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Abstract

:

Hybrid organic–inorganic perovskite solar cells (PSCs) are receiving huge attention owing to their marvelous advantages, such as low cost, high efficiency, and superior optoelectronics characteristics. Despite their promising potential, charge-carrier dynamics at the interfaces are still ambiguous, causing carrier recombination and hindering carrier transport, thus lowering the open-circuit voltages (Voc) of PSCs. To unveil this ambiguous phenomenon, we intensively performed various optoelectronic measurements to investigate the impact of interfacial charge-carrier dynamics of PSCs under various light intensities. This is because the charge density can exhibit different mobility and charge transport properties depending on the characteristics of the charge transport layers. We explored the influence of the hole transport layer (HTL) by investigating charge transport properties using photoluminescence (PL) and time-resolved (TRPL) to unveil interfacial recombination phenomena and optoelectronic characteristics. We specifically investigated the impact of various thicknesses of HTLs, such as 2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene (spiro-OMeTAD), and poly(triaryl)amine (PTAA), on FA0.83MA0.17Pb(Br0.05I0.95)3 perovskite films. The HTLs are coated on perovskite film by altering the HTL’s concentration and using F4-TCNQ and 4-tert-butylpyridine (tBP) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSi) as dopants both for spiro-OMeTAD and PTAA. These HTLs diversified the charge concentration gradients in the absorption layer, thus leading to different recombination rates based on the employed laser intensities. At the same time, the generated charge carriers are rapidly transferred to the interface of the HTL/absorption layer and accumulate holes at the interface because of inefficient capacitance and mobility differences caused by differently doped HTL thicknesses. Notably, the charge concentration gradient is low at lower light intensities and did not accumulate holes at the HTL/absorption layer interface, even though they have high charge mobility. Therefore, this study highlights the importance of interfacial charge recombination and charge transport phenomena to achieve highly efficient and stable PSCs.
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1. Introduction


