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Abstract

Organic photovoltaic (OPV) cells possess substantial advantages for indoor applications.
However, the underdeveloped cathode interlayer hinders the industrialization of indoor OPV
cells. Here, we introduce a phenanthroline derivative with weak nucleophilicity, dicarbolong-
phenanthroline (DCP), as the cathode interlayer and comprehensively examine its utilization in
indoor OPV cells. DCP exhibits thin depletion region width, which is beneficial for the charge
extraction at the interface, thereby contributing to improved power conversion efficiency (PCE).
Moreover, DCP presents high adaptability for coating process due to its thickness insensitivity.

A DCP-based OPV module is fabricated by blade-coating method, reaching a high maximum
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output voltage of 4.00 V and a remarkable PCE of 30.6% at 1000 lux. The OPV module can be
successfully applied for efficient wireless power transfer. Furthermore, the DCP-based cell
demonstrates outstanding device stability with a lifetime of 32000 hours under indoor lighting.
These results demonstrate the promising potential of DCP-based OPV cells for indoor

applications.

1. Introduction

Organic photovoltaic (OPV) cells incorporate the features of startup ability under weak
illumination, tunable absorption spectrum, flexibility, absence of heavy metal and etc.,
presenting outstanding superiority for indoor applications [1-7]. OPV cells have achieved
prominent power conversion efficiency (PCE) over 30% under indoor lighting, which fulfills
the requirements of practical applications [8-11]. In order to further facilitate the
industrialization of indoor OPV cells, excellent device stability, which involves the stability of
active layer and interfacial layer, is quite critical. Previous literature has reported that the active
layer has significant structural and morphological stability under mild indoor lighting
conditions [10]. However, the stability of interlayer, particularly the cathode interlayer (CIL),
remains a critical concern. The main reason is that many commonly used CIL materials possess
alkalinity accompanied by nucleophilic groups, which likely damages the active layer and
electrodes during the long-term operation of OPV cells, causing increased density of trap states
[12-14]. Under weak illumination, the charge carrier density in OPV cells obviously decreases
and trap-assist recombination dominates the charge recombination process [15-17]. The high
density of trap states will cause severe charge recombination and thus depress the photovoltaic
performance of indoor OPV cells. Therefore, developing CIL materials is significantly
important for enhancing the device stability and promoting the practical applications of indoor
OPV cells.

Since the chemical reaction between the active layer, interlayer and electrode is the main
issue to restrict the stability of indoor OPV cells, the device stability can be expected to break

through if the chemical reaction can be avoided. This demands that the CIL is free of alkalic



groups. Moreover, apart from the general properties, such as suitable energy level, high
conductivity and high transmittance, the thickness insensitivity and ease of synthesis are also
necessary so that the CIL can serve for the industrialization of indoor OPV cells [18]. Currently,
many high-performance CIL materials have been developed, such as ZnOJ[19, 20], PFN-Br [21],
PDINN [22], PNDIT-F3N and PNDIT-F3N-Br [23], which exhibit outstanding performance
and wide utilization in the OPV field. Unfortunately, most of them still present certain
drawbacks that hinder the industrialization and applications of indoor OPV cells. For instance,
PFN-Br is sensitive to thickness, and PNDIT-F3N-Br is difficult to synthesize. PDINN and
PNDIT-F3N contain alkalic and nucleophilic groups which can deteriorate the active layer and
electrode during the operation of OPV cells [12, 14]. Thus, it is urgent to develop new CIL
materials that can meet the requirements of indoor applications. Inspiringly, Xia et al. [24]
reported the synthesis of diverse carbolong materials that can exhibit prominent performance
in OPV cells. Moreover, Xia and He et al. [25] reported a unique material called dicarbolong-
phenanthroline (DCP), which can be utilized as an alternative CIL for OPV cells. The DCP-
based OPV cells obtain a high PCE of 18.2% and the perovskite/organic tandem cells reach an
impressive PCE of 21.7%. DCP is insensitive to film thickness, and more importantly, it is a
material with weak alkalinity and nucleophilicity, which is beneficial to obtain high stability of
OPV cells, and this is because both ends of phenanthroline are connected by an electron-
deficient carbolong framework with large steric hindrance. Thereby, DCP exhibits great
potential for the indoor applications of OPV cells. However, the research about the detailed
properties and the indoor applications of DCP is still lacking.

