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Abstract: Self-assembled monolayers (SAMs) have displayed great potential for improving efficiency and stability
in p-i-n perovskite solar cells. The anchoring of SAMs at the conduction metal oxide substrates and its interaction
with perovskite materials must be rationally tailored to ensure efficient charge carrier extraction and improved
quality of the perovskite films. Herein, we selected SAM molecules with different anchor groups and alkyl chain
lengths to control interaction with perovskite in the p-i-n mixed Sn—Pb perovskite solar cells. We found that the
carboxylate group exhibits appropriate interaction and is more favourable for orientation and arrangement monolayer
than that of the phosphate group, which is beneficial for interaction between SAMs and perovskite. This results in
reduced non-radiative recombination and enhanced crystallinity. In addition, the short chain length also led to an
improved energy level alignment of SAMs with perovskite, improving hole extraction. As a result, the narrow
bandgap (~1.25 eV) Sn—Pb perovskite solar cell devices showed efficiencies of up to 23.1% with an open circuit
voltage of up to 0.89 V. Unencapsulated devices retained 93% of their initial efficiency after storage in N2 atmosphere
for over 2500 hours. Overall, this work highlights the underexplored potential of SAMs for perovskite photovoltaics
and provides essential findings on the influence of their structural modification.
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1. Introduction

Metal-halide perovskite solar cells (PSCs) have achieved power conversion efficiency (PCE) values of over 26%
with the single junction device configuration.'! The low-cost solution># and vacuum-basel> ® fabrication protocols
suggest the promising commercial potential of this technology.

Nowadays, leading-efficiency single-junction PSCs are prepared based on a light-absorbing layer prepared by neat
Pb perovskite materials with a bandgap of 1.5-1.6 eV!” 8. According to the Shockley—Queisser limit, the most
suitable bandgap for generating the highest achievable PCE of single junction solar cells is 1.2-1.4 eV, In this
sense, narrow bandgap (~1.25 eV) mixed tin—lead (Sn—Pb) perovskites are one of the main candidates to attain the
highest PCE, with current records approaching 24%!'%-13] thanks to the anomalous band gap behaviour ['4 151, In
addition, this exceptionally narrow bandgap perovskite material also shows successful application in the all-
perovskite doublel!®) and multi-junction tandem photovoltaics as the rear sub-absorber!!”!°], which reduces the
thermalisation losses and increases the PCE of the devices!'"> 2%, with the record of up to 29.1%!?!1. However, the
range of substrates in which these materials can be successfully processed is limited, with poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT: PSS) as the most widely employed platform. The acidic
and hygroscopic nature of PEDOT: PSS, however, detrimentally affects the long-term stability of the perovskite
materials, hindering the further advancement of the Sn—Pb perovskite-based photovoltaic technology.

In this regard, self-assembling materials have recently shown excellent performance in p-i-n PSCs as bottom
interface modifiers!® 2> 23], These materials can anchor at the surface of metallic oxide to assemble dense and
ordered monolayers, regulating the work function (WF), and enhancing the blocking of electrons and extraction of
holes from the perovskite film to the electrode?*-?6]. Compared with traditional hole transport layers?7], self-
assembled monolayers (SAMs) show better feasibility in tuning their energy levels to improve the alignment with
perovskitel?? 2628, 291 and no necessity of the laborious electronic doping?”- 3% 311, For example, varying the
functional groups of SAMs allows adjusting the charge extraction ability by modulating the dipole moment and
further altering WF(22 26,28, 321,

SAMs based on carbazole show suitable alignment to the valence band maximum (VBM) of the perovskite and a
significantly reduced nonradiative recombination, resulting in faster charge extractiont®> 34, Anchor groups and
alkyl chain lengths also were indicated to affect charge transfer rates and electron trapping?> 3% 331, Nevertheless,
the nature of the interaction of SAMs based on different anchor groups and alkyl chain lengths with perovskite is a

less-explored aspect, which could passivate buried interface defects to affect charge carrier dynamics and



stability[?* 36-38], Meanwhile, the buried interface also affects perovskite crystallization, which determines the
quality of final films[32 37.3% 401,