Recent advances have increased the efficiency of perovskite solar cells (PSCs) to a peak value of 26.1% [1]. This is a significant improvement from the initial efficiency of 3.9% [2], raising the possibility of next-generation solar cells. To enhance photovoltaic efficiency, exciton binding energy is an important factor for the light harvesting materials such as the perovskite semiconductor. Reducing the exciton binding energy can increase the concentration of free electrons and holes within the perovskite layer. To achieve that, there are various approaches, for instance, employing a functional moiety for induced dipole moments [3,4], utilization of high dielectric constant materials [5,6], and optical reflection layers, especially for utilizing plasmonic effects [7,8,9]. Recombination between electrons and holes that occurs at the interface between the absorption layer and the HTL becomes a major issue. The electrons and holes at the interface between the absorption layer and the HTL are major issues that cause the efficiency decrease due to a decrease in open-circuit voltage (Voc). Research is being conducted to analyze the charge transport that occurs between the HTL and the absorption layer by changing the HTL conditions. HTL is responsible for transporting holes from the absorption layer to the electrode [10,11]. A major significant advantage of organic HTL is that many properties can be imparted by changing the length of the main chain or functional groups [12,13,14,15,16]. For this work, we used FA0.83MA0.17Pb(Br0.05I0.95)3 composition, and according to the reported literature, respective exciton binding energy is commonly known to be approximately 7~8 meV [17]. Both the reduction in exciton binding energy and the low recombination rates can increase charge carrier density and improve interfacial injection. While acknowledging the crucial role of exciton binding energy in perovskite, our study focused on varying the internal charge carrier density via excitation density control (laser intensity) rather than using various methods of altering exciton binding energy, as mentioned above. Here, we explored the effect of charge carrier density on the charge transfer at the perovskite/HTL interface. Especially, we aimed to investigate the role of HTLs’ optoelectronic properties at the interface while the optoelectronic properties of the perovskite film were controlled to be consistent. Therefore, we selected two HTLs (showing different charge carrier dynamics) and investigated the correlation between thickness, doping control, and, consequently, the charge carrier density-dependent transport. In conventional n-i-p-structured solar cells, spiro-OMeTAD is a widely used HTL for achieving high efficiency [18,19,20]. Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) is also widely utilized HTL due to its high hydrophobicity and robust long-term stability, which has been a subject of extensive research [21,22,23]. Additionally, dopant incorporation offers the advantage of enhancing mobility and increasing the capacitance of HTL [24,25,26]. Although these dopants are frequently used to obtain high efficiency, their penetration promotes moisture absorption, thereby compromising long-term stability [27,28,29]. To compensate for these degradations, many studies have been conducted on a dopant-free HTL [30,31,32,33,34,35,36]. To understand the impact of dopants on HTL, among various optoelectronic analyses, (time-resolved) photoluminescence (PL and TRPL) is a widely used method to measure the charge carrier lifetime. The principle behind these optoelectronic measurements involves illuminating the light onto the sample and measuring the emitted light during the recombination of electrons and holes. Exciton dissociation efficiency and recombination rate are essential to improve photovoltaic efficiency. The perovskite solar cells achieve a good exciton dissociation due to their low exciton binding energy [37,38]. Therefore, we considered the exciton dissociation efficiency as the minor factor and focused on the change in the recombination rate. The amounts of charge carriers change depending on the amount of light irradiated. PL is a quantitative analysis method that measures light intensity at various wavelengths emitted from a sample when electrons and holes recombine within the sample. Similarly, TRPL is a kinetic-based analytical method that predicts the movement of electrons and holes in the sample by measuring the emitted light when electrons and holes are separate and recombined over time. As the charge separates and moves into the CTL, the charge concentration gradient within the perovskite differs, leading to diverse recombination rates. Researchers commonly use optoelectronic analysis to investigate sample properties [39,40,41]. Therefore, we comprehensively investigated the behavior of charge carriers using optoelectronic analysis. As a result, the amount of charge carriers changes due to the difference in illuminated light. These measurements allowed us to observe a broader range of phenomena. We adjusted the film thickness and dopant concentration. Additionally, we performed measurements under various conditions to observe the internal charge density (Figure 1). As depicted in Figure 1, the influence of doping facilities on energy level alignment. This results in reduced recombination of carriers at the interface, assisting their migration toward the HTL layer [42,43]. Additionally, it also influences the mobility of internal charges, thereby resulting in improved efficiency of PSCs [44]. We investigated the correlation between the emitted PL intensity and the incident carrier characteristics depending on the number of excitons transferred. Therefore, these results will create a better understanding of the charge carrier properties and can facilitate the optimization of HTL materials.




2. Materials and Methods


2.1. Materials


Formamidinium iodide (FAI, 99.99%), Methylammonium bromide (MABr, 99.99%), and Methylammonium chloride (MACl, 99.99%) were purchased from GreatCell Solar, Queanbeyan, NSW, Australia. Lead (II) bromide (PbBr2, 99.999%) and 2,2′,7,7′-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene (spiro-OMeTAD, 1225.43 g/mol) were purchased from Lumtec, New Taipei City, Taiwan. Poly(triaryl amine), Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA, Mn 7000–10,000), and 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ, 99%) were purchased from Ossila, Sheffield, UK. Lead(II) iodide (PbI2, 99.99%) and lithium Bis(trifluoromethanesulfonyl)imide (LiTFSi, 98%) were purchased from TCI, Tokyo, Japan. Chlorobenzene (CB, 99.7%), Dimethylformamide (DMF, 99%), Dimethyl sulfoxide (DMSO, 99%), and 4-tert-Butylpyridine (tBP, Mw 135.21) were purchased from Sigma-Aldrich, St. Louis, MO, USA.



