Molecular engineering of hole selective layer for high bandgap perovskites for highly efficient and stable perovskite-silicon tandem solar cells
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SUMMARY

In this work, a novel carbazole-based SAM (Ph-2PACz) was developed for facilitating efficient hole extraction and suppressing carrier recombination in high bandgap (1.67 eV) perovskites for single junction and tandem cell demonstrations. The champion 21.3% efficient 1.67 eV cell produced high fill factor (FF) of 82.6% and open-circuit voltage (VOC) of 1.26V representing low bandgap-voltage offset at 0.41 V. When Ph-2PACz was applied to the top perovskite cell for a monolithic perovskite-Si tandem, a PCE of 28.9% (on 1cm2) and a VOC of 1.91V was obtained. When encapsulated, a tandem cell demonstrated excellent stability under continuous 1 sun illumination (680h) and Damp-Heat (280 h at 85°C + 85% relative humidity) and passed the International Electrotechnical Commission (IEC) 61215 61215 Thermal Cycling (200 cycles between -40°C and 85°C) test retaining 98.8% of initial PCE.
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INTRODUCTION
Hybrid organic-inorganic metal halide perovskite solar cells (PSCs) have attracted immense research interest in recent years1. They have experienced the most rapid rate of efficiency improvement amongst all photovoltaic technologies due to their excellent absorption co-efficient,2 defect-tolerance,3 good carrier lifetime and diffusion length,4 and ease of fabrication.5,6 Recently, the certified power conversion efficiency (PCE) of the best PSC has reached 26.1%7 approaching the theoretical limit for single-junction solar cells at 33.8%,8 leaving small headroom for improvements. To surpass this efficiency limit of single junction cells, integrating a high bandgap perovskite with a suitably low bandgap photovoltaic material, such as crystalline silicon (c-Si), copper indium gallium diselenide (CIGS), organic photovoltaics (OPV), or perovskites has been proven to be an effective and promising method mitigating thermalization and sub-bandgap-absorption losses. Such double-junction solar cell concept has a higher theoretical limit at 45%.8 Among various double-junction perovskite tandem technologies, perovskite-Si tandem is one of the most promising and most researched approach as the certified PCE of the best device has recently reached 33.7%.7
High bandgap PSC (~ 1.67eV) is a suitable top cell for high performance perovskite-silicon tandems to achieve output current matching.9,10  However, these high-bandgap PSCs suffer from higher bandgap-voltage offset, WOC (= Eth/q – VOC where Eth is the absorption edge, loosely defined as “bandgap”, and q is elementary charge) compared to mid-bandgap (e.g. 1.5eV)  PSCs.11 The large WOC in high bandgap PSCs can be attributed to phase segregation,12,13 non-radiative recombination,14 and energetic misalignment between the perovskite and charge selective layers.15,16 For the first two issues, pure-iodide perovskites17 and passivations18 have been developed to supress phase segregation and non-radiative recombination, respectively.19-22 In terms of electron selective material, indence-C60 bisadduct (ICBA), with shallow energy level has been utilized in high bandgap PSCs to minimize WOC.23 In terms of hole selective material, the most commonly used ones based on poly[bis(4-phenyl) (2,4,6-trime-thylphenyl) amine] (PTAA), poly[N,N'-bis(4-butylphenyl)-N,N'-bis(phenyl)-benzi (Poly-TPD), poly(3,4-ethylendioxythiphene):poly (styrenesulfonate) (PEDOT:PSS) and