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Abstract

:

The improved efficiency of perovskite-related photovoltaic devices, such as light-emitting diodes (LEDs), is related to film uniformity, the compactness of each layer, and thickness. Herein, we improved the traditional single-solvent, solution-processed method and developed a co-solvent method to prepare a two-dimensional (2D) (C4H9NH3)2PbBr4 perovskite film for blue photoluminescence (PL) emissions. A poor film-forming uniformity was observed for the use of the single-solvent, dimethylformamide (DMF) method. In adding 1,2-dichlorobenzene (ODCB) of a smaller polarity to DMF, the co-solvent engineering dramatically changed the film-forming properties. Optical microscopy (OM), scanning electron microscopy (SEM), X-ray diffractometer (XRD), and time-resolved PL (TR-PL) spectroscopy analyses confirmed that the perovskite film prepared by the co-solvent system had a good crystallinity, fewer defects, and a longer carrier lifetime. These experimental results show a simple, scalable (1.23 × 1.23 cm2), and stable reproducibility method for preparing 2D perovskite of 415 nm wavelength PL emissions that might be beneficial for the development of ultraviolet (UV) photodetectors, blue LEDs, and high-resolution displays.
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1. Introduction


Two-dimensional (2D) materials have received interest in academic research due to the continuous advancement of transistor technology, in the course of which the size of transistors has been continuously reduced to satisfy the requirements of light-weight and compact electronic devices [1]. However, the reduced size of transistors may possibly cause a short tunneling effect, which increases the leakage current and further increases power consumption or generates heat. Therefore, many researchers have put a great deal of effort into solving this problem [2]. There are two common solutions: one is to increase the gating control of the channel and reduce the influence of the electric field from the drain on the channel. Therefore, the shape of the transistor changes from the traditional planar bulk field-effect transistor (FET) to a three-dimensional (3D) Fin-FET [3]. In addition to the development of a 3D structure, another possible solution is to remove the part of the channel that is more susceptible to the influence of the drain electric field—that is, the part of the channel that is far from the gate. As the gate length shrinks, the thickness of the silicon channel needs to be reduced correspondingly [4]. Since the channel thickness is close to zero, theoretically, the gate could completely control the channel and suppress the electric field caused by the drain, minimizing the short channel effect and any leakage current. Therefore, the ideal 2D FET could be considered the perfect transistor [5].



In the study of 2D materials, planar perovskite films of excellent charge carrier mobility have been shown to be suitable in the use of FETs [6]. In addition to not requiring high-temperature production, perovskite-based photovoltaics have reached a conversion efficiency of more than 20% in just a few years, and the speed of research progress is quite amazing [7]. The advantages of perovskite materials include fast carrier transmission, a tunable light absorption range, a narrow energy gap, and a low cost. The operating principle of perovskite-based photovoltaics is similar to that of p-n junction devices, and recent research has focused on the modification and synthesis of the material itself, or on carrier transport and electrode materials [8].



Perovskite materials first appeared in dye-sensitized solar cells (DSSCs), and were later used in light-emitting diodes (LEDs) [7]. The initial simple device structure, electrode/perovskite/electrode, full of an organic electrolyte solution, used two photosensitizers (CH3NH3PbBr3 and CH3NH3PbI3), and their efficiency was 3.13% and 3.81%, respectively [9]. Scientists have found that perovskite materials themselves have the characteristics of being able to adjust the energy band gap and the low non-radiation recombination rate. The widely studied 3D methylammonium lead iodide (MAPbI3) perovskite is commonly integrated into perovskite-based photovoltaics; however, the issue of stability severely inhibits the development of its commercial use [10]. On the contrary, 2D thin-layered perovskite ((CnH2n + 1NH3)2PbX4, X = Br or I, n ≥ 4), with a longer hydrophobic alkyl chain and weaker polarity, has been proven to increase stability for solar cell applications in a humid environment [11]. In addition, 2D perovskite films have an excellent charge carrier mobility [12] and high photovoltaic efficiency in solar cells [13]. Even though, in recent years, great progress has been made in the development of 2D perovskite materials, achieving a scalable, large-area, thin film combined with simple solution processing is still a challenge [14,15,16,17,18]. The efficiency of perovskite-based photovoltaics is related to the uniformity, compactness, coverage, and thickness of the structure, which are all related to the organic–inorganic lattice arrangement determined by the fabrication process.