Perovskite precursor solution: the FA0.83MA0.17Pb(I0.83Br0.17)3 perovskite films were deposited from a precursor solution containing FAI (32.61 mg), PbI2 (87.45 mg), MABr (1.05 mg), PbBr2 (3.55 mg), and MACl (4.5 mg) in anhydrous DMF (1.2 mL) DMSO (0.15 mL).




2.2. Device Fabrication


The ITO glasses were washed in order with detergent, acetone, ethanol, and deionized water, then ultrasonic-cleaned with detergent and deionized water, acetone, and ethanol for 15 min. After drying in the oven with N2, ITO glasses were treated with UV-ozone for 30 min. Then, the SnO2 solution was spin-coated onto the ITO substrates at 3000 rpm for 30 s; then, the samples were heated on a hotplate at 150 °C for 30 min. The perovskite precursor solution was spin-coated on the SnO2-coated ITO substrates at 3000 rpm for 30 s, and 150 µL ethyl acetate was used as the anti-solvent at 8 s. After that, samples were immediately annealed on a hotplate at 150 °C for 15 min in an N2 filled glovebox. Hole transport material, PTAA solution (14 mg/mL in CB), and spiro-OMeTAD (72.50 mg/mL in CB) were used for HTL precursor and were diluted in CB (100, 50, 33%). They were spin-coated at the top of the perovskite layer at 2000 rpm for 30 s. Finally, Au electrodes (45 nm) were deposited by thermal evaporation under a pressure of 3 × 10−6 torr.




2.3. Doping Methods


Spiro-OMeTAD was doped with LiTFSi (8.75 µL), tBP (13.75 µL), and F4-TCNQ (1 wt%) was used for dopant PTAA was doped with LiTFSi (1.715 µL), tBP (2.8 µL), and F4-TCNQ (1 wt%).




2.4. Measurements and Characterization


Photoluminescence (PL) and time-resolved photoluminescence (TRPL) spectroscopy used a time-correlated single-photon counting module (TCSPC FluoTime 300 by picoquant, GmbH). The PL measured a 10 MHz frequency, 0.0125 uJ/cm2/pulse energy density, and the TRPL measured a 0.2 MHz frequency and 0.011 uJ/cm2/pulse.



The J-V traces were measured using a computer-controlled 2450 Series Keithley source meter in the dark under room temperature and humidity. The P-type structure behaved as a Glass/Au/PTAA/PFN-Br/perovskite/HTL/Au configuration.



The PTAA solution for the bottom hole transport layer was prepared by dissolving 2 mg of PTAA in 1 mL of toluene. We spin-coated at 4500 rpm for 30 s. The PFN-Br was prepared by dissolving 1.5 mg in 1 mL of Methanol and spin-coated at 5000 rpm for 30 s.



Electrochemical impedance spectroscopy (EIS) measurements were performed under dark room conditions using an Autolab 302 N at a DC bias potential of 1.0 V and from 10 mHz to 1 MH. The plots were then fitted using the ThalesXT 5.8.3. The scanning electron microscopy (SEM) images were taken using Merlin Compact, Carl Zeiss (Oberkochen, Germany) microscopes with SmartSEM 5.09 (beam accelerator voltages: 3 keV for cross-sectional images and 3 or 5 kV was used to obtain the surface and cross-sectional morphology views of the perovskite films for the surface morphology). The absorption spectra for the perovskite films prepared on glass/perovskite/HTL layers were measured by UV–vis spectrophotometer UV-red-PMT monochromator (MSH300PQ-0002, picoquant). The J-V measurement was performed under an irradiation intensity of 100 mW cm−2 by Ivium Stat MUM technologies under an Am 1.5 solar stimulator.





