Small Molecular Organic Hole Transport Layer for Highly Efficient Inverted Perovskite Solar Cells
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Abstract
Generally, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA) is a common choice as hole transport layer (HTL) for the Pb-based inverted perovskite solar cells (PSCs). Both the high cost and the necessity of doping to get proper conductivity are concerns with PTAA. The development of low-cost dopant-free HTLs is desperately required for the commercialization of inverted PSCs. In this research, small molecular organic 4,4',4''-Tris[2-naphthyl(phenyl)amino]triphenylamine (2TNATA) HTL was introduced in the inverted Pb-based PSCs as alternative of expensive PTAA HTL. The perovskite experienced a poor coverage issue on the 2TNATA HTL surface because of the hydrophobic nature of 2TNATA. To resolve this challenge, a rough textured surface of the 2TNATA (E-2TNATA) was formed by simple solvent etching technique. The perovskite coverage on the E-2TNATA surface was remarkably improved. A very compact and almost pinholes free layer of perovskite on E-2TNATA surface was formed. As a result, an outstanding power conversion efficiency (PCE) of 20.58% was observed from the E-2TNATA HTL based small area (0.09 cm2) PSCs. The stability and performance of the E-2TNATA HTL based PSCs were comparable with PTAA HTL based PSCs. In addition, the E-2TNATA HTL based large area (1.0 cm2) PSCs exhibited the highest PCE of 20.04%.
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1. Introduction
Perovskite solar cells (PSCs) have gained immense interest from the photovoltaic research community due to their outstanding optoelectronic properties and simplicity in processing.[1,2] In recent years, single-junction lead (Pb) based PSCs have progressed very rapidly and attained a certified efficiency of 26.1%.[3,4] The perovskite solar cell has two type of structures such as conventional (n-i-p) and inverted (p-i-n) structures. The efficiency of the n-i-p and p-i-n structures Pb-based PSCs is nearly identical at this stage of PSC development. 
In n-i-p structures, the bottom electron transport layer (ETL) regulates the crystalline growth of the perovskite layer. TiO2,[5–7] ZnO[8–11] and SnO2[12–15] are the widely used ETLs in n-i-p structure PSCs. There are a couple of problems with these ETLs such as (i) need a high annealing temperature and (ii) hysteresis is frequently observed in the n-i-p structure of these ETLs based PSCs.[12,16] Besides, the very expensive 2,2',7,7'-Tetrakis(N,N-di-p-methoxyphenylamino)-9,9'-spirobifluorene (Spiro-MeOTAD) with several dopants is mostly used as hole transport layer (HTL) in the highly efficient n-i-p PSCs which is one of the barrier for long term stability and commercialization of the n-i-p PSCs.[17,18] 
The p-i-n structure PSCs provide numerous benefits over conventional n-i-p PSCs. The fabrication procedures for p-i-n PSCs are more straightforward and do not necessitate the use of high-temperature annealing for charge transporting layers.[19] Moreover, most of the inverted p-i-n PSCs exhibit very small hysteresis effect.[20,21] The dopant free HTLs with low hole mobility are compatible in the p-i-n structure because of the use of ultra-thin HTL in p-i-n PSCs.[22] The HTL plays a significant role in the device performance and stability of the p-i-n PSCs. Because the growth of perovskite layer is critically dependent on the bottom HTL substrate. Therefore, development of an appropriate HTL is one of the essential parts of the fabrication of efficient and stable p-i-n PSCs.