For solution-processed perovskite, solvents play an important role in the crystallization of films. A typical spin-coating method has been applied to fabricate perovskite films under different solvent conditions [19], showing two mixed phases of tetragonal + cubic with a small amount of precipitated PbI2 after annealing. These different solvent conditions affect the flatness and coverage of the surface morphology of the perovskite. Three solvent methods, chlorobenzene/dimethylacetamide/acetonitrile, have been used to control the formation of 2D perovskite. Two-dimensional perovskite, (C4H9NH3)2PbBr4, of an ultrathin and lateral dimension of up to 40 μm, was synthesized with a good reproducibility [20]. It has been found that polar solvents, such as acetonitrile, contribute to the formation of ultra-thin structures [21]. According to the previously reported research, the solvent volume ratio, crystallization temperature, and solvent polarity have a certain relationship with the morphology and crystallization of thin perovskite films. Therefore, in this study, we used a co-solvent engineering system to synthesize 2D perovskite films by adjusting the polarity and dielectric constant of one solvent using a fixed, commonly used solvent, DMF. The XRD of the fabricated perovskite proved the 2D structure, (C4H9NH3)2PbBr4, of blue photoluminescence (PL) emissions, which could possibly be used in UV photodetectors or LEDs.




2. Materials and Methods


Glass substrates were prepared at a size of 1.23 × 1.23 cm2. All of the glass substrates were cleaned using ultrasonic vibration for 10 min with methanol and acetone, separately. The dried substrates were placed into an oxygen plasma cleaner to remove the remaining dirt and to create a hydrophilic surface. For the preparation of the perovskite material, a single or co-solvent engineering system was used. All solution preparations used for growing a perovskite film were carried out under ambient conditions in the fume hood. For the preparation of 3D perovskite, lead (Ⅱ) bromide (PbBr2, 0.0324 g) and methylammonium bromide (MABr, 0.0224 g) were first dissolved in 4 mL of dimethylformamide (DMF) solution, separately. The mixed solution (MABr and PbBr2) at a 2:1 molar concentration was then mixed with different solvents at a 1:1 volume ratio. The fabrication of 2D perovskite was performed in a similar way, where the MABr was replaced by n-butylammonium bromide (BABr). All chemicals were purchased from Merck, Taipei, Taiwan (Sigma-Aldrich). A total volume of 0.16 mL of the transparent mixed solution was taken and slowly dropped onto a glass substrate heated under different temperatures and at a fixed time of 2.5 h to obtain an opaque, white perovskite film. Additional light exposure was used under a 100 mW UV LED or 5 W white LED light source. A JSM-7800F field emission scanning electron microscope (FE-SEM) manufactured by JEOL was used to observe the surface and cross-sectional morphology of the perovskite film. An X-ray thin-film diffractometer (Bruker AXS Gmbh, Karlsruhe, Germany), using a copper target as the X-ray light source (Cu-Kα; λ = 0.154 nm), was used to analyze the X-ray diffraction (XRD) pattern of the thin perovskite film. The diffraction angle scanned in this experiment was 5–60° for a single-layer film, and the scanning speed was 5°/min. Time-correlated single photon counting (TCSPC; PicoQuant, Berlin, Germany) was used to measure the time-resolved fluorescence spectrum of the sample. The working principle of TCSPC is that the sample is first excited by a periodic pulsed laser light source (PDL 800-B diode laser, 375 nm) and fluorescent photons are generated. The time point of the generated photon was detected and recorded by the photomultiplier tube (PMT) via a single photon measurement method, and this time point was used as the start point. The system then recorded the time point of the photon triggered by a laser as the end point. Since the laser signal interval was a known, fixed value, the system could accumulate fluorescent photon signals generated at different times. The Raman spectrum was recorded using a 30 mW He-Ne laser as the excited light source and a Horiba Jobin Yvon IHR320 spectrometer at an accumulated time of 30 s.