3. Results and Discussions


Perovskite thin films were prepared with FA0.83MA0.17Pb(Br0.05I0.95)3 composition using the anti-solvent method. Spiro-OMeTAD and PTAA were used as HTL, and their thicknesses were varied by varying the solution concentration (100, 50, 33%). Subsequently, doping was performed using F4-TCNQ and 4-tert-butylpyridine (tBP) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSi). We altered the condition of HTL, maintaining the same conditions of the absorption layer. The HTL layer thickness was measured using a scanning electron microscope (SEM) provided in Figure A1. Subsequently, optoelectronic measurements were performed. PL measurements provide quantitative data. It is advantageous when comparing charge carrier concentration in samples where hole extraction in the HTL reduces recombination. PL measurements were performed using a 520 nm diode laser LDH-P-C-520 at five laser intensity conditions (1, 5, 10, 50, 100%) because the samples had similar absorption spectra at 520 nm (Figure A2), and it was modulated using an OD filter. The remarkable data were obtained during the measurements (Figure 2). While doping spiro-OMeTAD with data points of more than 10%, the PL intensity reversal phenomenon was observed. This suggests that variations in internal carrier density can affect measurements. Indeed, no PL intensity reversal phenomenon was observed in the pure spiro-OMeTAD film, as shown in Figure 2a–c. On the contrary, when PTAA was used as HTL, no reversal phenomenon of PL intensity was observed in PL measurements even after doping, as we see in Figure 2d–f. In other words, the characteristics of HTL can be measured by changing the internal charge density via PL measurements. Subsequently, we experimented to observe if this phenomenon could occur for two reasons. First, when we measured samples using PTAA as HTL when samples were exposed to even 100% laser intensity, PL intensity showed a consistent pattern across different dopant concentrations and thicknesses. Therefore, it can be inferred that observed differences in PL measurements are due to differences in the material properties between spiro-OMeTAD and PTAA. PL phenomenon of undoped spiro-OMeTAD remained consistent regardless of changes in the carrier concentration. On the other hand, doped spiro-OMeTAD exhibited a clear trend. Based on this data, we hypothesized that this phenomenon in the spiro-OMeTAD sample results from changes in the internal charge carrier density influenced by the presence of the dopants, which led us to proceed with subsequent experiments. TRPL measurements were performed for each sample to evaluate the extraction rate from the absorption layer to HTL. The tri-exponential equation was used for fitting [45,46]. We assumed three mechanisms underlying electron recombination. The fastest decay is attributed to recombination resulting from rapid trapping; the second decay results from recombination at the interface between the absorption layer and HTL, and the last recombination pathway occurs within the bulk perovskite layer [47].
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In this equation, ‘A’ represents the amplitude of each value, and ‘τ’ represents the calculated decay. ‘τ1’, which exhibits the fastest decay, is denoted as rapid recombination, where electrons rapidly recombine with holes due to the trap state. ‘τ2’ corresponds to the decay observed during charge extraction from the perovskite to HTL, and ‘τ3’ refers to the decay interpreted as PL caused by a recombination phenomenon occurring within the bulk perovskite. Figure 3 represents data of the ‘τ2’ values, which allow us to compare the charge extraction rates between all samples based on laser intensity. When we check Figure 3a,b, doped spiro-OMeTAD, tBP, LiTFSi, and F4-TCNQ exhibited faster charge extraction rates across all light intensities. When we check Figure 3a,b, doped spiro-OMeTAD, tBP, LiTFSi, and F4-TCNQ exhibited faster charge extraction rates across all light intensities. Consequently, when PTAA was used as HTL, no reversal of PL intensity was observed. This reversal phenomenon can be interpreted as being caused by the change in properties by doping spiro-OMeTAD. Space-charge limited current (SCLC) measurements were performed to evaluate the unique properties due to doping. This is a suitable method to assess the impact of HTL on reaction rates within the sample. SCLC measurements were performed on hole-only structures utilizing a dark-state measurement configuration (Au/PTAA/PFN:Br/Perovskite/HTL/Au). Pulsed voltage measurements are used to minimize hysteresis. Child’s law was applied in the n = 1 region during SCLC measurements to determine the conductivity [48].