In this work, we investigated the performance of DCP for indoor OPV cells compared with
the well-known PDINN and PNDIT-F3N, and explored the application of indoor OPV modules
for efficient wireless power transfer. DCP possesses suitable energy level, favorable
transmittance and high conductivity. Moreover, we demonstrated a slightly decreased depletion
region width of DCP through Mott-Schottky analysis, which is beneficial for charge extraction
and therefore improves the photovoltaic performance of indoor OPV cells. The OPV cells also

maintained superior stability under indoor lighting benefitting from the absence of strong



alkalinity of DCP, which realizes a T80 lifetime (the time for reaching 80% of the initial PCE
value) of 32000 hours. Furthermore, DCP exhibits excellent adaptability for coating process
due to its thickness insensitivity. Thus, we fabricated an OPV module with an effective area of
1.5 cm? by blade coating and integrated this module with a wireless device. The module
achieves a high maximum output voltage (Vmax) of 4.00 V, an impressive PCE of 30.6% and a
maximum output power (Pmax) of 142 uW at 1000 lux. This is the state-of-the-art result for
indoor OPV module. It is assumed that the OPV module works 12 hours one day at 500 lux.
The energy provided by one OPV module can refresh the electronic paper 13 times for the
wireless device. These results demonstrate the prominent potential of DCP-based OPV cells for
indoor applications and provide an application pathway for wireless devices through indoor

OPV modules.

2. Results and Discussions

Among the commonly used CIL materials, PDINN and PNDIT-F3N with high performance
and thickness insensitivity are widely used for the fabrication of OPV cells [26, 27]. Therefore,
we selected PDINN and PNDIT-F3N as comparison and comprehensively investigated the
properties of DCP, PDINN and PNDIT-F3N for indoor OPV cells. The chemical structures of
DCP, PDINN and PNDIT-F3N are shown in Figure 1a. We measured the transmission and
absorption spectra of DCP, PDINN and PNDIT-F3N. The corresponding films are deposited
through the optimized processes that are used during the fabrications of OPV cells, and the film
thicknesses are 8, 12 and 6 nm for DPC, PDINN and PNDIT-F3N, respectively. All of them
show high transmittance over 90% in the range of 400-800 nm (Figure 1b), which is beneficial
to reduce the light absorption of CIL. In consistent with the ultraviolet-visible absorption
spectra (Figure S1a), DCP presents a maximum absorption peak at 560 nm, while the maximum
absorption peaks of PDINN and PNDIT-F3N are located at 500 and 390 nm, respectively.
Meanwhile, DCP exhibits a medium absorbance at the optimal film thickness compared with

PDINN and PNDIT-F3N.



Ultraviolet photoelectron spectroscopy (UPS) was carried out to measure the work function
(WF) of DCP, PDINN and PNDIT-F3N (Figure 1c¢). The secondary electron cut-off edges of
DCP, PDINN and PNDIT-F3N are 18.2, 18.4 and 18.7 eV, respectively. As shown in Figure 1¢
(left), DCP exhibits a higher WF of 3.87 eV than PDINN (3.63 eV) and PNDIT-F3N (3.84 eV).
The highest occupied molecular orbit (HOMO) and lowest unoccupied molecular orbit (LUMO)
energy levels are further measured by cyclic voltammetry measurement (Figure S1b). DCP,
PDINN and PNDIT-F3N show similar LUMO levels of -4.06, -4.09 and -4.08 eV, respectively.
This indicates that the difference of LUMO levels between active layer and DCP is favorable
for charge extraction at the interface. Moreover, DCP has a deeper HOMO level of -6.17 ¢V in
comparison with PDINN (-5.98 eV) and PNDIT-F3N (-5.55 eV), which can effectively block
the hole transfer. These results suggest that DCP has suitable energy levels to act as a high-

performance CIL material. The energy levels of the materials are summarized in Figure 1d.
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Figure 1. (a) The chemical structures, (b) the transmission spectra and (¢) UPS spectra of DCP, PDINN and
PNDIT-F3N. (d) The energy levels of the materials used in this work. (¢) ESR spectra of DCP, PDINN and
PNDIT-F3N.