NiOX suffer from energy band misalignment with high bandgap perovskites, thus resulting in severe WOC.16,24-27 To overcome this, self-assembled monolayers (SAM’s) have emerged as effective hole selective layers (HSL) 28-30. SAM typically consists of an anchoring group; a spacer; and a terminal group. The choices available for these groups allow for a large design space for functionalities. SAM-HSL’s also have other advantages such as low material consumption, better wettability, and defect passivation.15,16  Typical terminal groups that have recently been used for high performance perovskite cell demonstrations include carbazole31, phenothiazine,32 and spiro-acid33 (spiro = spirobifluorence). Additional interfacial material properties can also be achieved by using different anchoring groups.34 Carbazole-based SAM-HSL’s have emerged due to their respectable stability,35 energy level alignment with perovskites15,16  and they are “electron rich” favouring hole-selectivity.31 One of the earlier reports involved the use of (2-{3,6-bis[bis(4-methoxyphenyl)amino]-9H-carbazol-9-yl}ethyl)phosphonic acid (V1036) and  butylphosphonic acid (C4) as a hole selective contact in p-i-n PSCs producing a PCE of 17.8%.36 Following that, newer SAM-HSL’s, including [2-(9H-carbazol-9-yl) ethyl] phosphonic acid (2PACz), [2-(3,6-Dimethoxy-9H-carbazol-9-yl) ethyl] phosphonic acid (MeO-2PAcz) and 4-(3,6-dimethylcarbazol-9-yl) butyl phosphonic acid (Me-4PACz) were developed to achieve better energy alignment (e.g., favouring cascaded charge transfer37,38) with perovskite or for fast hole extraction for high bandgap PSCs and thus greatly enhancing their performance, typically their VOC and fill factor (FF).15,16,32,39The molecular structures in the terminal group used in these report can limit charge transfer due to the lower density of delocalization electrons. Additionally, it is also challenging to obtain a full coverage of perovskite on some of these SAMs.16,40 Therefore, rational design of SAM-HSL is highly desired to improve charge transport along with suppressing non-radiative recombination. This can be achieved by an extended conjugated system, 40,41 allowing for delocalization of electron which can also lead to an energetic stabilization of the molecules, thus improving material stability.29 Therefore, in this work, we develop a new carbazole SAM-HSL based on (2-(3,6-diphenyl-9H-carbazol-9-yl) ethyl) phosphonic acid (Ph-2PACz) by introducing two benzene rings to create an extended conjugated system. The contorted structure of the carbazole derivant (3,6-Diphenyl-9H-carbazole) in the Ph-2PACz weakens π-π intermolecular interaction thereby favouring self-assembly.42 As a result, a PCE of 21.3% with a VOC of 1.26 V and a FF of 82.6% was achieved by the champion 1.67eV p-i-n ITO/Ph-2PACz/Cs0.15FA0.65MA0.2Pb(I0.8Br0.2)3/LiF/C60/BCP/Cu PSC. These values are higher than the 1.68 eV PSC based on Me-4PACz SAM-HSL previously reported. 16 We further demonstrated monolithic perovskite-Si tandem solar cells using the novel Ph-2PACz. The champion device produced a PCE of 28.9% with a VOC of 1.91V which is one of the highest values amongst demonstrated perovskite-Si tandems. In addition, the encapsulated Ph-2PACz tandem device showed improved light, thermal and moisture stability when compared with their PTAA and 2PACz based counterparts. Notably, the encapsulated Ph-2PACz based perovskite-Si tandem device passed the IEC 61215 2021 Thermal Cycling test (-40 ℃ <->85 ℃) retaining 98.8% of its initial PCE after 200 cycles.