In inverted p-i-n Pb-based PSCs, nickel oxide (NiOx),[23–25] self-assembled monolayers (SAMs),[4,26] poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),[27,28] and poly[bis(4-phenyl) (2,4,6-trimethylphenyl) amine] (PTAA)[21,29–33] have been mostly researched. NiOx is researched as HTL in Pb-based PSCs because of low cost, simple solution processibility, high hole mobility and wide band gap (3.6 – 4.0 eV).[34–36] Typically, the origin of high hole mobility of NiOx is the higher Ni3+ than Ni2+.[35]  The presence of higher Ni3+ at the HTL/perovskite interface accelerates the deprotonation reaction between the perovskite halides and Ni3+ which degrades the device performance and stability.[37,38] Recently, few research groups have reported the expensive SAM based HTL in p-i-n PSCs with impressive performance.[4,39] Nevertheless, SAM based HTL poses challenges of photothermal stability and low reproducibility due to the insufficient wettability of perovskite precursor on SAM layer.[22,40] Besides, SAMs need seed layer for improving the adsorption on substrates which increase the fabrication complexity.[41,42] PEDOT:PSS is researched in different perovskite materials based p-i-n PSCs.[28,43–46] Unfortunately, the high valence band offset (VBO) between the PEDOT:PSS and Pb-perovskite causes the high open circuit voltage (VOC) loss.[28,46] In addition, the acidic nature of PEDOT:PSS deteriorate the perovskite layer at the HTL/perovskite interface which inhibit the device long term stability.[1,47] Among other HTLs, PTAA is the most often employed HTL in Pb-based p-i-n PSCs because to its good durability.[32,48] However, the hydrophobic nature of PTAA makes perovskite layer difficult to cover sufficiently which limits the fabrication of large area device.[33,49] Besides, PTAA is very expensive and undoped PTAA suffers from low fill factor (FF) issue.[50,51] To improve the FF, 2,3,5,6-tetrafluoro7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) is commonly used in PTAA.[50,51] F4-TCNQ from PTAA surface can accelerate the perovskite damage at PTAA/perovskite interface and degrade the stability of PSCs.[52]
Currently, dopant free, inexpensive organic HTLs become research interest in the inverted PSCs as alternative of PTAA.[53,54] To date, organic HTLs from different structural molecular groups were extensively researched in the inverted PSCs.[19,22] Although the small molecular HTLs can be processed at very low temperature and don’t associate with the sophisticated synthesis process, only a few research works were conducted on the phenyl amine-phenyl based small molecular HTL materials.[55,56] The phenyl amine-phenyl based small molecular material 4,4',4''-Tris[2-naphthyl(phenyl)amino]triphenylamine (2TNATA) could be a potential HTL in inverted PSCs due to its suitable HOMO energy level with the perovskite. Furthermore, 2TNATA is much cheaper than PTAA and poses high hole conductivity.[57,58] 2TNATA is a widely used hole injection layer (HIL) in the organic light emitting diodes.[59–61] So far, 2TNATA has not been studied in PSCs. Therefore, detailed research could reveal the potential of 2TNATA as a HTL in the inverted PSCs.
In this research, 2TNATA was researched as HTL in the inverted Pb-based PSCs. Poor coverage of the perovskite was observed on the 2TNATA HTL surface due to the hydrophobic nature of the 2TNATA. Previous studies showed that perovskite coverage could be improved on rough textured HTL surface.[62,63] Inspired by the previous studies, a rough texture surface of 2TNATA was formed by solvent etching technique which surprisingly resolved the perovskite coverage problem on 2TNATA HTL surface and facilitated to fabricate large area (1.0 cm2) PSCs with PCE of 20.04%.
2. Results and discussion
In this study, small molecular organic material 2TNATA was researched for the inverted Pb-based PSCs as HTL. The energy band level of the 2TNATA and PTAA material was confirmed by the ultraviolet photoelectron spectroscopy (UPS) analysis. From UPS spectra shown in Figure 1(a,b), HOMO energy level of the 2TNATA and PTAA have been estimated to be around -5.06 eV and -5.13 eV, respectively. The energy diagram shown Figure 1(c) indicates that the HOMO level of 2TNATA is more suitably matched with the perovskite layer compared to the PEDOT:PSS[64] and PTAA. Therefore, 2-TNATA could be a potential candidate as HTL for the inverted Pb-based PSCs.