In this work, we present diverse structurally modified SAMs for mixed Sn—Pb PSCs with enhanced efficiency and
stability. We investigated how anchor groups and alkyl chain length influence charge carrier dynamics at the buried
interface and the quality of the perovskite films. Here, we selected three SAMs, i.e., 2-(9H-carbazol-9-
yl)ethyl]phosphonic acid (2PACz), 3-(9-carbazolyl)propionic acid (9CPA), and (9-carbazolyl)acetic acid (9CAA),
in which 9CPA and 9CAA display superior interaction with Sn—Pb perovskite at the interface, due to a reduction in
the deviation angles between these two SAMs and Sn—Pb perovskite concerning that of 2PACz. The favourable
contacts enhance perovskite crystallinity and suppress interface non-radiative recombination as suggested by
grazing-incidence wide-angle X-ray scattering (GIWAXS) and transient photocurrent (TPC) measurements,
respectively. With the ultraviolet photoelectron spectroscopy (UPS) measurement results, we found that the energy
level alignment between 9CAA and Sn—Pb perovskite is favourable for charge carrier extraction. Finally, we obtained
a PCE of 23.1% for the champion device fabricated with 9CAA, and the devices presented considerably improved
stability, retaining 93% of their initial efficiency after 2500 h stored in a nitrogen-filled glovebox.

2. Result and Discussion

2.1 Interface mechanism of different SAMs

The SAMs were explored based on the p-i-n device structure of fluorine-doped tin oxide
(FTO)/SAMs/Cso.1FA0.6sMAo.3Pbo.sSno.sls/fullerene (Ce0)/2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
(BCP)/silver (Ag) (Figure 1a). In particular, the SAMs that we studied were 2PACz, 9CPA, and 9CAA. The
interaction between SAMs and the metal oxide contact FTO was confirmed by X-ray photoelectron spectroscopy
(XPS) (Figure 1b). To obtain the interface properties at the atomic and molecular level, we used first-principles
calculations. As shown in Figure 1c-e and S1, the orientation and arrangement of the organic monolayers below Sn-
Pb perovskite are dominated by the SAMs molecules' self-assembly. The length of carbazole in SAMs and the
diagonal length of Sn-Pb-based perovskite are 8.95 A and 8.81 A, respectively. The different lengths result in a
deviation angle between SAM molecules and Sn-Pb perovskite. The longer SAMs deviate from the perovskite
diagonal when docking. As a result, the deviation angles of the 2PACz and two iodine ions in Sn-Pb perovskite are
17.85° and 20.76° (Figure 1f), respectively, positioning away from iodine atoms. But unlike 2PACZ, 9CPA (18.94°)
(Figure 1g) and 9CAA (17.09°) (Figure 1h) display deviation angles with one iodine in Sn-Pb perovskite, which
are close to the iodine atom. The deviation angles identified for 9CAA and 9CPA suggest their more effective
coordination with Sn-Pb perovskite to form a more ordered interface, compared with the case of 2PACz. Fourier
Transform Infrared Spectrometer (FTIR) spectrum also identified the more effective coordination between 9CAA

and Sn-Pb perovskite (Figure S2).
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Figure 1. a) The device structure of FTO/SAMs/Sn—Pb perovskite (Cso.1FA0.sMAo.3Pbo.sSno.513)/Cso/BCP/Ag and
molecular structure of 2PACz, 9CPA and 9CAA. b) XPS spectra of Sn 3d of FTO, FTO/2PACz, FTO/9CPA and
FTO/9CAA. The bottom views of ¢) 2PACz/perovskite, d) 9CPA/perovskite, and e) 9CAA/perovskite structures.
The deviation angles of f) 2PACz/I atoms, g) 9CPA/I atom, and h) 9CAA/I atom.

