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ABSTRACT: The power conversion efficiency of tin-based halide perovskite solar cells is
limited by large photovoltage losses arising from the significant energy-level offset
between the perovskite and the conventional electron transport material, fullerene Cg,. The
fullerene derivative indene-Cg bisadduct (ICBA) is a promising alternative to mitigate this
drawback, owing to its superior energy level matching with most tin-based perovskites.
However, the less finely controlled energy disorder of the ICBA films leads to the
extension of its band tails that limits the photovoltage of the resultant devices and reduces
the power conversion efficiency. Herein, we fabricate ICBA films with improved
morphology and electrical properties by optimizing the choice of solvent and the annealing
temperature. Energy disorder in the ICBA films is substantially reduced, as evidenced by
the 22 meV smaller width of the electronic density-of-states. The resulting solar cells show
open-circuit voltages of up to 1.01 V, one of the highest values reported so far for tin-based
devices. Combined with surface passivation, this strategy enabled solar cells with
efficiencies of up to 11.57%. Our work highlights the importance of controlling the
properties of the electron transport material towards the development of efficient lead-free
perovskite solar cells and demonstrates the potential of solvent engineering for efficient

device processing.



INTRODUCTION

Hybrid metal halide perovskite solar cells (PSCs) have become a burgeoning research field
owing to the rapid improvement in their power conversion efficiency (PCE) during the past
decade, with certified values above 25%.'° Despite this impressive progress, the toxicity of
Pb currently limits the commercialization of this technology.”® In this sense, several
endeavors have been made to develop PSCs with environment-friendly elements, such as
Sn, Ge, Cu, etc.”" In particular, thanks to its superior photophysical properties, Sn is
regarded as the most promising substitute for lead in efficient PSCs'“'® The highest
reported efficiency of Sn-based PSCs is, however, less than 15%,'** still far lower than that
of their Pb counterparts and well below their theoretical maximum value.?! One main factor
of the efficiency deficit is the large open-circuit voltage (Voc) losses, primarily induced by
the energy level mismatch, in particular between the conduction band minimum (CBM) of
the Sn-based perovskite films and the lowest unoccupied molecular orbital (LUMO) level
of the conventional electron transport material (ETM), Cg.*>** The community has
attempted to address this issue from both the perspective of the perovskite and electron

transport materials.**® For perovskites, strategies like composition engineering,****

132 and internal structural modulation®** have been developed to

interfacial modification
fabricate perovskites films with more compatible energy levels with respect to the ETLs.

Meanwhile, Jiang et al. replaced Ce, with indene-Cg bisadduct (ICBA) to reduce the energy



barrier at the interface. The shallower LUMO level of ICBA compared to [6,6]-phenyl-Cg;-
butyric acid methyl ester (PCs;:BM) and Ce resulted in Sn-based PSCs with an improved

efficiency of 12.4% and Voc values of up to 0.94 V.

Despite some promising reports highlighting the superiority of ICBA in Sn-based
PSCs,'**** few laboratories have managed to adopt it so far. A clearer understanding of the
fabrication process and its role in determining the characteristics of the ICBA films would
open the door to a more extensive implementation. For the case of fullerene derivatives, the
deposition procedure strongly determines the final properties of the fullerene film.* Energy
disorder of organic semiconductors has been comprehensively confirmed to account for the
energy loss in organic solar cells.*®¥ Likewise, it has also been reported that significant
energy disorder in fullerene derivatives would also limit the performance of the PSCs
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largely by inducing the Vo loss.

Energy disorder is inherent to interacting organic molecules assembled with relatively weak
van der Waals forces.”” The weak electronic interactions between the orbitals of adjacent
lattices result in a broadened electronic density of states (DOS) extending into the
forbidden gap.*"* Various factors, such as undesirable film morphology,* phase impurity,*

and disordered chemical structure,*®

can further broaden the distribution of energy states
and increase the density of electronic trap states. Strategies like solvent annealing® and

purification of fullerene derivatives® have been examined to successfully mitigate the

energetic disorder of ETM films in PSCs. Recently, Jiang et al. achieved a PCE of over



23% in Pb-based inverted PSCs by replacing the PCs;BM with a new fullerene derivative,
denoted as FP-C8.* The energy disorder of the FP-C8 films was reported to be reduced due
to the chelation of the pyridine terminal toward the perovskite underneath. Accordingly, we
expect that reducing the energy disorder of the ETM films could bring further

improvements to the Vocin Sn-based perovskite PSCs.