Figure 1: UPS spectra of (a) 2TNATA and (b) PTAA. (c) energy diagram of different HTLs and perovskite. (d) chemical structure of 2TNATA.

The performance of the inverted Pb-based PSCs was optimized with different deposition conditions of the 2TNATA HTL (Figure S1). However, due to the hydrophobic nature of the 2TNATA, the perovskite wettability is very poor on the 2TNATA surface. The solvent etching technique was experimented on 2TNATA surface (E-2TNATA) to form rough textured surface to improve the wettability of perovskite. Atomic force microscopy (AFM) and water contact angle (WCA) study instruments were utilized for the analysis of surface properties of the 2TNATA and E-TNATA samples (depicted in Figure 2). From Figure 2(a), it is observed that the FTO roughness is ~27.4 nm. As observed from Figure 1(b,c), the roughness of 2TNATA HTL deposited on FTO substrate was ~6.3 nm, while roughness of E-2TNATA was increased to 25.2 nm which is almost comparable to that of FTO roughness, indicating that a very thin and rough textured layer of 2TNATA was formed in E-2TNATA HTL. The cross section scanning electron microscope (SEM) images and transmittance spectra depicted in Figure S4 are aligned with the AFM results. 


Figure 2: AFM image of the (a) FTO, (b) 2TNATA on FTO and (c) E-2TNATA on FTO. (d) Schematic illustration of 2TNATA HTL, (e) WCA on 2TNATA HTL and (f) optical image of perovskite deposited on 2TNATA HTL. (g) Schematic illustration of E-2TNATA HTL, (h) WCA on E-2TNATA HTL and (i) optical image of perovskite deposited on E-2TNATA HTL.
Figure 2(d-i) illustrate the schematics of the 2TNATA and E-2TNATA HTLs, the water contact angle (WCA) on 2TNATA and E-2TNATA HTLs, and optical image of perovskite coverage on the 2TNATA and E-2TNATA HTLs. The Wenzel equation describes the correlation between liquid wettability and surface roughness of solid material.[62]

Where, θ* is apparent contact angle. r is the roughness factor. θ is the intrinsic contact angle. As roughness (r) increases, the apparent contact angle (θ*) decreases, suggesting that wettability increases as well. It was observed that the WCA of around 98.3° on the 2TNATA HTL surface and poor coverage of perovskite layer on 2TNATA HTL surface. Meanwhile, the WCA decreased to 63.4° on the E-2TNATA HTL surface and significantly improved the coverage of perovskite on the E-2TNATA HTL surface. The perovskite coverage on HTL surface is an important factor which may affect the quality of perovskite and HTL/perovskite interface.[52]


Figure 3: XPS spectra of N 1s of the (a) 2TNATA and (b) E-2TNATA HTL. XPS spectra of Sn 3d of the (c) 2TNATA HTL, (d) FTO and E-2TNATA HTL.
The elemental compositions of the FTO, 2TNATA HTL and E-2TNATA HTL were studied by the X-ray photoelectron spectroscopy (XPS). The N 1s peak of Figure 3(a-b) confirmed the presence of 2-TNATA molecule in both 2TNATA and E-2TNATA samples. The reduced peak intensity of N 1s peak of the E-2TNATA samples suggests that the thickness was extensively reduced after solvent etching. Besides, Figure 3(c-d) indicate that the Sn 3d peak intensity of the 2TNATA was significantly reduced compared to the FTO sample. Meanwhile, the Sn 3d peak intensity of E-2TNATA was significantly increased compared to the 2TNATA but lower than the FTO sample. These results also indicate that a very thin layer of 2TNATA was formed in E-2TNATA which is consistent with the AFM results and cross section SEM image (Figure S2(a-b)).