Furthermore, electron spin resonance (ESR) spectroscopy was performed to compare the
self-doping state of DCP, PDINN and PNDIT-F3N. As depicted in Figure 1e, PDINN exhibits
the strongest ESR signal of nitrogen vacancy, suggesting the strong self-doping effect of

PDINN, while PNDIT-F3N shows a weak doping effect implied by a lower ESR signal. The



results are consistent with the previous literature [22, 23]. Differing from PDINN and PNDIT-
F3N, the ESR signal of nitrogen vacancy is negligible in DCP, which demonstrates that there is
no self-doping effect of the phenanthroline unit in DCP. The thickness insensitivity of DCP can
be attributed to the high conductivity of DCP due to the existence of Os atoms. Thus, the bulk
conductivities of DCP, PDINN and PNDIT-F3N were further estimated based on the current-
voltage (/-V) curves of the corresponding devices. DCP presents a comparable conductivity of
7.59x10* S m™! with 7.51x10* S m™! of PDINN, which is obviously higher than that of PNDIT-
F3N (5.78x10* S m™") (Figure 2a). The high conductivity of DCP is conducive to decreasing
the charge accumulation and suppressing the charge recombination, thereby contributing to
enhanced performance of the OPV cells.

The depletion region widths at the bulk-heterojunction (BHJ)/CIL interface and the
ClIL/electrode interface are the critical parameters which significantly affect the charge
extraction and transport. Therefore, we conducted a detailed investigation on the depletion
region widths at CIL/Ag and BHJ/CIL interface [28]. As displayed in Figure 2b, the depletion
region width at the CIL/Ag and BHJ/CIL interface can be expressed as 4a and /v, respectively.
The Za can be calculated using the equation 1:

_ 2806 Vi

N =

where & 1s the permittivity of vacuum, é&: is the relative dielectric constant, ¢ is the elementary
charge, Vbi is the absolute value of the Er/g difference between CIL and Ag, N4 is the doping

density of the CIL. The 4b can be calculated using the equation 2:

1
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where Vi is the absolute value of the E¥/q difference between CIL and BHJ, N 5 HIis the doping

density of the BHJ. Herein, PB2:FCC-CI [29, 30] is selected as the BHJ to fabricate the devices
and their chemical structures are shown in Figure S2.
According to the frequence-dependent capacitance characteristic, the &s can be calculated

from the capacitance at 10 kHz, which are 4.16, 4.10 and 2.18 for DCP, PDINN and PNDIT-



F3N, respectively (Figure S3a and equation S1). In addition, the & of PB2:FCC-CI is
calculated to be 2.35 based on the same method (Figure S3b). Then, the doping density of DCP,
PDINN, PNDIT-F3N and PB2:FCC-Cl are further determined based on the Mott-Schottky plots
(equation S2). The doping densities of DCP, PDINN and PNDIT-F3N are 8.46x10!7, 8.70x10""
and 2.44x10'7 cm?, respectively (Figure 2¢ and Figure S4); the doping density of PB2:FCC-
Cl s also calculated to be 1.41x10'7 cm™ (Figure S5). Surprisingly, the doping density of DCP
is just slightly lower than that of PDINN and obviously higher than that of PNDIT-F3N, even
though DCP exhibits negligible self-doping effect in ESR measurement. We conjecture that this
special property may stem from the transition metal Os of DCP. As a result, the las of DCP,
PDINN and PNDIT-F3N can be calculated to be 4.81, 5.58 and 15.3 nm, respectively (Figure
2d). Meanwhile, the Abs of DCP, PDINN and PNDIT-F3N are 22.5, 24.7 and 30.8 nm,
respectively. Thus, the total depletion region width (4atAb) of DCP (27.3 nm) is slightly thinner
than that of PDINN (30.3 nm), and both of them are much smaller than that of PNDIT-F3N
(46.1 nm). The reduced depletion region width of DCP results from the smaller Vsi values in
the DCP/Ag and DCP/PB2:FCC-Cl interlayers due to the matched Fermi-levels. Theoretically,
the smaller depletion region width facilitates decreasing the energy barrier for charge extraction
and suppressing the charge recombination at the interface, thereby further improving the
photovoltaic performance [31-33]. This result demonstrates the promising performance of DCP
as a CIL material and implies that the DCP-based OPV cells should have higher PCE values

under indoor lighting in comparison with the PDINN- and PNDIT-F3N-based cells.
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Figure 2. (a) I-V curves of the DCP-, PDINN- and PNDIT-F3N-based devices with the structure of
ITO/CIL/Ag. (b) The schematic diagram of depletion region in BHJ/CIL/Ag interface. (c) The N4 values of
DCP, PDINN and PNDIT-F3N. (d) The depletion region width of CIL/Ag (1) and PB2:FCC-CI/CIL (4)
interface.