In this work, we studied the pivotal role of the processing solvent and annealing
temperature on the energy disorder of the ICBA films and the resultant device performance.
ICBA films were deposited on freshly prepared Sn perovskite films by spin coating using
pure and mixed solvents. For the Sn perovskite, we chose the mixed-phase 2D/3D material
(PEA.1sFAogsSnls) as its superior ability on achieving Sn PSCs with high efficiency.?*
Under the optimal fabrication conditions, i.e., chlorobenzene /1,2,4-trichlorobenzene
(CB/TCB = 10/1, v/v) as the mixed solvent, the energy disorder of the deposited ICBA
films was reduced to 80% of the value obtained with pure CB solvent, and the power
conversion efficiencies of the corresponding solar cell devices increased. The energy
disorder could be further reduced by increasing the annealing temperature of the ICBA
films from 70 to 100 °C. Thanks to the substantially mitigated energy disorder in the ICBA
films, the cells exhibited Voc values of up to 1.01 V, which is one of the highest reported

cell voltages so far for Sn-based PSCs. In addition, this strategy enabled solar cells with

efficiencies of up to 11.57%.

RESULTS AND DISCUSSION



Design strategy

As the energetic disorder in organic semiconductors is greatly affected by the method used
to prepare the film,* we focused on the fabrication process of the ICBA films, where the
selection of solvents plays an essential role.*>* For our study we used two aromatic
solvents, CB and 1,2-dichlorobenzene (0-DCB), which have been previously used to

23,38

prepare ICBA films,”* and, in addition, another analog with a higher boiling point, TCB.
The chemical structures and physical property data are given in the supporting information
(Figure S1 and Table S1). To modulate the drying period, either 0o-DCB or TCB solvents
with relatively low vapor pressures and high boiling points were added to CB in different
ratios. This approach would allow the molecules more time to assemble as the residual
solvent evaporates during the annealing process.® Initially, as-prepared ICBA solutions
were spin-coated onto the perovskite films followed by annealing at 70 °C for 10 min,
according to the previously reported routine procedure.” However, to completely remove
TCB (solvent with the highest boiling point, 213.5 °C, and lowest vapor pressure, 0.13 kPa)

after spin-coating, we determined that the annealing temperature needed to be increased to

100 °C (Figure 1a).

Film morphology

Achieving a good film morphology is crucial for maximizing the transport properties of the
ETM,**™ thus we used scanning electron microscopy (SEM) to screen ICBA films

fabricated from various solvent ratios: 1/0, 4/1, 1/1, 1/4, and 0/1 (v/v) for CB/o-DCB, and
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1/0, 20/1, 10/1, 5/1, and 0/1 (v/v) for CB/TCB. The SEM images of the ICBA films are
shown in Figure S2. Of all the films, those processed with CB/o-DCB (1/1, v/v) (process
afterward referred to as CD-70) and CB/TCB (10/1, v/v) (process afterward referred to as
CT-70 or CT-100 for the films annealed at 70 and 100 °C, respectively) had the best
homogeneity and were selected for further evaluation. As a reference, we also prepared
films processed from pure chlorobenzene solvent (afterward referred to as CB-70). As
shown in Figure 1b, all four processes (CB-70, CD-70, CT-70, and CT-100) lead to ICBA
films with full coverage. White islands are observed at the surface of the reference film
fabricated from CB-70. Considering similar observations made in previous studies,”®*
these might be ICBA aggregates. The morphological inhomogeneity caused by these large,
island-like aggregates may result in increased structural disorder and reduced electron
mobility.”** Meanwhile, films processed from CD-70 and CT-70 show improved
homogeneity. Increasing the annealing temperature to 100 °C did not greatly change the
morphology, as confirmed by the similar results for both CT-70 and CT-100 processes.
Although we conducted X-ray diffraction (XRD) measurements to evaluate the crystallinity
of the ICBA films on glass substrates processed under the different fabrication conditions,

no discernable XRD peaks were detected (Figure S3). The results suggest that all the ICBA

films are either amorphous or possess very low levels of crystalline ordering.