RESULTS AND DISCUSSION 

In this work, three different hole selective layers were employed for 1.67 eV p-i-n PSCs. They were the widely used PTAA, commercially available SAM 2PACz,43 and newly developed and synthesised SAM Ph-2PACz. Their respective molecular structures are shown in Figure 1a. Compared with 2PACz, benzene rings were introduced into the Ph-2PACz to the opposite ends of the carbazole moiety. Details of the Ph-2PACz including synthetic pathways (Figure S1), nuclear magnetic resonance spectra (Figures S2-S4), differential scanning calorimetry (DSC) (Figure S5), and thermalgravimetric (TGA) analysis (Figure S6) can be found in the Supplementary Information. The electrostatic surface potentials (ESPs) 44 of the three HSLs in Figure 1b show that carbazole of Ph-2PACz has lower charge density than that of 2PACz. This delocalization effect due the presence of the extra benzene rings in Ph-2PACz,45 is beneficial for charge transfer and collection.46 
To further investigate their intermolecular π-π interaction, the single-crystal structures of 9H-carbazole (2PACz) and 3,6-Diphenyl-9H-carbazole obtained from CCDC database,47-49 are shown in Figure S7. 3,6-Diphenyl-9H-carbazole with a twisted structure exhibits a slightly larger intermolecular distance, weakening the π-π interaction and the associated undesirable aggregation,50 favouring self-assembly resulting in more uniform surface potential (Figure S8).
The conductivities of the HSL were also determined (Figure S9). Ph-2PACz was 16 to 18% more conductive than PTAA or 2PACz. 
Ultra-violet photoelectron spectroscopy (UPS) and absorption measurement were performed on the HSL’s and the perovskite absorber to determine their fermi levels and their highest occupied molecular orbital (HOMO) for the HSL’s or valance band maximum (VBM) for the perovskite. Results are shown in Figure S10. Furthermore, absorption measurements were performed on the HSL’s to determine their optical bandgaps (Figures S11). It is important to note that while similar values to previously reported ones15,16 can be obtained when measuring the HSL’s in liquid phases (Figures S11b), a common practice in these reports,15,16 we use values obtained from solid phase (Figures S11a) (albeit higher) HSL’s, a more realistic case for solar cells. To determine the absorption threshold of the perovskite absorber, differential of the EQE was calculated (Figure S12).51 These values were then used to determine the lowest unoccupied molecular orbital (LUMO) levels of the solid HSLs or the CBM (conduction band minimum) for the perovskite. The energy levels are summarized in Figure 1c. 
As expected, all HSLs used are p-type. The HOMO levels of PTAA and 2PACz are similar to those previously reported.15,16 The LUMO values obtained here are different from those in previously reported ones15,16 whereby bandgaps of HSL’s in liquid phases were used to help determine the LUMO levels. Again, we use bandgaps of solid HSL’s, for determining LUMO values, a more realistic case for solar cells. The perovskite is more n-type than expected due to the presence of PEAI52,53 (see details under Device Fabrication and Figures S10 d & e in the Supporting Information). 