Figure 4: XRD analysis of perovskite deposited on PEDOT:PSS, PTAA and E-2TNATA HTLs.
To study the crystallographic properties perovskite grown on different HTLs (PEDOT:PSS, PTAA and E-2TNATA), the X-ray diffraction (XRD) analysis was conducted (shown in Figure 4). The highly intense characteristic peak positioned at around 14.1° of perovskite deposited on PTAA and E-2TNATA is sharper than perovskite deposited on PEDOT:PSS, which indicates better crystallinity of perovskite on PTAA and E-2TNATA HTLs. The hydrophobicity might be the reason for good crystallinity of perovskite on PTAA and E-2TNATA HTLs.[65] The crystallographic properties of perovskite deposited on different HTLs were calculated from the Halder–Wagner plot (Figure S3) and listed in Table S1. From Table S1, it is observed that the perovskite deposited on E-2TNATA exhibited lowest lattice strain than other samples. The perovskite layer bottom layer surface roughness has a significant impact on perovskite crystal quality.[66,67] The reduction of residual stress from the rough surface bottom layer might be the origin of lower lattice strain of perovskite on E-2TNATA than other samples. The low lattice strain is beneficial for the good carrier mobility and performance of the PSCs.[68]


Figure 5: Surface SEM image of perovskite on (a) PEDOT:PSS, (b) PTAA, and (c) E-2TNATA HTLs. J-V characteristics of (d) PEDOT:PSS, (e) PTAA, and (f) E-2TNATA HTLs based hole only devices.
 To investigate the surface morphology of the perovskite on PEDOT:PSS, PTAA, and E-2TNATA HTLs, SEM was employed and illustrated in Figure 5(a-c). From the SEM images, the distribution of grain size was estimated and shown in Figure S4. The average grain size of perovskite on PEDOT:PSS is very smaller than the perovskite on PTAA and E-2TNATA which is consistent with the XRD results. The average grain size of perovskite on PTAA and E-2TNATA is almost similar. The perovskite on E-2TNATA HTL consists very compact grains and pinholes free, while less compact grains and some micro pinholes were observed in perovskite on PTAA HTL. The good coverage of perovskite layer on E-2TNATA surface might help to form very compact grains by preventing the formation of voids in perovskite.[69] These defects suppression is advantageous for the interface carrier transport efficiency in PSCs. To get more information about the defects density (Nt), the hole only devices were fabricated using PEDOT:PSS, PTAA and E-2TNATA HTLs. Figure 5(d-f) shows the dark J-V characteristics of the hole only devices. From the graph displayed in Figure 5(d-f), the trap-filling limit voltage (VTFL) of 1.23, 1.13 and 0.98 V were found from the PEDOT:PSS, PTAA and E-2TNATA HTLs based hole only devices, respectively from the intersect point of ohmic conduction and the trap-filling regions. From the equation (2), the Nt was calculated using the VTFL values.

Where, ε𝐨 is vacuum dielectric constant, ε is perovskite dielectric constant, VTFL is trap filled limit voltage, L is perovskite thickness and e is electron elementary charge. The Nt value of around 2.29×1016, 2.11×1016 and 1.83×1016 cm-3 were calculated from the PEDOT:PSS, PTAA and E-2TNATA HTLs based hole only devices, respectively. The higher Nt value of the PEDOT:PSS based hole only device might be due to the higher number grain boundaries in perovskite on PEDOT:PSS. The E-2TNATA based hole only devices showed lower Nt value compared to PTAA based hole only devices, indicates the lower buried interface defects in E-2TNATA/perovskite interface. The good coverage of perovskite layer on E-2TNATA might have reduced the buried interface defects. The HTL/perovskite interface with fewer defects is advantageous for the performance and stability of the PSCs.[70,71]
The findings of steady-state photoluminescence (PL) measurements of the perovskite grown on different substrates are illustrated in Figure 6(a). The highest PL quenching of perovskite on FTO/E-2TNATA was observed, indicates the faster of carrier transfer at E-2TNATA/perovskite interface. The suitable HOMO level of E-2TNATA with perovskite and high effective area at E-2TNATA/perovskite interface due to high roughness of E-2TNATA might accelerated the carrier transfer at E-2TNATA/perovskite interface. 