2.2 Energy level alignment

To access the energy levels of FTO/2PACz, FTO/9CPA, FTO/9CAA and Sn—Pb perovskite, we conducted the
ultraviolet photoelectron spectroscopy (UPS) measurements (Figure 2a, b and S3). As shown in Figure 2¢, the
VBM level of Sn—Pb perovskite is —5.37 eV and the HOMO are —5.35, —5.19 and —4.88 eV for FTO/9CAA,
FTO/9CPA and FTO/2PACz, respectively (Evs = 21.22-(Ecuon-Ei))*!**}]. Comparing VBM and HOMO levels, the
FTO/9CAA shows the most favourable energy level alignment for efficient hole extraction from Sn—Pb perovskite
[44] Kelvin probe force microscopy (KPFM) displays the contact potential difference (CPD) values of FTO/2PACz,
FTO/9CPA, and FTO/9CAA (Figure 2d-f). We obtained the CPD values of —987 (FTO/2PACz, Figure 2g), —1073
(FTO/9CPA, Figure 2h) and —1164 mV (FTO/9CAA, Figure 2i), meaning the work function (WF) of FTO/9CAA
is the highest among these three FTO/SAMs, which is beneficial to improved Voc**. We also measured transmittance
of FTO/SAMs (Figure S4) and absorption for FTO/SAMs and FTO/SAMS/Sn—Pb perovskite (Figure S5 and S6),
which show no optical difference contributed from the SAMs. Therefore, the improved performance may come from

favourable energy level alignment.
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Figure 2. a) Ecuorr plots and b) Ei plots of FTO/SAMs. ¢) VB alignment of FTO/SAMs and Sn—Pb perovskite.
The KPFM images of d) FTO/2PACz, e) FTO/9CPA and f) FTO/CAA. CPD image of g) FTO/2PACz, h)
FTO/9CPA and i) FTO/CAA.

2.3 Charge carrier dynamics

Efficient charge carrier extraction is critical for improving the photovoltaic performance of the PSCs. To study charge
carrier dynamics in our modified devices, we carried out electrochemical impedance spectroscopy (EIS). As shown
in Figure 3a, the equivalent circuit for fitting the Nyquist plot displayed recombination resistance (Rr) and series
resistance (Rs) at low and high frequencies, respectively. The Rre of 2PACz-, 9CPA- and 9CAA-based devices are
8163, 11940 and 14731 Q, respectively. And the Rs are 32, 23 and 21 Q, respectively. The analysis suggests efficient
hole extraction and suppressed interface recombination based on 9CAA-based devices*” 4], We plotted photocurrent
(Jph) (Figure S7) and the charge carriers collection probability (Jpn/Jph, sat, Jph, sat represents the saturated photocurrent)
(Figure 3b) versus the internal voltage (Vint) of devices under illumination at AM 1.5G. At the same Vint, the 9CAA-
based devices showed increased Jph and Jph, sat, resulting in reduced non-radiative recombination and improved
charge carrier collection[*”- 48], We further examined the hole extraction at the buried interface using the transient
photocurrent (TPC) measurements. As shown in Figure 3¢, the 9CAA-based devices display the shortest decay
lifetime (0.49 ps) compared with the 9CPA- (0.60 ps) and 2PACz-based devices (0.88 ps) after transmittance
excitation of pulse light*’), suggesting a facilitated hole extraction. From these results, we concluded that the 9CAA

was the most effective SAM regarding charge carrier management.
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Figure 3. a) EIS b) Jyn/Jph, sat versus Vi, €) TPC d) TPV, and e) Voc as a function of light intensity plots of full
devices measured in inert atmosphere under AM1.5G illumination. f) Dark J—V curve of the PSCs. g) Trap density
histogram extract from SCLC. h) Mott—Schottky curve of full devices. i) T-DOS plot of full devices.