3. Results and Discussion


Previous reports of using three solvent systems to fabricate single- and multilayer 2D perovskite [21] have shown that the supersaturation and the crystallization temperature of the perovskite precursor are the two main factors affecting the final morphology of the perovskite film. For the co-solvent system, several solvents have been used in the preparation of perovskite materials [22], especially the use of chlorobenzene (CB) as a secondary solvent (second solvent) added to the commonly used DMF (primary solvent). The growth mechanism of perovskite in a diluted solution with a DMF ratio of 14.3–25% could be a contribution of the diffusion due to the uneven supersaturation at the interface between the two solvents [23]. In addition, the use of acetonitrile (ACN) in the second step of synthesis results in the supersaturation of the solution increasing unilaterally. The growth mechanism changes from diffusion control to inertial control, which leads to the evolution of the morphology. Using CB as the solvent ensures the inhibition of crystallization, and ACN helps to improve the phenomenon of uneven supersaturation and promotes the 2D crystal growth. Previous reports on co-solvent systems have concluded that the mixed solvent method more easily produces perovskite films with an area of up to 40 μm in size; in particular, polar solvents, such as ACN and alcohols, are considered to be useful in helping to grow 2D perovskite [24,25]. The common solvents with different polarities and dielectric constants are shown in Table 1.



To evaluate the effect of adding a second solvent on the crystalline growth of perovskite, we first evaluated the crystalline growth of 3D perovskite fabricated by a DMF-based co-solvent system using SEM images, as shown in Figure 1. Since the reactants MABr and PbBr2 used for fabricating 3D perovskite need to be dissolved in a non-polar solvent, the use of a solvent of higher polarity, such as formamide, could cause the non-dissolution of the precursors, and the mixed solution showed suspended particles which were slightly yellow in color. DMF was used as the primary solvent because of its good solubility and for having many perovskite precursors. There were many different options for the second solvent, such as acetone, isopropyl alcohol (IPA), o-dichlorobenzene (ODCB), and dimethyl sulfoxide (DMSO). We simply mixed MABr and PbBr2 at a 2:1 molar ratio in a co-solvent system with a 1:1 volume ratio by adding four different solvents (acetone, IPA, DMSO, and ODCB) into the DMF solution. For the case of using acetone and IPA as the second solvent, since both solvents have similar dielectric constants, the surface morphology should be similar; however, the sample using acetone as the second solvent showed more crystalline growth, as shown in Figure 1a. This may be attributed to the higher evaporation rate of acetone due to its lower boiling point temperature. For the case of using DMSO and ODCB as the second solvents, since both solvents have similar boiling points, the surface morphology should be similar; however, less crystalline growth was observed in the case of using ODCB as the second solvent, as shown in Figure 1d.



For the fabrication of 2D perovskite, we first tried to use a single solvent, DMF, to fabricate a 2D perovskite film 1.23 × 1.23 cm2 in size using the dip-coating method, in which BABr and PbBr2 were used as precursors. Figure 2 shows surface and cross-sectional SEM images and the XRD pattern of the fabricated films. The surface morphology of the 2D perovskite film obtained by simply dissolving precursors in DMF (single solvent) not only had narrow and long gaps, but also had some defect holes, as shown in Figure 2a, which are not favorable for the light energy conversion efficiency for photovoltaic applications [26]. DMSO, which has a dielectric constant close to that of DMF, was then used as the second solvent in the DMF-based co-solvent system. DMSO and DMF were mixed homogeneously and yielded a transparent mixing solution. However, the boiling point of DMSO is comparably high, which means that it took at least four hours to fabricate the perovskite film at a controlled temperature of 45 °C. Moreover, the film surface showed uneven crystal grains that could be observed with the naked eye. Figure 2c shows the surface morphology of the 2D perovskite film fabricated by the acetone/DMF co-solvent system, showing a better surface morphology. However, the cross-sectional image indicates inhomogeneous crystalline growth, as shown in Figure 2d. The best candidate was using ODCB, which has a similar boiling point to DMSO, as the second solvent. It took 2.5 h to fabricate a thin perovskite film using ODCB, less than when using DMSO. It is speculated that the differences in the dielectric constant of the solvent itself cause different drying times. Figure 2e,f show surface and cross-sectional images of the 2D perovskite film fabricated by the ODCB/DMF co-solvent system. Not only does the surface morphology indicate a homogeneous 2D crystalline structure 2 μm in thickness, but so do the cross-sectional images.