To characterize the surface roughness of the films we performed atomic force microscopy
(AFM) measurements of ICBA films processed in different conditions. As shown in Figure

1c, the root-mean-square (RMS) surface roughness of the films processed from CB-70,
7



CD-70, and CT-70 films was 4.76, 7.50, and 4.28 nm respectively. Increasing the
temperature from 70 to 100 °C did not lead to significant changes in roughness in CT-100
processed films. ICBA films obtained from mixed solvents were also more uniform than
those obtained from either pure 0-DCB or pure TCB (Figure S4), confirming the positive
effect of combining CB with higher boiling point solvents. The improved uniformity is
likely due to the balanced evaporation rates.”” We anticipate that the improved film

52,60-62

morphology may lead to a reduced energy disorder of the ICBA films.
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Figure 1. (a) Schematic illustration of the ICBA film fabrication processes. (b) SEM (scale

bars are 2 pm) and (c) AFM images of ICBA films fabricated with chlorobenzene (CB-70)



annealed at 70 °C, CB/o-DCB, 1/1, v/v (CD-70) annealed at 70 °C, and CB/TCB,10/1, v/v

annealed at 70 (CT-70) and 100 °C (CT-100).
Energy disorder of the ICBA films

In organic semiconductor films, the DOS can be described by a Gaussian model with

function (1),%

_52

20°
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where N is the total density of transport sites, ¢ the center of the DOS, and o is generally
assumed to be the energy disorder parameter that represents the width of the DOS. In this
model, the carrier transport inside a disordered organic semiconductor is regarded as the
hopping motion process between localized sites. Since the carrier mobility (u) is a function
of temperature (T) and field (F), it will thus be solely temperature-dependent under a low
applied electric field.®> Combined with a Gaussian disorder model, the energy disorder

parameter (0') can be calculated via a non-Arrhenius type temperature dependence,***

ulT|=p,exp

(2)

o 2
k,T
where [, is the mobility as the temperature approaches infinity, kK is the Boltzmann

constant and T is the temperature. In this sense, a more disordered semiconductor will

exhibit stronger correlations between mobility and temperature than a less disordered one.
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Energy disorder in polycrystalline organic semiconductors, as evidenced by a broadened
Gaussian DOS, can be correlated to increased structural disorder in the material.>® To
evaluate the solvent and annealing effects of ICBA films on energy disorder, we measured
the space-charge limited current (SCLC)* in electron-only ITO/ZnO/ICBA/BCP/Ag
devices (ITO stands for indium tin oxide, ZnO for zinc oxide, and BCP for bathocuproine)

in the dark at temperatures between 213 and 273 K (Figure 2a-d). The electron mobilities (

p,) were calculated using the Mott-Gurney equation fitted to the data region where second-

order current-voltage behavior, i.e. J=V > was observed (Figure S5). As shown in Figure
2a-d, when the temperature was decreased from 273 to 213 K, the electron mobility of the
films processed from CB-70 and CD-70 decreased from 1.65 x 107 to 1.34 x 10° cm* V'
s and from 8.88 x 107 to 6.44 x 10°® cm® V™' s™' respectively. In contrast, the CT-70
processed ICBA films exhibited a weaker temperature dependence for mobility, falling

from 4.11 x 107 to 2.38 x 10° cm® V™' s™. The temperature dependence was even weaker

in ICBA films processed from CT-100, with g, decreasing from 7.76 x 10 to 1.24 x 10™*

