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Abstract: We demonstrate a record short-circuit current density (28.06 mA/cm?) in a
single junction perovskite solar cell with a 1.6 eV bandgap absorber. We achieve this
by integrating ternary organic bulk heterojunction structure into perovskite top layer
to extend the photoresponse to near-infrared region.
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Metal halide perovskite solar cells (PSCs) are one of most promising next

generation photovoltaics (PV) due to the excellent optoelectronic properties and
record-breaking power conversion efficiencies (PCE), close to the single-junction
Shockley—Queisser (SQ) radiative efficiency limit.!?> Currently, the most efficient
PSCs typically use 3D perovskites with a bandgap of 1.5-1.6 eV, which restricts the
light-harvesting range to mainly the visible-light region (300-800 nm), resulting in
large solar radiation losses in the near-infrared (NIR)/infrared (IR) region. One
possible approach to mitigate this is to develop low-bandgap (~ 1.2-1.3 eV)
perovskite absorbers via composite engineering.* However, the device efficiency of
low bandgap perovskites is far lower than that of the commonly used perovskites
which have a wider bandgap (< 20%).* In addition to reducing the bandgap, using a
tandem configuration with other thin film PV technologies, such as crystalline silicon
(c-Si) and copper indium gallium diselenide (CIGS), can extend the photoresponse to
some extent.>® Nevertheless, highly complicated fabrication processes for tandem
solar cells significantly increases the cost and it would likely not be compatible with
large scale application. A much simpler and more feasible strategy is to integrate low
bandgap semiconductors into charge transport layers (CTL) in single-junction PSCs to
form a bulk-heterojunction (BHJ) structure,”® which is frequently employed in
organic solar cells. In such integrated devices, BHJ layers function as absorbers of the
NIR/IR light and charge transporters.” However, though single-junction PSCs with
low bandgap CTLs or BHJ layers demonstrate improved response of NIR light, they
have not shown comparable efficiency to the first class single-junction PSCs.’

In this work, we show significant improvement in the NIR light response of 1.6
eV bandgap perovskite solar cells using a ternary organic BHJ structure as the

electron transport layer (ETL). The champion PSC with perovskite/BHJ structure



shows a record short-circuit current density (J«©) over 28 mA/cm?, and a PCE of
20.6% under 100 mW/cm?> AMI1.5G solar irradiation. The extremely high Js is
achieved due to the high photoresponse of BHJ layer in the NIR region. To the best of
our knowledge, this is the first time that single-junction PSCs with 1.6 eV bandgap
perovskite absorber shows a Jsc exceeding the corresponding SQ radiative limit.

We fabricate inverted perovskite solar cells where the PTAA is used as the hole
transport layer (HTL),'? and 1.6 €V bandgap CsFAMA mixed cation perovskite as the
absorber (see details in Supporting Information).!! For a control device, PCBM is
used as the ETL, as described previously.!! For devices with BHJ ETL, two efficient
organic semiconductors (molecular structures shown in Figure 1a), one p-type
polymer, S1, and one n-type small molecule, Y6, with record high efficiencies in

organic solar cells,!>!3

are used with PCBM to form ternary BHJ layers on top of the
perovskite films. As shown in the Figure 1b, the 1.6 eV bandgap perovskite films
showed an absorption edge at ~ 775 nm which is consistent with the optical bandgap.
We can find that the absorption of the BHJ film extends up to ~980 nm. As a result,
combining the perovskite with the BHJ film, the absorption can cover a wide spectral
range, from ~ 300 to 980 nm. We obtained a PCE of 19.63 % for the optimal control
device, with a Jsc of 22.52 mA/cm?, an open-circuit voltage (Voc) of 1.1 V and fill
factor (FF) of 79.1% (Figure 1c). The external quantum efficiency (EQE) for the
control device has a similar photoresponse to the absorption spectrum of perovksites,
and the integrated Jsc from EQE is calculated to be 21.57 mA/cm? (Figure 1d), where
underestimation can be attributed to the spectral mismatch factor. To improve the IR
photoresponse, we initially mixed Y6 (9.5 mg/ml in CF) with PCBM (1:1 weight

ratio), and we achieved an optimal device PCE of 19.62 %, very similar to the PCBM

control device, but with a slightly higher Jsc of 22.75 mA/cm? (Figure S1). From the



EQE spectrum, we can see obvious photoresponse in the region from 800-980 nm, a
result of the absorption of Y6 in the NIR region. However, the overall improvement in
the Jsc is negligible due to the large losses between 550 and 760 nm (Figure S1). The
inefficient charge separation and transfer between Y6 and PCBM may contribute to
large losses of photogenerated charges from Y6. To address this problem, we
introduce a p-type polymer S1 into the BHJ structure, making a ternary system to
provide an efficient driving force for charge separation and hole transport.!> The
optimal Jsc exceeds 28 mA/cm? with a PCE of 20.61% for the Y6:PCBM:S1 (weight
ratio: 1:1:0.5) ternary system (Figure 1c), significantly outperforming the PCBM
control device (Figure 1c,d and Figure S2). As shown in the EQE spectra in Figure
1d, a maximum EQE response of 76% at 820 nm, and an average EQE over 50 %
between 770 and 950 nm were obtained for perovskite/ternary BHJ devices, and a Jsc
of 27.19 mA/cm? was determined from the EQE (the screenshot of EQE measurement
is shown in Figure S3). We can calculate that the perovskite/BHJ structure
contributes additional 5.65 mA/cm? photocurrent density to the PSCs as compared
with the control device. The high charge separation efficiency and very low energy
losses in the Y6:S1 system may contribute to the record high EQE for the
perovskite/ternary BHJ system.'? It is obvious that the FF for the perovskite/BHJ
device is lower than that of the PCBM control device (Figure S2), possibly due to
large recombination losses at the perovskite/BHJ interface. Optimization of the
composition of the BHJ system is expected to further improve the PCE and is

currently being investigated.
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Figure 1. a) Chemical structure of materials in the bulk heterojunction (BHJ) films; b)
Absorption spectra of the different layers; ¢) J-V characteristics of optimal inverted
PSC with PCBM and BHJ ETL. The aperture area of the device is 7.5 mm?, calibrated
by an optical mask; d) External quantum efficiency (EQE) spectra for the devices
shown in (a). The integrated short-circuit current density from EQE are 21.57 and
27.19 mA/cm?, respectively.

In summary, we have achieved a record high Js. (28.06 mA/cm?) in single
junction PSCs with 1.6 eV bandgap of the perovskite layer by integrating the
perovskite with S1:Y6:PCBM ternary BHJ layer to significantly extend the NIR
photoresponse up to 980 nm. Our results demonstrate the perovskite/organic BHJ

system has huge potential of breaking the single-junction SQ efficiency limits.
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