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Here, ‘E’ is the electron charge (=V/L); ‘σ’ represents the charge density; ‘V’ denotes the applied voltage, and ‘L’ is the thickness of the device. Additionally, the values in the n = 2 region can be calculated using Mott–Gurney’s law to determine the mobility.
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‘J’ represents charge density; ‘εr’ denotes dielectric constant; ‘ε0’ is permittivity in free space; ‘µ’ denotes mobility; ‘V’ represents voltage, and ‘L’ is the thickness of the active layer. SCLC measurements allowed us to compare mobility and conductivity values. The results indicate that the trends in mobility and conductivity values are different depending on the type of HTL. First, when we compare the hole mobility values within perovskite (Figure 4a), it is clear that spiro-OMeTAD exhibits higher mobility than PTAA when using the same dopants. Comparing F4-TCNQ and tBP and LiTFSi as dopants, the results show that mobility is faster when F4-TCNQ is used as a dopant in both HTLs (Figure 4). On the contrary, when comparing the conductivity values, it is clear that PTAA exhibits higher conductivity than spiro-OMeTAD. The expression for calculating conductivity can be expressed as follows.
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In this equation, ‘e’ represents the elementary charge; ‘n’ and ‘p’ represent the density of electrons and holes in the perovskite layer; ‘µn’ and ‘µp’ are the average mobilities of electrons and holes. As a result, electron and hole densities are incorporated into this equation, and their conductivities are calculated. After analyzing the SCLC results, we hypothesize that the initial number of internal ions in the absorption layer remained consistent, but a difference in internal ion density occurred due to the extraction holes promoted by HTL. This discrepancy resulted in higher conductivity values when PTAA was used as the HTL compared to spiro-OMeTAD. Furthermore, when we compare the effects of dopants, F4-TCNQ has lower conductivity than using tBP and LiTFSi as dopants, and it also implies that tBP and LiTFSi have higher hole capacitances compared to F4-TCNQ. To confirm whether the difference between the mobility and conductivity values arises from the mismatch in the capacitance of the HTL, electrochemical impedance spectroscopy (EIS) measurements were carried out to determine the concentration holes at the interface. We measured the difference in capacitance and resistance caused by accumulation. Measurements were performed in the frequency range of 10 mHz to 1 MHz under dark room conditions. Analyzing the results, we found that different HTL materials had capacitance values. Comparing the effects of dopants while using the same HTL, it is clear that tBP and LiTFSi exhibit higher capacitances than F4-TCNQ. Furthermore, spiro-OMeTAD exhibits higher capacitance with increasing concentration due to its thicker HTL (Figure 5). This confirms that the conductivity differences observed in SCLC measurements are due to capacitance differences. Furthermore, regarding the resistance value, if there is not enough space for further movement due to the difference in capacitance, holes are expected to accumulate at the surface, increasing the resistance and reducing the device’s efficiency. Therefore, during the PL measurements at laser intensity above 10%, a significant number of excitons are generated, leading to hole accumulation when the HTL capacity is filled, ultimately causing a decrease in efficiency. The charge carrier dynamics studied in this paper are summarized in Figure A4. The number of free carriers is influenced by the intensity of irradiated light, while the mobility is intrinsic to the type of HTL and is further influenced by the degree of doping. When the number of free carriers with high mobility exceeds the hole capacitance of the HTL, holes accumulate at the perovskite/HTL interface (Figure A4h). In this study, we elucidated the recombination process regarding the hole capacity within the HTL material, resulting in suppressing the recombination phenomena at the perovskite/HTL interfaces. Thereby, the increment of charge carrier density in the device prolonged the lifetime of the holes. Since the recombination phenomena are associated with the hole injection, under a well-aligned energy band, we conducted photovoltaic characterizations and measured PCE of PSC devices fabricated with various HTL thicknesses further to evaluate the impact of HTL thicknesses on the device’s performances.