cm’? V' s, As a stronger dependence of the mobility on temperature indicates a larger
energy disorder,* these results suggest that the energy disorder of ICBA films processed
from CT-100 was greatly mitigated, especially when compared to the CB-70 and CD-70
processed ones. The energy disorder parameters for ICBA films processed from CB-70,
CD-70, CT-70, and CT-100, calculated with equation (2), are 58, 74, 46, and 36 meV,

respectively (Figure 2e). Given that the energy level offsets between the perovskite

conduction band and the ICBA LUMO was estimated to be largely unchanged for the four
10



films, we attribute the Vo loss to the different degree of energy disorder of the ETL films,*

as illustrated in Figure 2f (Detailed discussion is provided in Supporting Information

Figures S6-S12). The broadened DOS and extended band tails caused by the increased

energy disorder introduce additional traps in the forbidden gap, which can act as

recombination centers that reduce the quasi-Fermi energy level and increase the Voc

loss.®®* In this framework, the reference CB-70 process as well as the CD-70 one resulted

in relatively high energy disorder, which we anticipate to translate into a significant Voc

loss in the corresponding solar cells. In comparison, the energy disorder in the CT-70 and

CT-100 processed films was significantly lower.
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Figure 2. Temperature dependence of electron transport for electron-only devices with

ICBA films processed from (a) CB-70, (b) CD-70, (c) CT-70, and (d) CT-100. Inset shows
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the device structure. (e) Temperature dependence of electron mobility. (f) Schematic
illustration of the solvent and annealing effect on the energy disorder, quasi-Fermi level

(EFn), and Voc.

Device performance

We fabricated solar cells with the device architecture of
ITO/PEDOT:PSS/PEA1sFAssSnls/ICBA/BCP/Ag (Figure 3a), where PEDOT:PSS stands
for poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate). The active area of the cells,

determined by the shadow mask, was 0.0985 cm®.

Device performance was evaluated to confirm the optimal solvent ratios. The statistical
distributions of performance parameters for devices with ICBA films processed with CB/o-
DCB and CB/TCB mixed solvents are given in Figures S13-S14. For mixed CB/o-DCB
solvent, the solvent ratio of 1:1 (v/v) was confirmed to result in devices with the best PCE,
short-circuit current density (Jsc), and fill factor (FF). The Voc decreased as the fraction of
0-DCB increased. For mixed CB/TCB solvent, ICBA films fabricated with the solvent ratio
of 10:1 (v/v) resulted in devices with the best PCE, Voc, and FF values, while the optimum
Jsc was obtained at the ratio of 5:1. In terms of PCE, the optimal solvent ratios for
processing the ICBA films were 1:1 (v/v) for CB/o-DCB and 10:1 (v/v) for CB/TCB mixed

solvents, in line with the previous evaluation of the improved film morphology.
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Subsequently, we fabricated devices based on ICBA films processed from CB-70, CD-70,
CT-70, and CT-100. The typical J-V curves are shown in Figure 3b and the corresponding
J-V parameters are given in Table S2. For the ICBA films processed from CB-70, the
champion devices exhibited Vo values of 0.77 V (PCE = 7.73%, Jsc = 15.04 mA cm™, and
FF = 0.67). For the films processed from CD-70, the resulting Vo decreased to 0.64 V
(PCE = 8.72%, Jsc = 19.22 mA c¢cm™, and FF = 0.71). Meanwhile, the CT-70 processed
ICBA films led to increased Vo of up to 0.81 V (PCE = 8.74%, Jsc = 15.32 mA cm™, and
FF = 0.70), with the stabilized power output of 8.1% after 1000 s operation (Figure S15).
The CT-70 process yielded Sn-based PSCs with improved reproducibility as well, evident
from the narrower distribution of the cell performances presented in Figure S16. As
discussed above, the change in V¢ can be ascribed to the variation of energy disorder. The
ICBA films processed from CD-70 mixed solvent exhibited the most severe energy
disorder, leading to the lowest Vo in devices among all the cases examined. Meanwhile,
the superior Jsc of CD-70 films might originate from their highest room-temperature
mobility (Figure 2e and 3b). In contrast, the ICBA films processed from CT-70 showed
mitigated energy disorder with a narrowed width of DOS, leading to their higher Vo in the

solar cells.

