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Abstract
Simultaneous light and information-power transfer (SLIPT) offer a route to self-powered optical access
networks, yet solar cell-based receivers typically face a fundamental trade-off between efficient power
harvesting and high-speed data reception. Here we demonstrate inverted perovskite SLIPT receivers that
sustain high-speed visible-light communication while operating directly at the electrical maximum power
point. By tailoring the hole-transport layer and its interface with the perovskite absorber, we
independently tune recombination dynamics and the device RC response, enabling data transmission
close to optimal photovoltaic bias. Interface optimisation suppresses parasitic capacitance and contact
resistance while preserving a high open-circuit voltage, thereby maintaining strong power-conversion
efficiency alongside MHz-scale bandwidths (-3dB bandwidth of ~ 4.5 MHz). In a proof-of-concept SLIPT
link, the optimised devices deliver stable data transmission (> 40 Mbps) while harvesting a large fraction
of the maximum available electrical power (~ 500 µW), placing them among the fastest perovskite-SLIPT
devices reported to date. These results establish interface-engineered inverted perovskites as a viable
platform for power-efficient, high-speed SLIPT and provide general design rules for concurrent optical
energy harvesting and data reception.

1. Introduction
Metal-halide perovskites (MHP) have rapidly emerged as leading photovoltaic materials, with certified
power conversion efficiencies approaching 27%[1]. Beyond solar cells, their strong visible-light
absorption, tuneable bandgaps[2], long carrier-diffusion lengths[3], and remarkable defect tolerance [4, 5]
have enabled a wide range of optoelectronic devices, including high-performance photodetectors.
Perovskite photodetectors (PDs) have demonstrated sub-microsecond response times, MHz-scale
bandwidths, and operation across broad spectral ranges[6–8], highlighting their potential for optical
communication and sensing.

Despite this versatility, perovskite photodetectors and solar cells are almost universally operated in
fundamentally different regimes. High-speed optical detection is typically achieved near short-circuit
(SC) conditions, where strong photocurrent dynamics and minimal junction capacitance maximise
bandwidth[9]. In contrast, efficient energy harvesting requires operation at the maximum power point
(MPP), where the internal electric field is reduced and charge accumulation and recombination dynamics
differ markedly[10]. As a result, the photovoltaic functionality of perovskite absorbers remains largely
unused in optical communication systems, limiting their applicability for self-sustaining technologies
such as distributed sensors, Internet-of-Things nodes, and indoor wireless networks.

Simultaneous light and information–power transfer (SLIPT) offers a compelling strategy to overcome
this limitation by enabling a single device to harvest optical energy while decoding high-speed data. In
principle, perovskite solar cells are well suited to this role owing to their high open-circuit voltages,
strong optical responsivity enabling photodiode-like operation[11]. Previous demonstrations have shown
that perovskite devices can alternately support either efficient power extraction or high-speed data
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transmission using the same optical source[12]. However, these functionalities have typically been
realised under different operating conditions, and the impact of photovoltaic bias on communication
performance has not been systematically examined.

This gap in understanding is critical. Operating a device near short circuit or near the MPP fundamentally
alters the internal electric field, charge extraction pathways, interfacial recombination, and capacitive
charging. These changes are expected to strongly influence the high-frequency response[13], yet the
physical mechanisms governing communication bandwidth under photovoltaic operating conditions
remain unresolved. To date, no study has established whether high-speed communication can be
sustained during efficient power harvesting, nor how device design should be optimised to enable true
SLIPT operation.

Here, we address this challenge by systematically engineering the hole-transport layer (HTL) in inverted
PSCs to decouple photovoltaic efficiency from communication bandwidth. We compare representative
HTLs spanning a wide range of interfacial energetics and conductivities, PEDOT: PSS, PTAA, and MeO-
2PACz, and further tune charge extraction using molecular p-doping of PTAA with F4TCNQ. By operating
all devices directly at their maximum power point, we perform a rigorous, like-for-like evaluation of power
harvesting and data transmission under realistic SLIPT conditions. Combining high-speed optical
communication experiments with transient photoluminescence, transient photocurrent measurements,
and bias-dependent electrochemical impedance spectroscopy, we identify the physical mechanisms
governing bandwidth under photovoltaic bias. We show that communication performance is not limited
by carrier lifetime or interfacial recombination, but instead by the geometric RC response of the
transport-layer stack. Importantly, we find that RC limitations are minimised near the maximum power
point, enabling devices to retain a large fraction of their short-circuit data rate while simultaneously
delivering useful electrical power.

These results establish fundamental design rules for high-speed, energy-harvesting perovskite receivers
and demonstrate the feasibility of truly simultaneous visible-light communication and power extraction
using inverted perovskite solar-cell architectures.