Recombination occurs at the trap states that are generated by interfacial defects and can also reflect indirectly the
interface charge carrier dynamics. As shown in Figure 3d, the decay lifetime of transient photovoltage (TPV) of
9CAA-baed device is 2.16 ps, which is substantially longer than that of 9CPA- and 2PACz-based devices at 1.19
and 0.73 ps, respectively. The elongated decay of the 9CAA-based device suggests less amount of charge carriers
are captured and recombined at the interface between the 9CAA and the perovskite layert>% 311, We also obtained the
ideal factor n for these structures by the linear fitting of open-circuit voltage (Voc) dependence on light intensity
(Figure 3e). According to the slopes of linear fitting, the n value of 9CAA-, 9CPA- and 2PACz-based devices are
1.50, 1.61 and 1.73, respectively. The smallest n value of 9CAA-based devices reveals less Shockley—Read—Hall
(SRH) recombination®2). As shown in Figure 3f, the 9CAA-based devices also show the lowest dark current, which
again suggests suppressed charge carrier recombination(>334],

To analyse the trap density (M), we fabricated the hole-only devices based on the structure of
FTO/SAMs/perovskite/toluene-based PEDOT/Ag by space-charge-limited current (SCLC) technique (Figure S8).
According to trap-filed limit voltage (¥'teL) values extracted from SCLC curves, the N;of 9CAA-, 9CPA- and 2PACz-
based devices are 3.57x10'3,4.39x10'3, and 5.20x10'5 cm™>, respectively (Figure 3g). The reduced M profited from
improved interfacial contact and lower defect presence. From the Mott—Schottky measurement, the built-in potential
(Vvi) of devices can be acquired (Figure 3h). The value of Vi for 2PACz-based devices is 0.71 V and that of 9CPA-
and 9CAA-based devices is increased to 0.75 and 0.79 V, respectively. With the increased Vi, we can expect a
stronger force for separating the photogenerated free carriers and driving them to the electrodes®®). As shown in
Figure 3i, we also measured the trap density of states (t-DOS) based on the full devices. The 9CAA- and 9CPA-
based devices display an order of magnitude lower t-DOS compared to that obtained with the 2PACz-based device,



suggesting fewer defects and non-radiative recombination!>® 7],

2.4 Crystallinity of the perovskite films

To explore the crystallinity of Sn—Pb perovskite, grazing-incidence wide-angle X-ray scattering (GIWAXS) was
carried out. As shown in Figure 4a-c, the (110) diffraction peak of Sn—Pb perovskite films appears at gr= 10 nm™!
(g = 4nsin(0)/2)1°% 3. According to the XRD diffraction results presented in Figure 4a-f, the intensity of (110)
reflection of 9CAA-based Sn—Pb perovskite film is considerably stronger than that of 9CPA- and 2PACz-based
perovskite films, suggesting the improved crystallinity®7]. This is also further verified with the 1D X-ray diffraction
(XRD) measurements (Figure S9). We also examined the morphology of the perovskite films using scanning
electron microscope (SEM) images. As shown in Figure 4g-i and S10, the 9CAA-based Sn—Pb perovskite films
display more compact polycrystalline features compared to that of 9CPA- and 2PACz-based films. Meanwhile, the
grain sizes of Sn—Pb perovskite films are 625 (9CAA), 611 (9CPA), and 545 nm (2PACz) (Figure S11). The 9CAA-
based perovskite film also showed the smallest roughness (Figure S12). The compact crystal boundaries and
enlarged grain sizes in 9CAA-based perovskite films suggest a more favourable interfacial contact, which ultimately
leads to devices with improved stability and performancel®-%21, As shown in Figure S13, the 9CAA-based perovskite
displayed vertical grains, which can reduce non-radiative recombination and enhance charge carrier extraction.
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Figure 4. 2D GIWAXS patterns of a) 2PACz-, b) 9CPA- and ¢) 9CAA-based perovskite films. Azimuthally
integrated 1D (out-of-plane direction, azimuth = 90°) of d) 2PACz-, e) 9CPA-, and f) 9CAA-based perovskite
films. Top SEM images of g) 2PACz-, h) 9CPA-, and i) 9CAA-based perovskite films.