Figure 6: (a) steady-state PL spectra of the perovskite deposited on FTO, FTO/PEDOT:PSS, FTO/PTAA and FTO/E-2TNATA. (b) Mott-Schottky plot, (c) Nyquist plots and (d) TPV of the PEDOT:PSS, PTAA and E-2TNATA HTLs based PSCs.
The Mott-Schottky plot was analysed for understanding about the carrier kinetics of different HTLs based PSCs. Figure 6(b) shows that the E-2TNATA HTL based PSCs exhibited higher build in potential (Vbi) than other devices. The higher Vbi is advantageous for the carrier transport kinetics in the PSCs.[72,73] To understand more about the carrier transport properties of different HTLs based PSCs, the electrochemical impedance spectroscopy (EIS) was utilized. An applied bias condition of 0.5 V with amplitude of 40 mV was used to obtain the Nyquist plot. The low frequency region of Nyquist plot is associated with recombination resistance (Rrec). From Figure 6(c), it is observed that the E-2TNATA HTL based PSCs showed highest Rrec than other devices, which implies that the E-2TNATA HTL based PSCs poses less interface recombination rate and higher carrier transport efficiency. For further information about the charge kinetics, the transient photovoltage (TPV) decay analysis of the PSCs was conducted. As observed from the Figure 6(d), the photovoltage decay time is longer for the E-2TNATA HTL based PSCs than the other HTLs based PSCs. The slow decay of TPV indicates the high carrier lifetime and low interface recombination rate in PSCs.[12]


Figure 7. (a) Schematic diagram of inverted PSCs. J-V characteristics of (b) PEDOT:PSS, (c) PTAA, and (d) E-2TNATA HTLs based PSCs (area = 0.09 cm2).  (e) EQE and corresponding integrated JSC of PEDOT:PSS, PTAA and E-2TNATA HTLs based PSCs. (f-i) Statistical distribution of the photovoltaic parameters of the 2TNATA and E-2TNATA HTLs based PSCs under reverse scan (area = 0.09 cm2). (j) J-V characteristics of the E-2TNATA HTL based large area (1.0 cm2) PSCs (under reverse scan). (k) long term storage stability the PTAA and E-2TNATA HTLs based unencapsulated PSCs. (l) MPPT analysis of the unencapsulated PTAA and E-2TNATA HTLs based PSCs at temperature of ~27°C and RH of ~70%.
Table 1: Photovoltaic parameters of the PTAA, planar and textured HTL based best PSCs (area = 0.09 cm2).
	HTL
	Scan
	PCE (%)
	VOC (V)
	JSC (mA/cm2)
	FF (%)