2. Results and Discussion

2.1. Energy-harvesting performance and implications for
SLIPT
We first establish the photovoltaic performance of inverted perovskite solar cells incorporating different
HTLs to define the baseline for SLIPT. Devices were characterised under AM1.5G illumination, indoor
lighting (1000 lux, 0.3 mW cm⁻²), and 650 nm laser excitation (13 mW cm⁻²) representative of visible-
light communication (VLC) sources. Figure 1a summarises the power-conversion efficiencies, and the
full devices parameters are provided in Table S1. Consistent with interfacial energy-energy level
alignment, devices employing MeO-2PACz self-assembled monolayer exhibit the highest photovoltaic
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performance, approaching 20% under 1-sun. In contrast, PEDOT: PSS-based devices showed
substantially lower open-circuit voltages (VOC) and efficiencies (~ 12%) due to a pronounced HOMO-level
mismatch with the perovskite absorber (Fig. 2a), This mismatch introduces interfacial band bending and
reduces quasi-Fermi level splitting, thereby limiting VOC[14].

Molecular p-doping of PTAA using F4TCNQ yields modest but reproducible performance improvements,
reflecting enhanced hole conductivity and more favourable interfacial energetics[15, 16]. Under 650 nm
laser illumination, all devices generated notably higher electrical power than under indoor lighting, owing
to the strong spectral responsivity of the perovskite absorber at this wavelength[17] (Fig. 1b).
Importantly, this enables efficient energy harvesting using the same optical carrier that encodes data.
Although higher power could in principle be harvested close to the responsivity peak (~ 750 nm), 650 nm
is chosen here to align with established VLC sources. The maximum electrical harvested powers under
all illumination conditions are summarized in Table 1, revealing a clear hierarchy: MeO-2PACz delivers
the highest power, PEDOT: PSS the lowest, with pristine and doped PTAA lying in between. This hierarchy
raises a central question for SLIPT: does the HTL that maximises photovoltaic power simultaneously
enable the highest communication bandwidth?

Table 1
Power harvested under different illumination conditions and summary of SNR-derived bandwidths and

data rate closer to short-circuit condition.
HTL AM1.5G 650nm

Laser
Indoor
Light

-3dB BW

From
SNR

-6dB Usable
BW

From SNR

Data
Rate

(mW) (µW) (µW) (MHz) (MHz) (Mbps)

PEDOT: PSS 114.55 359.5 5.7 10.07 14.60 62.41

MeO-2PACz 175.40 631.7 8.3 5.23 11.48 45.79

PTAA 135.98 397.3 6.2 4.06 8.82 38.95

Doped
PTAA

142.39 476.0 6.5 4.45 9.76 48.35

2.2. Communication performance near short-circuit current
operation
We first assessed the communication characteristics of all devices under short-circuit conditions, which
are typically optimal for photovoltaic receivers owing to strong photocurrent dynamics and minimal
influence from internal field redistribution[18]. In optoelectronic devices such as photodiodes, the
electrical − 3 dB bandwidth (f3dB) defines the detector cut-off frequency and limits the maximum

achievable data-transmission rate[17, 19]. To evaluate the intrinsic bandwidth under realistic
communication conditions, we measured the signal-to-noise ratio (SNR) using a modulated optical link
(Fig. 1c). The SNR as a function of frequency under short-circuit operation is shown in Fig. 1d. The
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dotted line indicates the − 6 dB cut-off, which represents the performance-driven limit for practical
communication. This range was used for data allocation data in the data rate measurements, and SNR-
based metrics are employed in subsequent analyses for practical relevance[20]. The results show that
devices based on PEDOT: PSS exhibit the largest − 6 dB bandwidth (~ 15MHz), whereas devices
incorporating the other HTLs cluster around 10MHz (Table 1).

Using DC-biased optical orthogonal frequency division multiplexing (DCO‑OFDM), we extracted
maximum data rates at a bit error ratio (BER) of 3x10⁻³, a threshold considered sufficient to ensure
reliable operation after forward error correction (FEC). As expected, the achievable data rates scale with
both SNR and bandwidth. PEDOT: PSS-based devices achieve the highest data rates despite their inferior
photovoltaic performance (Table 1). Notably, no monotonic correlation is observed between photovoltaic
efficiency and communication speed: HTLs that maximise power extraction do not necessarily enable
the highest bandwidth.

All devices employ the same perovskite absorber with comparable crystallinity, as confirmed by X-ray
diffraction (Figure S1), making differences in trap-mediated recombination or carrier diffusion lengths
unlikely to be the origin of the observed variations. Charge-transfer limitations at the electron-transport-
layer (ETL) side can also be excluded, as all devices use an identical PC60BM/BCP stack. The differences
in communication performance must therefore originate from HTL-related factors, such as charge‐
extraction kinetics, interfacial recombination dynamics, or RC constraints imposed by the conductivity
and capacitance of the hole transport layers. To identify the physical origin of these discrepancies, we
next systematically investigate interfacial recombination, transient charge-extraction dynamics, and RC
limitations.