The Vi of the devices with ICBA layers processed from CT-100 was even higher than for
the CT-70 processed ICBA layers, consistent with the minimized energy disorder of the

related films. As a result, the devices reached Voc values of up to 1.01 V (Figure 3b and
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3c). This value of Vi is one of the best so far reported for Sn-based PCSs (Figure
3d).%1920.2329.3667 Nonetheless, the efficiency decreased to 3.90% due to the lower Ji of
6.59 mA cm™ The external quantum efficiency (EQE) also decreased, though the bandgap

of 1.44 eV was essentially unchanged (Figure 3e).

Additional tests were conducted to confirm the dependence of Jsc on the processing
temperatures (Figure S17). Since the drying step for ICBA films also heats the perovskite
layers underneath, we fabricated devices where the perovskite films were treated with a
second annealing step at either 70 or 100 °C before depositing the top layers (Figures S18-
S20). The cells with the perovskite films treated at 70 °C did not experience significant
losses in the photovoltaic parameters, while the ones annealed at 100 °C suffered strong
losses on the PCE due to a dramatic decrease in the Jsc, but maintained quite comparable
Voc values. These tests demonstrate that the current loss originates from the high
temperatures experienced by the perovskite layer, while the increase in cell voltages arises
from the higher temperatures experienced by the perovskite/I[CBA system. Unlike 3D tin
perovskite films, which are usually annealed at 100 °C, thermal stress can cause significant
changes in the chemical composition and structure of mixed dimensional perovskite films.*
High efficiency, mixed dimensional 2D/3D tin-based perovskite solar cells are therefore
generally fabricated under temperatures not higher than 80 °C."**** XRD measurements
were used to characterize the effect of the annealing temperature on perovskite films

deposited on PEDOT:PSS/ITO substrate. As shown in Figure S21, the intensity of the
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(100) peak of the films annealed at 100 °C was significantly lower than the films annealed
at 70 °C, while no new peaks or peaks shifts were observed, suggesting that the higher
annealing temperature induced a significant loss of crystalline order. We conclude that
while there appears to be no decomposition of the perovskite at elevated annealing
temperatures, the overall loss of crystallinity is the most likely cause of the decreased
current density.?® Since the highest cell voltages were realized at elevated temperatures,
increasing the robustness of the perovskite films against thermal stress is essential for

increasing the PCE.

Considering the bandgap of 1.44 eV, the Voc of 1.01 V obtained for the device with the
CT-100 processed ICBA layer is 0.15 V lower than Shockley-Queisser (SQ) limit.*"*,
The ICBA films with reduced energy disorder have fewer extra tail states to trap photo-
generated electrons at the perovskite/ICBA interface, resulting in fewer non-radiative
recombination events and higher Voc.*® The suppression of trap-mediated charge carrier
recombination can be characterized using the ideality factor (nis) determined from the slope
of the light intensity-Voc plot. As shown in Figure 3f, the ni, values are 1.79, 1.43, and 1.39
for devices with ICBA films fabricated from CD-70, CB-70, and CT-70 processes,
respectively, and 1.24 with the ICBA film processed from CT-100. The lower energy
disorder results in a ni closer to unity, expected for the suppression of the trap-assisted
recombination at the perovskite/ICBA interface, and in line with the enhanced V¢ of the

corresponding solar cells.?”*

15



We examined the shelf-stability of the unencapsulated Sn-based PSCs with CB-70, CD-70,
and CT-70 processed ICBA films. For this test, the devices were stored in the dark in an
N,-filled glovebox. We found that devices with ICBA film processed from CT-70
maintained over 80% of their initial efficiency for over 1300 hours of storage, while
devices with CB-70 and CD-70 processed ICBA layers retained just 67% (Figure S22).
Sn-based perovskites, especially their surface regions, are vulnerable to external stimuli,®
such as oxygen and water. In PSCs with inverted structures, the ETL can generally act as a
barrier to protect the perovskite film underneath from detrimental invasion.®® Thus, a
denser, less permeable, or more hydrophobic ETL can improve the storage life.* The layers
processed from CT-70 displayed a slightly larger water contact angle of 91.2° compared to
that of the films processed from CB-70 (89.3°) and CD-70 (89.0°) (Figure S23),

suggesting improved protection of the perovskite films underneath and thus better stability

for the corresponding devices.”