For the XRD analysis, the peaks at 6.4°, 13.2°, 19.4°, 26.3°, and 33.7° correspond to the (002), (004), (006), (008), and (0010) crystal planes, respectively, indicating the existence of a 2D perovskite structure [27,28]. However, other plane directions, such as (020) and (111), also appeared in the 2D perovskite film fabricated by a single solvent (DMF), as represented by the black peaks in Figure 3. Other peaks located at 8.3°, 21.4°, and 30.5° might belong to other planes, such as (111), (020), or (202), due to the complete transformation of a metal organic framework (MOF) structure under evaporation and crystalline processes following long-term annealing treatment [29,30]. However, these peaks were not observed in the co-solvent system, acetone/DMF and ODCB/DMF, as represented by the red and blue peaks in Figure 3. Those characteristic XRD peaks, proving that the crystalline structure of the fabricated 2D perovskite was (C4H9NH3)2PbBr4 [31]. It is obvious that the peak intensities of those 2D planes were comparably higher in the co-solvent fabricated perovskite, and especially that the long-range ordering was increased in the 2D perovskite film fabricated by the ODCB/DMF co-solvent system.



Compared to the single solvent system, the use of a co-solvent or an anti-solvent (acetone or ODCB) yielded a porous surface with grains smaller than 100 nm, as shown in Figure 4a (surface) and Figure 4b (cross-sectional). The porous structure may be ascribed to the change in the slow crystallization process due to the addition of an anti-solvent with a higher boiling point.



The use of an optical microscope (OM) to characterize the surface morphology of perovskite films provides better information on films of large areas. Figure 5a,b compare the two cases, showing that, under co-solvent conditions, the film had a crystalline structure area of 100 μm2 in size, with a long and narrow grain boundary. However, the perovskite film made using the single solvent system showed numerous point and line defects. A comparison of the Raman spectra characterized from single- and co-solvent-fabricated 2D perovskite is shown in Figure 5c. These Raman spectra were obtained by irradiating laser excitation at 633 nm on a specimen focused by an optical microscope. The vibration modes of 2D perovskite in the low Raman band (15 to 150 cm−1) could provide a wealth of information on the crystalline structure [32]. Moreover, a theoretical calculation using density functional theory showed that the Raman spectrum of lead halide perovskite could be separated into two zones: perovskite mode in the Raman band of 200–500 cm−1 and molecular mode in the Raman band of 500–3550 cm−1. The Raman spectra of the 2D perovskite fabricated using either a single solvent or a co-solvent all had characteristic Raman peaks belonging to CH3NH3Br. When n-butyl+ was embedded in PbBr2, a chemical Stark effect occurred [33]. There were sharp and distinct bands from C–H stretching and CH3+ asymmetric bending in the molecular mode in the Raman band from 887 to 1491 cm−1, as shown in Figure 5c. These peaks were significantly red-shifted compared to the PbBr2 powder sample, indicating that the 2D perovskite of MOF had strong interactions [34]. In the higher Raman band region, νsym (CH3) at 2869 cm−1 and νsym (CH3) at 2931 cm−1 were not displaced after embedding n-butyl+, while νsym (C–H) at 2906 cm−1 was blue-shifted. The broad νsym (CH3+) of 3033 cm−1 exhibited red- or blue-shifting compared to the PbBr2 powder [33]. In other words, organic cations and inorganic skeletons occurred through the CH3+ end of n-butyl+. The decomposition of νsym (CH3+) at 3033 cm−1 was most likely due to the binding of the halide to the hydrogen bond in the form of C–H···Br. Figure 5d shows the optical absorption and photoluminescence (PL) spectrum for the (C4H9NH3)2PbBr4 2D perovskite film fabricated by a co-solvent (DMF+ODCB) solution processing method. Both the absorption and the PL spectrum showed a sharp peak with a Lorentzian line shape located at 400 and 410 nm, respectively. A relatively small bandwidth was observed in both the absorption and the PL spectra, indicating a characteristic of free excitation, while the broad PL peak located at 440 nm was attributed to self-tapped excitation [35]. Figure 5d (inset) shows the Tauc plot, indicating that the bandgap of the fabricated 2D perovskite was 3.25 eV.