Measurements were conducted under five laser intensity conditions (1, 12.5, 25, 50, 100%) using OD 0.3 and OD 3 filters at an illuminance equivalent to 1 sun and attenuating the light intensity. The device structure was measured in ITO/SnO2/Perovskite/HTL/Au, which is an n-i-p conventional structure. First, using spiro-OMeTAD doped with F4-TCNQ, tBP, and LiTFSi, an efficiency reversal phenomenon is observed at around 10% light intensity compared to PL measurements.



The results can be interpreted as under low light conditions (<12.5%); low concentrations of HTL exhibit high PCE. This efficiency improvement is due to the high mobility and low capacitance confirmed in the previous measurements, and the high efficiency is obtained due to the low concentration of generated charge carriers. Furthermore, at lower light density, no accumulation of holes at the interface occurs due to the lower density of free carriers generated, resulting in faster mobility and sufficient capacitance. However, due to the relative lack of HTL capacitance during measurements, a reversal phenomenon occurred at intensities above 12.5%. At high intensity (>12.5%), hole accumulation occurs at the interface. High concentrations of spiro-OMeTAD with dopants have relatively low mobility and high capacitance, which explains the high PCE at high light intensities (Figure A3). This can be attributed to the EIS measurement results, showing a relatively higher capacitance than spiro-OMeTAD. The consistent trend observed even under relatively high light intensities can be attributed to this factor. Finally, pure spiro-OMeTAD consistently showed relatively lower mobility in relation to PTAA. This reduction in mobility in the undoped spiro-OMeTAD alleviates charge carrier accumulation at the interface. Therefore, it is evident that this confirms the consistent trend observed under all light intensities (Figure 6).




4. Conclusions


In this study, we comprehensively investigated interface charge recombination and charge transport phenomena when different HTLs were applied to the same absorption layer. When predicting charge transport properties under diverse laser intensity, we find that assessment needs to be carefully interpreted, specifically the presence of different charge carrier gradients. We comprehensively demonstrate our approach, assessing the optoelectronic change via PL and TRPL, charge carrier characteristics via SCLC, interface capacitance characteristics via EIS, and practical performance via PCE. After that, we can obtain an accurate understanding of the overall procedure. Generated charge carrier characteristics are different, in particular, the presence of different HTL and diverse charge concentration gradients leading to different recombination rates at the interfaces. Especially doped spiro-OMeTAD shows remarkable PL tendency. When we irradiate the laser over 10% intensity, thinner HTL shows higher PL intensity than thicker HTL. This effect results from accumulating holes at the interface of the HTL/absorption layer because of insufficient capacitance and rapid transfer of holes due to the high gradient of charge carriers. Conversely, PTAA shows a coherent tendency on PL spectra despite being doped due to relatively lower conductivity and higher capacitance in comparison to spiro-OMeTAD and PTAA due to a low concentration gradient. Overall, we show that interfacial phenomena of the HTL/absorption layer depend on the generated charge concentration gradient. However, the reduction in HTL thickness causes an increase in both mobility and conductivity, accompanied by a decrease in hole capacitance. Consequently, efficiency can be increased when the charge density is low, but when the internal charge density is high, hole extraction kinetics and HTL’s capacitance have to be considered to improve the efficiency.







Author Contributions


S.K. conceptualized and designed the overall experiments. S.K. wrote the original draft of the manuscript. W.L. and M.A. provided supervision, writing review, and editing of this work. Z.I. contributed to the discussion and writing of this paper. H.H. and S.Y. participated in formal analysis and data curation. H.S.C. and J.L. provided supervision, sources, funding, writing, and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korean government (MSIT) (No. 2023R1A2C2005172). This work was supported by the Korean Institute of Energy Technology Evaluation and Planning (KETEP) and the Ministry of Trade, Industry, and Energy (MOTIE) of the Republic of Korea (No. RS-2023-00236664).




Data Availability Statement


The data presented in this study are available in the article.