	PEDOT:PSS
	forward
	13.07
	0.90
	19.31
	74.49

	
	reverse
	14.35
	0.91
	19.71
	79.85

	PTAA
	forward
	18.19
	1.06
	23.21
	73.77

	
	reverse
	19.36
	1.08
	22.49
	79.23

	E-2TNATA
	forward
	20.38
	1.07
	23.49
	80.96

	
	reverse
	20.58
	1.09
	23.11
	81.91



Figure 7(a) shows the schematic diagram of inverted PSCs. The photovoltaic performance of the PEDOT:PSS, PTAA and E-2TNATA HTLs based inverted PSCs was studied. The J-V characteristics of PEDOT:PSS, PTAA and E-2TNATA HTLs based best PSCs (area = 0.09 cm2) are depicted in Figure 7(b-d). The photovoltaic parameters of the PSCs are summarized in Table 1. All devices showed highest performance under reverse scan. From the PEDOT:PSS HTL based PSCs, the highest PCE of 14.35% with open circuit voltage (VOC) of 0.91 V, short circuit current density (JSC) of 19.71 mA/cm2 and fill factor (FF) of 79.85% was obtained. The PTAA HTL based PSCs exhibited the highest PCE of 19.36% with VOC, JSC and FF of 1.08 V, 22.49 mA/cm2 and 79.23%, respectively. While the E-2TNATA HTL based PSCs showed the best PCE of 20.58% with VOC, JSC and FF of 1.09 V, 23.11 mA/cm2 and 81.91%, respectively. The measured JSC of the PSCs is consisted with the integrated JSC calculated from the external quantum efficiency (EQE) spectra shown in Figure 7(e). Among all devices, the PEDOT:PSS HTL based PSCs showed very low VOC and JSC which might be due to the low crystallinity and large valence band offset at PEDOT:PSS/perovskite interface. Although the performance of PTAA and E-2TNATA HTLs based PSCs is almost similar comparable, the VOC, JSC and FF of the E-2TNATA HTL based PSCs is slightly better than the PTAA HTL based PSCs. The perovskite on E-2TNATA consists of more compact grains and almost pinholes free compared to the perovskite on PTAA might be the origin of better VOC, JSC and FF of the E-2TNATA HTL based PSCs. The statistical distribution of the photovoltaic parameters of the 2TNATA and E-2TNATA HTLs based PSCs are shown in Figure 7(f-i). The E-2TNATA HTLs based PSCs showed lower standard deviation of the photovoltaic parameters than 2TNATA HTLs based PSCs, indicating comparatively better reproducibility of the E-2TNATA HTLs based PSCs than 2TNATA HTLs based PSCs. The uniform coverage of E-2TNATA on FTO as well as good coverage of perovskite layer on E-2TNATA surface might be the reason for better reproducibility of the E-2TNATA HTLs based PSCs. Taking advantage of good coverage of perovskite layer on E-2TNATA surface, E-2TNATA based large area (1.0 cm2) PSCs were fabricated. It is observed from Figure 7(j) that the E-2TNATA based 1.0 cm2 PSCs showed the highest PCE of 20.04% with VOC, JSC and FF of 1.09 V, 23.78 mA/cm2 and 77.28%, respectively. As observed from Figure S5, the measured JSC is consistent with the integrated JSC calculated from the external quantum efficiency (EQE) spectra. The performance of the E-2TNATA HTL based large area (1.0 cm2) PSCs is very close to the performance of small area (0.09 cm2) PSCs, implies the uniform formation of E-2TNATA and perovskite layers. The long-term storage stability of the PTAA and E-2TNATA HTLs based PSCs was observed by storing the unencapsulated devices in N2 filled glove box at relative humidity (RH) of ~25% and temperature of ~26 °C. The performance of the unencapsulated devices was measured in the open air at RH of ~50% and temperature of ~26 °C. It is seen from Figure 7(k) that the storage stability of the E-2TNATA HTL based PSCs flowed almost similar trend of PTAA HTL based PSCs. The maximum power point tracking (MPPT) of the unencapsulated PSCs was conducted under continuous illumination in open air conditions (at ~27°C and RH of ~70%). From Figure 7(l), it is also observed that the E-2TNATA and PTAA HTLs based PSCs showed similar trend of stability under MPPT measurement. Therefore, these findings revealed the possibility of E-2TNATA HTL for the low-cost, highly efficient inverted PSCs as an alternative of expensive PTAA HTL.
Conclusions
In the presented study, 2TNATA a dopant small molecular organic HTL was researched in the inverted Pb-based PSCs. A very thin, rough textured layer of the hydrophobic 2TNATA (E-2TNATA) was formed by solvent etching technique to solve the perovskite coverage problem on the 2TNATA HTL surface. The coverage of the perovskite remarkably improved on the rough textured 2TNATA HTL surface. As a result, an impressive PCE of 20.58% was observed from the E-2TNATA HTL based PSCs. Besides, the E-2TNATA HTL based PSCs showed nearly similar stability to PTAA HTL based PSCs. These findings indicate that E-2TNATA could be a potential HTL for low-cost, highly efficient inverted PSCs as alternative of PTAA.
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