peaks may also decrease by increasing the lattice compactness [68], i.e., the density of the crystallites. This behavior is consistent with the abovementioned argument on the accelerated nucleation and increased density and compactness of the grains due to imposed ultrasonic vibration.


Figure 7. (a) Raman spectra and (b) UV-vis absorption spectra of the pristine sample and the samples subjected to the SVPT.
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Figure 7b compares the UV-vis absorption spectra of the pristine and two other samples subjected to the SVPT at 5 W for 1 min and 10 W for 3 min. The film absorbance depends on the two parameters of the PbI2 crystal band gap and PbI2 film coverage. A sharp drop in the absorption spectra of all samples occurs at about 520 nm, consistent with the band gap of PbI2 (2.31 eV) [69], i.e., for larger wavelengths, the low energy photons cannot be absorbed. It is also observed that the mild vibration improves the absorption, whereas the intensive and long duration vibration deteriorates the absorption with respect to the pristine sample, given that only in the case of a mild and short duration vibration (5 W, 1 min), a high coverage film forms (Figure 2a).




4. Conclusions


In this work, the effect of imposing ultrasonic vibration on the substrate of a thin liquid film of PbI2 solution was studied on the PbI2 crystal growth and film morphology. It is concluded that while pristine crystals tend to overgrow in the planar direction ((001) plane), when the wet film is excited by a mild ultrasonic vibration (40 kHz, 5 W) for the optimum time of 1 min, the activation energy of crystallization decreases and the nucleation rate increases, leading to the confinement of the excessive crystal growth in the planar direction, and organized crystal growth normal to the substrate, creating 3D columnar structures. As a result, the film morphology significantly improves, owing to the epitaxial growth of compact 3D grains and the suppression of the crystallization dewetting. The XRD results showed a Bragg shift in major peaks and peak broadening, as a result of the imposed ultrasonic vibration. The absorption of the film excited by the ultrasonic vibration at the optimum condition was also increased. It is concluded that the post or in situ treatment of the solution-processed PbI2 thin films on ITO substrate could result in a well-controlled crystallization (similar to epitaxial growth in vapor deposition) and the preparation of a defect-free PbI2 thin film, which has several applications in emerging thin film devices, such as sensors and perovskite solar cells.
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