The HOMO levels of the SAM-HSL’s were also calculated using density functional theory (DFT). Results shown in Figure S13 show similar trends to experimental determined ones (values with respect to Evac listed in caption of  Figure 1). In terms of band-offsets between the HSL HOMO and the perovskite VBM, they are the lowest for PTAA and Ph-2PACz (Figure 1c). Reason for better than expected15,16 performance of PTAA compared to 2PACz is the post-PTAA-deposition DMF treatment used (see details under Device Fabrication in the Supporting Information) that improved the wettability for the perovskite film on the PTAA54. This therefore improves the associated interface for better charge extraction which will be reflected in results in Figures 3 g & h when comparing PTAA with 2PACz cells. Nevertheless, the effectiveness of introducing benzene rings for lowering band-offset can be seen when comparing Ph-2PACz with 2PACz (Figure 1c). Added advantage of SAM-HSLs is shown in their UV-vis absorption spectra (Figure 1d) with reduced absorption in the UV region compared with PTAA, thereby reducing optical losses in the complete solar devices.
To investigate the surface properties of SAMs, high-resolution X-ray photoelectron spectroscopy (HR-XPS) was performed. Results in Figure 2 show the XPS spectra for C 1s, N 1s, P 2p, and O 1s for 2PACz and Ph-2PAcz deposited onto ITO substrates. The two SAMs display similar characterization peaks indicative of similar molecular structure. However, for Ph-2PACz compared to 2PACz, we can observe shifting of the N 1s peak towards lower binding energies and P 2p and O 1s peak shifts towards higher binding energies indicative of changes in charge distribution.55 To verify this, we calculated Mulliken charge of the molecular atoms of 2PACz and Ph-2PACz. Results listed in Table S1 show that the N atom in Ph-2PACz is more negative while the P and O atoms are more positive compared to 2PACz. The findings are in good agreement with the XPS results.
Contacting angle measurement of the three HSLs was also performed to evaluate the wettability of HSLs for subsequent perovskite film deposition. Results (Figure S14) show a dramatic reduction in contact angle for the 2PACz and Ph-2PACz films – reduced from 84.6° for PTAA to 40.7°and 38.7°, for 2PACz and Ph-2PACz, respectively. This is desirable for better perovskite coverage in subsequent fabrication step as confirmed by cross-section scanning electron microscopy (SEM) images of the perovskite films deposited on the three HSLs. Results in Figure S15 show more uniform perovskite films with larger grains when deposited on 2PACz or Ph-2PACz compared with the film on PTAA. X-ray diffraction (XRD) results in Figure S16 revealed smaller amount of residual PbI2 in the perovskite film deposited on Ph-2PACz. 
Encouraged by the improved perovskite film quality deposited onto Ph-2PACz, we further fabricated 1.67eV p-i-n PSC device with a structure of ITO/HSL/Cs0.15FA0.65MA0.2Pb(I0.8Br0.2)3/LiF/C60/BCP/Cu (Figure 3a) to study the influence of the different HSLs on device performance. Distribution of electrical characteristics of multiple devices of each type are shown in Figures 3d-i while Figure 3b and Table 1 summarises the light J-V characteristics of the champion devices. Ph-2PACz-based devices produced ~3% absolute efficiency enhancement compared with PTAA-based and 2PACz-based devices. This is due to improved VOC (8% and 5% relative improvements compared with PTAA and 2PACz devices, respectively) and FF (9% and 13% relative enhancements compared with PTAA and 2PACz devices, respectively). The latter is due to significant reduction in series resistance (RS) in Ph-2PACz-based devices (Figure 3h). The elimination of UV parasitic absorption (otherwise present in the PTAA-based devices) in the 2PACz and Ph-2PACz devices also contribute to improved JSC and therefore device performance. Impressively, the 21.3% champion cell produced a VOC of 1.26V and a FF of 82.6%, which are the highest for any 1.67 eV bandgap PSCs to-date (Table S2 and Figure S17).56 The bandgap-voltage offset at 0.41 V is one of the lowest for any >1.67 eV PSCs with a record efficiency (Figure S18).