Figure 6 compares the XRD of the 2D perovskite fabricated by the ODCB/DMF co-solvent system under different heating temperatures and light exposures. Previous studies have proven that a lower annealing temperature facilitates a larger grain size for a perovskite film [26]. Our experimental results showed that a higher annealing temperature helps the growth of a crystalline structure of the (111) and (020) planes, as shown in Figure 6a. Those peaks also appeared in the perovskite fabricated by single solvent (DMF), as shown in Figure 3. Those peaks might be attributed to the emergence of (111) and (020), indicating a disorientation of the thin film, and a non-orderly stacking of 2D platelets due to the higher temperature. Previous studies have shown an effective way of changing the crystallization mechanism of a perovskite film, in which light could reduce the critical nucleus size [36,37]. Herein, we tried to use UV and white light to modulate the crystalline growth of 2D perovskite and observed that UV and white light exposure help the growth of the (020) and (111) planes. Our findings could possibly be used to improve the photovoltaic efficiency of 2D perovskite films.



The direct observation of PL emissions from 2D perovskite films was achieved by taking photographs of the glass substrate without and with the growing film on top, as shown in Figure 7a. Homogeneous PL emissions with a large area substrate (1.23 × 1.23 cm2) of the fabricated 2D perovskite film could possibly offer a way to approach scalable, true blue, organic LEDs. The PL lifetime of fabricated (C4H9NH3)2PbBr4 2D perovskite was measured using the TCSPC method, for which a 375 nm picosecond laser wavelength was used for excitation, as shown in Figure 7b. The decay curve showed a bi-exponential feature with lifetimes of 1.45 and 3.93 ns. The PL properties of the 2D perovskite film was further studied by performing an additional excitation power-dependent PL measurement at room temperature, as shown in Figure 7c. An additional PL peak located at 460 nm and a PL shoulder of a longer wavelength appeared when the 2D perovskite film was under higher-energy laser irradiation. No obvious shift in the PL peak indicates a 2D perovskite film of a larger grain size [38]. The evolution of PL intensity dependent on pumping laser energy is shown in Figure 7d. The saturated PL intensity may be attributed to hot carrier recombination with excited donors and acceptors at higher energy levels [38].



In order to study the photostability of 2D perovskite, the real-time monitoring of the PL intensity and lifetime was carried out over a 30 min time frame, as shown in Figure 8a. The expected degradation of the PL intensity was observed due to the generation of defects under light irradiation [39]; however, the PL lifetime was only slightly decreased from 4.5 to 2.5 ns. Figure 8b shows the spectra of PL intensity recorded in a weekly time frame, in which the photostability of 2D perovskite remained stable in the first five weeks and suddenly decreased in the sixth week.