2.5 Performance of solar cells

To obtain the photovoltaic performance of devices, we applied 2PACz, 9CPA, and 9CAA as the bottom interface
modifiers based on the structure of FTO/SAMs/Sn—Pb perovskite/Ceo/BCP/Ag. To precisely control the
concentration of SAM molecules, we set four concentrations 0.1, 0.3, 0.5 and 0.7 mg/mL, and 0.3 mg/mL 9CAA-



based device showed the optimal efficiency (Figure S14). In this work, the SAM concentration of SAM molecules
is based on 0.3 mg/mL. As shown in Figure 5Sa-c, the 2PACz-based champion device displays a PCE of 20.7% with
Voc of 0.86 V, short-circuit current density (Jsc) of 32.3 mA/cm? and fill factor (FF) of 75%. The 9CPA-based
champion device displays a PCE of 22.1% with Voc of 0.89 V, Jsc of 32.5 mA/cm? and FF of 76%. Finally, the
9CAA-based champion device displays a PCE of 23.1% with Voc of 0.89 V, Jsc of 32.8 mA/cm? and FF of 79%.
The improved photovoltaic performance of 9CAA-based devices is mostly attributed to reduced interface defects
and ameliorated interface charge carrier dynamics. The 9CAA-based devices also display neglect hysteresis, which
is due to reduced charge accumulation at the interface. The photovoltaic parameters of 30 cells based on different
SAMs were analyzed in Figure S15, in which 9CAA-based devices show the best photovoltaic performance and
reproducibility compared to the 9CPA- and 2PACz-based devices. The incident photon-to-current conversion
efficiency (IPCE) was carried out in Figure 5d. The integrated Jsc are 31.20 (2PACz), 31.63 (9CPA) and 31.99
mA/cm? (9CAA), matching with the Jsc values measured from J—V characterization. The stabilized output PCE
under the maximum power point (MPP) are 22.8%, 21.3% and 19.5% for the 9CAA-, 9CPA- and 2PACz-based
devices, respectively (Figure S16). We also measured the stability of the devices; the results are provided in Figure
5e and S17. The 9CAA-based devices show considerably improved stability with 93% of the initial PCE remaining
after 2500 hours of storage in a nitrogen atmosphere, while 9CPA- and 2PACz-based devices retain 89% and 85%
of their maximum PCE, respectively, in which the PCE decrease is attributed to FF reduce. And the excellent stability
is attributed to favourable interface contact between 9CAA and Sn—Pb perovskite, which can retard the degradation
ratel® %4, To test the stability of devices in reality conditions, the maximum power point tracking (MPPT) of
encapsulated PSCs was carried out under AM 1.5G and ambient. As shown in Figure S18, the 9CAA-based device
maintained 89% initial PCE, while 9CPA and 2PACz devices maintained 87% and 85% of their initial PCE, which
can identify the excellent stability of 9CAA-based devices.
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Figure 5. J~V curves of a) 2PACz-, b) 9CPA- and ¢) 9CAA-based devices. d) IPCE curves of full devices. e)
Stability curves of PCE based on full devices in N2 atmosphere.

3 Conclusiones
In conclusion, we selected SAMs with diverse functionalisation for improving the characteristics of the buried
interface between FTO and Sn—Pb perovskite in the p-i-n devices. The anchoring group and length of the alkyl chain

affect the orientation and arrangement of the organic monolayers to different interactions between SAM molecules



and the perovskite layer. The 9CPA and 9CAA display enhanced interaction with Sn—Pb perovskite and conduction
substrate than the 2PACz, reducing non-radiative recombination, and improving crystallinity. Besides, we obtained
a gradient in VBM alignment in the order of 2PACz > 9CPA > 9CAA > Sn—Pb perovskite, which indicates the most
efficient charge carrier extraction from perovskite to the contact in the 9CAA-based devices. Finally, the devices
based on 9CAA achieved a PCE of 23.1% and retained 93% of their initial PCE after storage in an inert atmosphere
for 2500 hours.
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