To evaluate the performance of DCP, PDINN and PNDIT-F3N, we fabricated the
corresponding OPV cells and first measured the photovoltaic performance under AM 1.5G. The
current density-voltage (J-V) curves of the OPV cells are shown in Figure 3a. The OPV cells
based on DCP and PDINN obtain similar photovoltaic performance with the same Vocs of 1.08
V, Jscs of 17.3 and 17.4 mA cm™, FF of 77.0% and 76.9%, respectively. Thus, both of them
reach a prominent PCE of 14.4%. In addition, their performances are significantly higher than
that of PNDIT-F3N-based cells (Voc of 1.03 V, Jsc of 17.0 mA cm?, FF of 73.0% and PCE of
12.8%). The improvement of Voc and FF in DCP-based cells can be attributed to the smaller
depletion region width than PNDIT-F3N, which facilitates charge extraction and suppresses
charge recombination. The device performance of OPV cells at various DCP thicknesses was
further determined (Table S1). DCP-based cells exhibit high PCEs of over 14% at different
DCP thicknesses, demonstrating satisfactory thickness insensitivity and feasibility for coating
process. The external quantum efficiency (EQE) curves are depicted in Figure 3b. The

integrated current densities (Jeas) of the OPV cells based on DCP, PDINN and PNDIT-F3N are



17.1,16.9 and 16.8 mA cm™, respectively, which are consistent with the Jscs. The related results
are summarized in Table 1. The improvement of EQE observed in the DCP-based cell should
be attributed to the charge transfer occurring between PB2 and DCP. Thus, we fabricated a
double-layer device with the structure of ITO/PEDOT:PSS/PB2/DCP/AL. The device gives a
Voc of 1.05 V and a Jsc of 0.105 mA cm?, indicating that charge transfer and dissociation can
occur at the interface of PB2/DCP (Figure S6).

Table 1. The detailed photovoltaic parameters of the OPV cells based on DCP, PDINN and PNDIT-F3N

under AM 1.5G.

CIL Voc Jsc Jaal FF PCE
W) (mA cm?) (mA cm™?)* (%) (%)
14.4
DCP 1.08 17.3 17.1 77.0 (14.140.2)
PDINN 1.08 17.4 16.9 76.9 144
(14.1+0.2)
PNDIT-F3N 1.03 17.0 16.8 73.0 128
(12.5+0.2)

"The Jes are integrated from the EQE curves.
The average PCEs with standard deviations in parentheses are obtained from 6 individual cells.
Furthermore, we measured the indoor performance of OPV cells based on DCP, PDINN and
PNDIT-F3N to evaluate the performance of DCP under weak illumination. As shown in Figure
3¢, a 2700 K LED light is applied to provide the indoor lighting of 1000, 500 and 200 lux. The
corresponding J-V curves are shown in Figure 3d and Figure S7. The OPV cells based on
PNDIT-F3N, PDINN and DCP exhibit increasing Vocs of 0.903, 0.920 and 0.926 V at 1000 lux,
respectively. This characteristic results from enhanced influences of depletion region width due
to decreased carrier density under weak illumination, resulting in increased charge
recombination at interlayer. Thus, the DCP-based cells have lower voltage losses than that of
PDINN and PNDIT-F3N under indoor lighting benefiting from the smaller depletion region
width, which demonstrates the superiority of DCP for indoor OPV cells. Moreover, DCP-based
cells obtain a comparable Jsc of 126 nA cm™ and improved FF of 80.7% in comparison with
that of PDINN and PNDIT-F3N at 1000 lux. Thus, the OPV cells based on DCP achieve a
remarkable PCE of 30.4%, which is one of the state-of-the-art results for indoor OPV cells. In

contrast, the PDINN-based cells obtain a PCE of 29.1%, while the PNDIT-F3N-based cells give



a lower PCE of 28.4% due to the restricted Voc and FF. As the illuminance decreases, the Voc
and FF values of three OPV cells gradually decrease, resulting in reduced PCEs under very
weak illumination. Nonetheless, the DCP-based cells still reach a satisfactory PCE of 28.8%
and 26.3% at 500 and 200 lux, which also exceeds the performance of PDINN- and PNDIT-
F3N-based cells. The detailed photovoltaic parameters are summarized in Table 2. The
increasing photovoltaic performance of DCP-based cells indicates the outstanding performance
of DCP for indoor photovoltaics.