Finally, we tried to understand the photodetecting behavior of the fabricated (C4H9NH3)2PbBr4 2D perovskite film. The current and voltage (I–V) behaviors of 2D perovskite under different light environments were observed through a simple metal–semiconductor–metal (MSM) design, and the results are shown in Figure 9. Because the absorption spectrum of this 2D perovskite was in the UV wavelength range, as shown in Figure 5d, the photocurrent under the I–V measurement, compared to the dark current, was observed to increase obviously under UV light irradiation compared to white light illumination. The photocurrent of 2D perovskite increased by one order of magnitude compared to the dark current under UV light irradiation.




4. Conclusions


We tried to control the supersaturation and crystallization temperature for fabricating 2D perovskite and analyzed its surface morphology, crystalline structure, and emission properties. OM and SEM images were used to directly verify that a low temperature of 45 °C was the better crystalline temperature for growing 2D perovskite with uniformity and a single crystal of a large grain size. The XRD confirmed the crystalline structure of (C4H9NH3)2PbBr4 on a scalable 1.23 × 1.23 cm2 glass substrate. A longer PL lifetime might be favorable for improving the carrier migration rate, and the true blue PL emission of 415 nm could possibly be used in display applications.
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Figure 1. The surface morphology of 3D perovskite fabricated by a co-solvent system using (a) acetone, (b) IPA, (c) DMSO, and (d) ODCB as the second solvent. 
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Figure 2. Surface and cross-sectional images of perovskite growth on a glass substrate 1.23 × 1.23 cm2 in size achieved by (a,b) a single solvent (DMF), (c,d) an acetone/DMF co-solvent, and (e,f) an ODCB/DMF co-solvent and solution processing step. 
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Figure 3. XRD pattern of 2D perovskite growth on a glass substrate achieved by a single solvent (DMF), acetone/DMF co-solvent, and ODCB/DMF co-solvent solution processing step. 
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Figure 4. (a) Surface morphology and (b) cross-sectional image of 2D perovskite growth on a glass substrate 1.23 × 1.23 cm2 in size achieved by an ODCB/DMF co-solvent and solution processing step. 
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Figure 5. Surface morphology of (C4H9NH3)2PbBr4 2D perovskite observed by OM images using (a) an ODCB/DMF co-solvent or (b) a DMF single-solvent system. (c) Raman and (d) absorption spectra (red) and PL emission (blue) of (C4H9NH3)2PbBr4 2D perovskite film fabricated by single- and co-solvent processes. The inset shows the Tauc plot from the absorption spectra of (C4H9NH3)2PbBr4 2D perovskite with a band gap of 3.25 eV from extrapolation to the energy axis. 
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Figure 6. XRD of (C4H9NH3)2PbBr4 2D perovskite fabricated by a dip-coating method under (a) different heating temperatures and (b) different light exposure conditions. 
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Figure 7. (a) Photograph of the glass substrate without (bottom) and with (top) a growing 2D perovskite film under 254 nm light exposure. (b) Time-resolved PL, (c) power-dependent PL spectra, peak energy position (inset), and (d) power-dependent PL intensity of the 2D perovskite film. 
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Figure 8. (a) Photobleaching behavior and PL lifetime (inset) of 2D perovskite under continuous 380 nm picosecond laser light exposure. (b) Long-term PL stability of 2D perovskite stored in an open environment and at room temperature. 
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Figure 9. I–V characteristic of (C4H9NH3)2PbBr4 2D perovskite under different light exposure conditions. 
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Table 1. Dielectric constant (ε) and boiling point (b.p.) of the commonly used solvents.
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	Solvent
	b.p.
	ε





	Chlorobenzene (CB)
	132
	5.62



	o-Dichlorobenzene (ODCB)
	181
	9.93



	Isopropyl alcohol (IPA)
	82
	17.9



	Acetone
	56
	20.7



	N,N-Dimethylformamide (DMF)
	152
	36.7



	Acetonitrile (ACN)
	82
	37.5



	Dimethyl sulfoxide (DMSO)
	189
	46.7



	Water
	100
	80.1



	Formamide
	221
	111
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