Considering the PCE and stability, CT-70 is the optimal process to fabricate Sn-based
PSCs without Js¢ deficit. To further improve the efficiency of devices with ICBA films
processed from CT-70, we applied the universal post-treatment with ethylenediammonium
diiodide (EDAI,) we recently developed.””> The EDAI,-treated solar cells presented
superior PCE values of up to 11.57% (Jsc = 20.02 mA cm™, Vo = 0.84, and FF = 0.68)
(Figures S24a and S25). Although the lower currents are often associated with the 2D

48,81

components within the perovskite film,**' we found that it was possible to increase the
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short circuit current to 20 mA cm™ by using EDAI, surface treatment. The increased Jsc

was confirmed with the integrated Jsc of 19.42 mA cm™ estimated from external quantum

efficiency (EQE) (Figure S24b). The enhancement in Jsc likely originates from the

strengthened crystallinity of treated perovskite films as evident from X-ray diffraction

(XRD) measurement (Figure S26), in line with the previous report.”’ Despite the

remarkable increase after EDAI, treatment, the V¢ of resultant solar cells is still lower than

the value of 1.01 V obtained for the CT-100 processed devices. Therefore, future efforts

should focus on improving the endurance of Sn-based perovskites against thermal stress.
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Figure 3 (a) Schematic illustration and cross-section SEM images of devices (scale bars are

250 nm). (b) J-V curves of typical devices with ICBA layers fabricated from CB-70, CD-

70, CT-70, and CT-100 processes. Forward and reverse scans are shown with solid and

17



dashed lines, respectively. (c) Distributions of the Vi values from the cells. (d) Voc values
of the Sn-based PSCs reported in this work and previous literature, 9232356679 The
dashed line indicates the SQ limit. (e) EQE spectra of the devices with CT-70 and CT-100
processed ICBA films, the bandgap is estimated from the peak of the differential signal
shown with dashed lines. The integrated Jsc is 16.78 and 9.88 mA cm™ for devices based
on CT-processed ICBA films annealed at 70 and 100 °C, respectively. (f) Voc as a function

of illumination intensity for the devices (k is Boltzmann’s constant, T is 298 K, and q is the

unit of electronic charge).

CONCLUSION

In summary, a solvent engineering strategy was developed to improve the performance of
ICBA electron transport layers in 2D/3D Sn-based PSCs. ICBA films were fabricated by
spin coating from mixed solutions of 0-DCB or TCB in CB. Among these, mixtures with
TCB exhibited the most favorable effect. ICBA films processed from CB/TCB show
improved surface morphology and lower surface roughness, as well as mitigated energy
disorder. Non-radiative charge carrier recombination at the perovskite/ETL interface was
suppressed and, as a result, the optimized devices exhibited a superior PCE of 8.74%. With
the CT-processed ICBA films, we achieved cell efficiencies of up to 11.57% in
combination with the surface post-treatment we developed recently. Combined with an
elevated annealing temperature from 70 to 100 °C, the Vi reached values up to 1.01 V,

0.15 V below the SQ limit for the bandgap of 1.44 eV, which is the best value reported so
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far for PSCs with this bandgap. This work confirms that voltages nearing the radiative limit
can be realized in lead-free PSCs, and further suggests that impressive power conversion
efficiencies could be realized once the current Jsc deficit is overcome. Overall, our work
highlights the critical role that structural disorder plays in determining the performance of
fullerene-based ETMs in lead-free PSCs and provides useful insights into how solvent

engineering can be used to control the structure and electronic properties of the ETM layer.
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