Table 2. The detailed photovoltaic parameters of the OPV cells based on DCP, PDINN and PNDIT-F3N

under indoor lighting.

CIL Illuminance Pin Voc Jsc Jaal FF Pout PCE
(lux) (LW cm?) V) (pAcm?)  (uA em?) (%) (W cm?) (%)®
30.4
DCP 1000 310 0.926 126 120 80.7 94.2 (29.8+0.4)
500 154 0.896 62.6 59.6 79.0 443 28.8
(28.6+0.2)
200 60.7 0.861 24.5 23.7 75.8 16.0 263
(26.2+0.2)
PDINN 1000 310 0.920 123 118 79.8 90.3 29.1
(28.8+0.4)
500 154 0.896 61.2 58.8 79.0 433 28.1
(27.8+0.4)
200 60.7 0.860 24.2 23.3 74.1 154 254
(25.2+0.2)
PNDIT-F3N 1000 310 0.903 124 118 78.5 87.9 28.4
(28.0+0.4)
500 154 0.874 61.2 58.7 78.0 41.7 271
(27.0+0.4)
200 60.7 0.841 24.4 23.3 73.9 15.2 25.0
(24.6+0.3)

aThe J.as are integrated from the EQE curves based on the emission spectra of 2700 K LED light.
®The average PCEs with standard deviations in parentheses are obtained from 6 individual cells.

Since DCP-based OPV cells exhibit improved Voc and FF under indoor lighting, the charge
transport and recombination are further investigated. Electrochemical impedance spectroscopy
was performed to measure the series resistance (Rseries). The Nyquist plots are fitted using the
equivalent circuit model in Figure 3e. The DCP-, PDINN- and PNDIT-F3N-based OPV cells
have approximate Rseries values of 1.72, 1.65, 1.60 Q cm?, respectively. Then, the fast carrier
mobility is determined by photo-induced charge carrier extraction by linear increasing voltage

(photo-CELIV). According to Figure S8, the fast carrier mobilities are calculated to be 2.57x10"



42.63x10* and 2.69x10* cm? V! 5! for the OPV cells based on DCP, PDINN and PNDIT-
F3N, respectively. These results suggest that DCP exhibits comparable charge transport ability
with PDINN and PNDIT-F3N. The charge transport ability is not the dominated factor for

improved photovoltaic performance of DCP-based cells.
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Figure 3. (a) The J-V curves of the OPV cells under AM 1.5G. (b) The EQE curves of the optimized OPV
cells. (¢) The emission spectra and the power density of 1000, 500 and 200 lux LED light (2700 K). (d) The
J-V curves of the OPV cells at 1000 lux. (e) The EIS spectra, (f) DOS distribution and (g) TPV measurement
of the corresponding cells. (h) The device stability of the DPC-based cell at 1000 lux.

The density of state (DOS) distribution was analyzed by capacitance spectroscopy. The OPV
cell based on DCP exhibits larger & than that of PDINN and PNDIT-F3N, which benefits the
charge extraction (Figure S9a). Combined with Mott-Schottky characterization (Figure S9b),
the DOS distribution of the corresponding OPV cells can be plotted in Figure 3f. Then, the

energy disorder parameter (o) can be extracted through the equation 3 [34]:

N[ BB
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where M is the total trap density and E: is the center of DOS. By Gaussian fitting, the o values
of DCP-, PDINN- and PNDIT-F3N-based cells are calculated to be 22.8, 23.1 and 22.9 meV,
respectively. It is suggested that the DCP-based cells can obtain a relatively small DOS
distribution in favor of high performance, which is beneficial to suppressing the voltage losses
under indoor lighting [35, 36]. Transient photo-voltage (TPV) measurement is performed to
analyze the charge recombination. As shown in Figure 3g, the charge carrier lifetime of DCP-
based OPV cell is 1.32 ps, which is higher than that of PDINN (1.28 ps) and PNDIT-F3N (1.11
us), demonstrating efficient charge extraction and decreased charge recombination. Then, the
charge recombination is further discussed based on light intensity-dependent Voc and Jsc. For
the relationship between Voc and light intensity (Pin), the DCP-based cells exhibit a slope of
1.28 kT g"' (where k is Boltzmann constant, T is Kelvin temperature and ¢ is elementary charge),
which is consistent with that of PDINN (1.26 kT ¢’!) but smaller than that of PNDIT-F3N (1.32
kT ¢’") (Figure S10a). This result suggests that the DCP-based cells have relatively low trap-
assist recombination. In addition, the relationship between Jsc and Pin is shown in Figure S10b.
The OPV cells based on DCP, PDINN and PNDIT-F3N obtain similar slopes of Jsc-Pin,
implying that bimolecular recombination is non-dominated. These results demonstrate that DCP
exhibits similar performance with PDINN for OPV cells, but better than PNDIT-F3N.

We further evaluated the device stability of DCP-based OPV cells at continuous illumination
of 1000 lux. After being illuminated for 3640 h, the PCE of DCP-based cell maintains 88% of
the initial values (Figure S11). By tracking the trend of the PCE evolution, the fitting T80
lifetime is estimated to be 32000 h (Figure 3h), demonstrating the prominent stability of DCP-
based OPV cell under indoor lighting. The prominent stability is attributed to the weak
alkalinity of DCP, which is not enough to damage the active layer and electrode during the
operation of devices. The absence of strongly alkaline groups also results in more stable
interlayer structure and thus contributes to the long-term device stability. Therefore, these

results demonstrate the promising potential of DCP for stable and efficient indoor OPV cells.
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Figure 4. (a) The schematic of the applications for Internet of Things. (b) The photograph of the wireless
devices integrating ESL, lithium cells and OPV module (left) and the photograph of DCP-based OPV module
(right). (c) The schematic of the blade coating process for OPV modules. (d) The /- and Poy curves of the
OPV module at 1000 lux. (¢) The EQE mapping of the OPV module. (f) The equivalent circuit diagram of
the integrated system. (g) The charging curve of lithium battery (LIR2032) through the OPV module at 1000
lux. (h) The current variation and electricity consumption of the wireless device for refreshing once.

As we all know, the indoor OPV cells exhibit unique advantages for the Internet of Things
applications, such as smart devices, wireless sensors, radio-frequency identification (RFID)
devices, electronic tags and etc. [37] (Figure 4a). Therefore, we investigated the feasibility of
the integration of DCP-based OPV cell with wireless devices (Figure 4b). We selected a
commercial electronic shelf label (ESL) that is a representative wireless device widely used in
market. The ESL generally contains an electronic paper, a control module with Bluetooth and
two parallel lithium batteries (CR2450). When the ESL needs to be refreshed, the Bluetooth
module accepts the command and the lithium batteries supply electricity to the control module

and electronic paper. Then, the electronic paper can be refreshed. Otherwise, the ESL will stay



in a state with extremely low power consumption, and the contents on electronic paper can be
maintained without energy supplement. However, the lithium battery (CR2450) just provides
limited electric energy, and it is time-consuming and high-cost to frequently replace the battery
for numerous ESL. The integration of OPV cells with lithium battery is a promising power
supply method for ESL due to the advantages of high efficiency under weak illumination, light
weight and nontoxicity of OPV cells.

To realize the self-power function, the non-rechargeable lithium batteries (CR2450) are
replaced with two rechargeable lithium batteries (LIR2032) in parallel, each of which can
provide a voltage of 3.6 V. To reach the voltage for charging lithium battery (LIR2032), we
designed an OPV module including 5 sub-cells (Figure 4b). The OPV module has an effective
area of 1.5 cm?, which is a delicate size for ESL so that the OPV module is expected to be
integrated inside the ESL. We further fabricated the OPV module by sequentially blade coating
the active layer and DCP interlayer (Figure 4¢). The thickness of DCP layer is about 26 nm.
The photovoltaic performance of the module was determined under AM 1.5G and indoor
lighting, respectively. The detailed parameters are shown in Table S2. Under AM 1.5G, the
OPV module reaches a high Voc of 5.35V, a short-circuit current (/sc) of 5.07 mA and an FF
of 76.9%, giving an excellent PCE of 13.9% (Figure S12a). At 1000 lux, the OPV module
obtains a high Voc of 4.63 V, an Isc of 38.1 pA and an optimal FF of 80.7%, contributing to a
remarkable PCE of 30.6% (Figure 4d), which is a state-of-the-art performance for indoor OPV
modules. Importantly, the OPV module gives a Pmax of 142 uW with a Vmax 0of 4.00 V and a
maximum current (/max) of 35.6 pA. Even at 500 lux, a considerable Voc of 4.49 V and an /Isc
of 18.7 pA can also be reached, corresponding to a PCE of 28.3% (Figure S12b). Meanwhile,
a Vmax 0f 3.86 V and an Imax of 16.9 pA are provided to give a Pmax of 65.2 uW, which can still
meet the requirement for charging the lithium battery (LIR2032).