To gain insights into the underlying mechanism of enhanced device performance with Ph-2PACz, various characterisations on perovskite films deposited on PTAA, 2PACz and Ph-2PACz (Figure 4a) and on actual PSCs with PTAA, 2PACz and Ph-2PACz as hole selective layers (Figures 4b-f) were performed.  
Steady-state photoluminescence (PL) (Figure S19) and time-resolved photoluminescence (TRPL) (Figure 4a & Table S3) measurement results show that perovskite film on Ph-2PACz produces the highest PL intensity and longest carrier lifetime compared to those on PTAA and 2PACz, indicating reduced carrier non-radiative recombination.57 These correlate with the trend in VOC of the and built-in potential (Vbi), determined by Mott-Schottky analysis (Figure 4b) of associated devices 0.96 V for Ph-2PACz devices, 0.93V for 2PACz devices, and only 0.7V for PTAA devices. From light-intensity dependent VOC measurements (Figure 4c), the ideality factor of the Ph-2PACz device determined was lower at 1.31 compared to 1.44 for the 2PACz device and 1.45 for the PTAA device, indicating effective suppression of trap-assisted Shockley–Read–Hall (SRH) recombination in the Ph-2PACz device.19 This is confirmed by results of thermal admittance spectroscopy (TAS) (Figure 4d) providing evidence for deeper trap (“Band Ⅱ” in Figure 4c) suppression. These deeper traps are related to the perovskite/HSL interface. This is because Ea calculated from temperature-dependent VOC measurements (Figure 4e) increased from 1.57, to 1.69 and 1.72 eV as HSL was changed from PTAA, 2PACz to Ph-2PACz, respectively suggesting recombination became more bulk dominated as the perovskite/HSL interface improved by switching towards SAM type HSL with Ph-2PACz being the best performer.58 
In addition, it was found that carrier extractions also improved when the Ph-2PACz HSL was used in the devices according to the results of transient photocurrent measurements (Figure 4f). 
It is clear that a better HSL/perovskite interface is formed when Ph-2PACz is the HSL due to a stronger intermolecular interaction between Ph-2PACz and the perovskite film evidenced by the Pb 4f peaks shift towards higher binding energies in the XPS spectra (Figure S20). Not only does this contribute to enhanced performance, previous studies25,26 also reported enhanced stability of associated solar devices due to a stronger interaction between the HSL and the perovskite. This is also observed in our tandem device with improved stability which will be discussed in the following. 
Inspired by the substantial enhancement in single-junction device using Ph-2PACz, we further demonstrated monolithic perovskite-silicon tandems (Figures 5a and 5b) comparing their performance using PTAA, 2PACz and Ph-2PACz HSLs. Details of tandem device fabrication can be found in the Supplementary Information. Again, tandems using the Ph-2PACz HSL performs the best (Figure 5c and Table 2). The champion cell produced a reverse scan PCE of 28.9% on 1.03 cm2 with a VOC of 1.91 V, with negligible hysteresis (Figure S21), and a steady-state efficiency of 29.0% (Figure S22). The PTAA and 2PACz based tandem devices achieved a PCE of only 26.0% and 26.2%, and a steady-state efficiency of 25.9% and 26.2% (Figure S23) respectively. From the EQE spectra of the Ph-2PACz based tandem (Figure 5d), it is clear that the top perovskite cell is limiting the current output of the tandem which will be addressed in future work such as increasing the thickness of the perovskite layer beyond 600 nm, as currently observed in the cross-section scanning electron microscopy (SEM) image (Figure 5b). 
Finally, we evaluate the durability of the encapsulated tandem devices by performing IEC Damp-Heat test, IEC Thermal Cycling test and maximum power point tracking. Results (Figure 6) show that Ph-2PACz-based tandem devices were most durable compared to the PTAA and 2PACz tandems. The Ph-2PACz based tandem device showed enhanced damp-heat durability (85℃, 85% RH), producing negligible performance losses after 280 hours of damp heat. Notably, the encapsulated Ph-2PACz based tandem device retained 98.8% of its initial PCE after 200 thermal cycles passing the IEC 61215 photovoltaic module standard. The Ph-2PACz based tandem device was also stable during 680 hours of continuous 1 Sun illumination. The enhanced durability of the Ph-2PACz-based tandem device is attributed to both better perovskite film quality (with less residual PbI2 as shown in Figure S16 and discussed above) and better perovskite/HSL interface (due to better perovskite-HSL interaction as shown in Figure S20 and discussed above) suppressing potential sites or pathways for degradation. 