Acknowledgments


We thank the Chungnam National University for providing support for this project.




Conflicts of Interest


There are no conflicts to declare.





Appendix A




[image: Energies 17 02062 g0a1] 





Figure A1. Data from scanning electron microscope (SEM) results to check the change in thickness due to concentration. (a–c) spiro-OMeTAD was used for HTL. (a) The 1.0 concentration of spiro-OMeTAD precursor. (b) 0.5 concentration of spiro-OMeTAD precursor. (c) The 0.33 concentration of spiro-OMeTAD precursor. (d,e) PTAA was used for HTL. (d) The 1.0 concentration of PTAA precursor. (e) The 0.5 concentration of PTAA precursor. (f) The 0.33 concentration of PTAA precursor. (g) Only perovskite layer was measured to ensure thickness. 
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Figure A2. UV-Vis absorption spectra of perovskite thin film. (a) Spiro-OMeTAD (b) PTAA. 
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Figure A3. J-V curves according to the sun. (a,c,e) JV Curve of the Spiro-OMeTAD. (b,d,f) J-V Curve of the PTAA. 
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Figure A4. Schematic diagram of the extraction process of charge carriers in a perovskite/PTAA partial device under various conditions. (a) Undoped PTAA with low light intensity. (b) Doped PTAA with low light intensity. (c) Undoped PTAA with high light intensity. (d) Doped PTAA with high light intensity. (e) Undoped Spiro-OMeTAD with low light intensity. (f) Doped spiro-OMeTAD with high light intensity. (g) Undoped spiro-OMeTAD with high light intensity. (h) Doped spiro-OMeTAD with high light intensity. 
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Figure 1. (a) Schematic diagram of experimental method. (b) Energy band diagram of spiro-OMeTAD and PTAA. 
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Figure 2. PL measurement results according to different conditions of HTL. The 1.0, 0.5, 0.33 mean precursor concentrations of HTL to change thickness. (a–c) PL intensity measurement of Glass/Perovskite/spiro-OMeTAD. (a) W/O dopant. (b) Using tBP and LiTFSi as dopants. (c) Using F4-TCNQ as a dopant. (d–f) PL intensity measurement Glass/Perovskite/PTAA structure. (d) W/O dopant. (e) Using tBP and LiTFSi as dopants. (f) Using F4-TCNQ as a dopant. Spiro-OMeTAD with dopant shows noticeable changes when laser intensity increases. On the contrary, samples with PTAA show a constant tendency regardless of laser intensity. 
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Figure 3. TRPL results of the sample structure with Glass/Perovskite/HTL. The intensity of the irradiated light was 1%, 5%, 10%, 50%, and 100%, the intensity of the light source was changed using an OD filter. During the measurement, the light irradiated at the direction of the film. The τ-value was calculated using the tri-exponential function. Only τ2-value was compared as an indicator that can compare the hole extraction velocity of HTL. (a) Comparison of conditions with a solution concentration of 1.0. (b) Comparison of conditions with a solution concentration of 0.33. The line is not a measured point; it is only for guidance. 
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Figure 4. SCLC measurement values. Concentration refers to changes made to control the thickness of the films. (a) Mobility values of each condition. (b) Conductivity value of the samples with different HTL and doping material. SCLC measurements have been performed for both forward and reverse measurements, and hysteresis is less than 1%. 
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Figure 5. C-F plots of a device with ITO/SnO2/Perovskite/HTL/Au structure with (a) spiro-OMeTAD; (b) PTAA based on different dopants and thicknesses. Measurements were carried out with the frequency condition set to 10 mHz to 1 MHz under darkroom conditions. 
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Figure 6. PCE plots of the device with ITO/SnO2/Perovskite/HTL/Au structure with (a) spiro-OMeTAD and (b) PTAA as HTL. The intensity of the irradiated light placed in the sun (0.01, 0.125, 0.25, 0.5, 1.0) blocks out light by the OD filter. 
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