Moreover, the EQE mapping of the optimal OPV module was measured. Generally, the
deposition process during blade coating is difficult to control and the thickness-sensitive CIL
also brings challenges for the coating process of OPV modules. According to Figure 4e, the

OPV module exhibits a uniform film with high EQE response, which demonstrates the high



adaptability of DCP for blade coating process benefiting from its thickness insensitivity. This
indicates the notable advantages of DCP for the manufacture of indoor OPV modules in favor
of the industrialization.

Finally, the OPV module is connected in series with the lithium batteries by using a diode to
avoid the reverse charging, and then the integration of OPV module with ESL can be realized
(Figure 4b and Figure S13). The equivalent circuit diagram of the integrated system is shown
in Figure 4f. We measured the charging process of lithium battery (LIR2032) using the indoor
OPV module as energy source. The corresponding charging curve is demonstrated in Figure
4¢g, indicating feasible charging process. The capacitance variation of lithium battery in
charging process is demonstrated in Figure S14. We further determined the electricity
consumption of ESL for refreshing one time (about 24 s). The voltage is determined to be 3.09
V and the current variation during this process is shown in Figure 4h. The average electricity
consumption for refreshing one time is calculated to be 210 mJ. We assume that the OPV
module works at 500 lux indoor lighting for 12 hours one day. The energy provided by one
OPV module can refresh an ESL 13 times. These results demonstrate the promising applications
of the OPV modules for efficient wireless power transfer. In addition, benefitting from the high
Vmax, the indoor OPV module can be also potentially applied for smart devices, fingerprint locks,

digital peepholes, etc., showing wide application prospects.

3. Conclusion

In conclusion, we comprehensively investigated the performance of DCP as a CIL for indoor
applications in comparison with PDINN and PNDIT-F3N. DCP exhibits a high transmittance,
high conductivity and favorable energy level. Although DCP is free of self-doping effect, it
presents thinner depletion region width due to the existence of transition metal Os. This
contributes to suppressed charge recombination and voltage losses. As a result, the DCP-based
OPV cell obtains a prominent PCE of 14.4% under AM 1.5G, and meanwhile achieves an
excellent PCE of 30.4% at 1000 lux. The DCP-based cell also retains outstanding device

stability with a T80 lifetime of 32000 h. The slightly enhanced photovoltaic performance of



DCP-based cells than that of PDINN demonstrates the excellent properties of DCP for indoor
OPV applications. Importantly, we fabricated a DCP-based OPV module by blade coating and
investigated its application for wireless power transfer. The OPV module reaches a high Voc of
4.63 V and a remarkable PCE of 30.6% at 1000 lux. The electricity energy supplied by this
OPV module can refresh the ESL 13 times a day. Overall, this work realizes a highly efficient
indoor OPV module using DCP as the cathode interlayer and demonstrates the practical

feasibility of indoor OPV module for efficient wireless power transfer.
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In this work, we designed and fabricated the OPV module based on the cathode interlayer DCP

with thin depletion region width by blade-coating method. The module achieved a remarkable

PCE of 30.6% with an output power of 142 uW at 1000 lux. Due to the high output voltage, the

module can fulfill the requirement for efficient wireless power transfer under indoor lighting.

Highlights

® The cathode interlayer DCP exhibits thin depletion region width.

® The OPV module based on DCP achieves a remarkable PCE of 30.6% at 1000 lux.
® The DCP-based OPV cell maintains a prominent stability under indoor lighting.
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The module is successfully applied for the efficient wireless power transfer.