Conclusions
In summary, we have developed a new carbazole-based self-assembled monolayer type hole selective layer - Ph-2PACz for high bandgap perovskite solar cells which is also suitable for multi-junction perovskite-based tandems. The new SAM HSL exhibits lower band-offset between its HOMO level and the perovskite VBM, better surface wettability facilitating better perovskite film formation, better perovskite/HSL interface, and faster charge extraction. As a result, enhanced VOC of 1.26 V and FF of 82.6% can be produced by a 21.3% efficient 1.67eV p-i-n single junction PSC. These are the highest values for any 1.67eV PSCs to-date. When the Ph-2PACz HSL was used in a monolithic perovskite-silicon tandem, a PCE 28.9% and a high VOC of 1.91 V were achieved with by the champion tandem which was also more stable than tandems that used PTAA and 2PACz-as their HSLs. Notably, an encapsulated Ph-2PACz-based perovskite-silicon tandem passed the IEC 61215 standard Thermal Cycling test, which was one of the few that passed the Thermal Cycling tests.59,60 This work demonstrates an effective strategy of designing self-assembled monolayer type hole selective layer for high bandgap perovskites, improving their voltage outputs, critical for many high performance and durable multi-junction perovskite-based tandems.
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Figure 1. Three different hole selective layers for 1.67 eV p-i-n PSCs.
(A) Chemical structure, (B) electrostatic surface potentials (ESPs), (C) energetic diagrams compared to the perovskite absorber, and (D) normalised absorption  of PTAA, 2PACz and Ph-2PACz. Not shown, HOMO levels with respect to Evac, are 5.24eV, 5.63eV, 5.52eV and 5.79 for PTAA, 2PACz, Ph-2PACz and the perovskite absorber, respectively. LUMO levels with respect to Evac, are 2.20eV, 1.83eV, 1.72eV and 4.12 eV for PTAA, 2PACz, Ph-2PACz and the perovskite absorber, respectively. The HOMO levels in (C) are displayed with respect to Ef (which must be aligned for current flow during cell operation), suitable for comparing the merits of HSL’s.  
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Figure 2. Surface properties of 2PACz and Ph-2PACz.
High resolution X-ray photoelectron spectroscopy (XPS) spectra of (A) C 1s, (B) N 1s, (C) O 1s, (D) P 2p. 
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Figure 3. Perovskite solar cell performance.
(A) Schematic of the demonstrated single junction perovskite solar cell. 
(B) Light J-V curves of the champion devices using PTAA, 2PACz or Ph-2PACz hole selective layer. 
(C) External quantum efficiencies (EQE) and integrated current density curves of typical (non-champion) cells. Their integrated JSC’s are 20.4, 20.6, and 20.9 mA/cm2, respectively, showing similar trends to the JSC measured from the light J-V curves. 
Distribution of (D) PCE, (E) VOC, (F) JSC, (G) FF, (H) series resistance (RS), (I) shunt resistance (RSH) distributions for multiple devices (20 for each type). 
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Figure 4. Characterization of perovskite films and solar cells.
(A) Time-resolved photoluminescence (TRPL) spectra of the perovskite film deposited on different HSLs. 
(B) Mott-Schottky plot, (C) Light intensity-dependent VOC (for determining the ideality factors (n), (D) thermal admittance spectroscopy (TAS) (for determining densities of defect states (tDOS) at energy levels with respect to their valence bands), (E) temperature-dependent VOC (for determining recombination current activation-energies (Ea), and (F) transient photocurrents (TPC) of PSCs using PTAA, 2PACz and Ph-2PACz. 
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Figure 5. Perovskite silicon tandem cell performance.
(A) Schematic of the p-i-n silicon-perovskite tandem solar cell. 
(B) Cross-sectional scanning electron microscopy (SEM) images of the tandem cell with Ph-2PACz HSL. 
(C) J-V curve of the champion tandems using different HSLs. 
(D) External quantum efficiency (EQE) curve and reflection of the champion tandem solar cell using Ph-2PACz.
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Figure 6. Stability of encapsulated tandem devices.
PCE evolution under (A) thermal cycling (between -40℃~85℃), (B) damp-heat (85℃, 85% RH) tests, and (C) maximum power point tracking.  

Table 1. Photovoltaic parameters of champion single junction PSCs based on three different HSLs
	HSL
	VOC (V)
	Jsc (mA/cm2)
	FF (%)
	PCE (%)

	PTAA
	1.16
	19.9
	78.1
	18.0

	2PACz
	1.19
	20.7
	74.1
	18.3

	Ph-2PACz
	1.26
	20.5
	82.6
	21.3



Table 2. Photovoltaic parameters of champion perovskite-silicon tandem devices based on three different HSLs
	
	VOC (V)
	JSC (mA/cm2)
	FF (%)
	PCE (%)

	PTAA
	1.81
	18.8
	76.3
	26.0

	2PACz 
	1.84
	19.1
	74.6
	26.2

	Ph-2PACz
	1.91
	19.1
	79.1
	28.9
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