2.3. Interfacial recombination and transient charge
extraction
To probe interfacial recombination, we performed time-resolved photoluminescence (TRPL)
measurements on perovskite films deposited on different HTLs (Fig. 2b). PEDOT: PSS yields the shortest
average carrier lifetime, dominated by a fast decay component, consistent with its substantial energetic
mismatch suppressing hole back-transfer into the perovskite (Fig. 2a). In contrast, MeO-2PACz exhibits a
pronounced delayed decay component, indicating partial hole back-transfer enabled by closer energetic
alignment. F4TCNQ-doped PTAA similarly shows an increased delayed recombination relative to pristine
PTAA, confirming that improved energetics facilitate partial hole back-transfer in doped PTAA-based
devices[21].

Despite these differences in interfacial dynamics, no monotonic correlation is observed between TRPL
lifetime and communication bandwidth across the device set. Notably, MeO-2PACz-based devices
exhibit long carrier lifetimes yet still support moderate communication speeds, indicating that interfacial
recombination alone does not determine the high-frequency response.



Page 7/18

Transient photocurrent (TPC) measurements provide further insight into charge-extraction dynamics
across the full device stack[22] (Fig. 2c). The rising edge of the photocurrent exhibits two distinct
features: a fast initial peak associated with the rapid extraction of interfacial charges accumulated in the
dark, followed by a slower peak corresponding to steady-state extraction of photogenerated carriers
once the junction reaches equilibrium [23]. PEDOT: PSS based devices display a pronounced initial
current spike, attributed to rapid de-accumulation of interfacial charge accumulated in the dark due to
energetic mismatch. This capacitive discharge enhances the initial transient response and contributes to
improved high-frequency signal components. For MeO-2PACz, the separation between the two current
peaks is minimal, indicating nearly simultaneous extraction of accumulated and photogenerated
charges. HTL with intermediate energy-level alignment (i.e., PTAA) show correspondingly intermediate
peak structures. However, all devices show similar falling-edge transients, indicating comparable
recombination or extraction dynamics once illumination ceases. Since usable communication bandwidth
depends on both rise and fall times[24], these results suggest that transient extraction alone cannot
account for the measured bandwidth differences and global RC limitations may probably dominate the
frequency response.

To directly probe resistive and capacitive constraints, we performed electrochemical impedance
spectroscopy (EIS) under 650 nm illumination. At high frequencies, ionic motion is effectively frozen and
the impedance response reflects purely electronic transport and capacitance[25]. The high-frequency
semicircle in the Nyquist spectra (Fig. 2d) is well described by a parallel RC element dominated by the
geometric capacitance of the device. PEDOT: PSS-based devices exhibit the lowest capacitance, while
pristine PTAA shows the highest, with MeO-2PACz and doped PTAA lying in between. This trend closely
mirrors the measured communication bandwidths. Because device area and absorber thickness are
fixed, the capacitance variations arise primarily from HTL properties. Highly conductive HTLs reduce
charge accumulation and effective capacitance, thereby lowering the RC time constant, while molecular
p-doping further suppresses capacitance by enhancing hole conductivity[15]. Together, these results
establish that communication bandwidth in perovskite solar cells is governed primarily by RC limitations
rather than by carrier lifetime or interfacial recombination.

2.4. Simultaneous energy harvesting and communication at
the maximum power point (MPP)
We finally evaluate device performance under true SLIPT conditions by operating all devices directly at
their maximum power point using a bias-tee configuration that separates the AC (communication) and
DC (power harvesting) components. Remarkably, all devices retain more than 70% of their short-circuit
data rate at the MPP (Table 2), demonstrating that high-speed optical communication can be sustained
during efficient power extraction.

Comparative SNR measurement at the MPP (Fig. 3a) show that PEDOT: PSS-based devices achieve an
SNR of ~ 22.5 dB with a usable bandwidth of ~ 14.9 MHz, delivering the highest data rate (52.3 Mbps)
but the lowest harvested power (~ 360µW). In contrast, F4TCNQ-doped PTAA achieves a more balanced
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performance, delivering ~ 475 µW while sustaining a ~ 40 Mbps data rate with a usable bandwidth of
11.71MHz, while undoped PTAA yields ~ 33 Mbps data rate with a usable bandwidth of 10.07 MHz.
Devices employing the MeO-2PACz yield the highest harvested power (~ 630 µW) but experience a larger
reduction in bandwidth and data rate relative to short-circuit operation (Fig. 3a and 3b, Table 2).

Taken together, these results are counterintuitive. As the operating point shifts from short circuit toward
open circuit, the internal electric field weakens and mobile ions redistribute within the perovskite and at
selective interfaces, processes that are typically expected to degrade high-frequency response[10].
Instead, the observed reduction in data rate is modest and non-linear, indicating that additional
compensating mechanisms are active near the MPP.

All devices were therefore evaluated across the full bias range, from short circuit to open circuit, by
varying the load connected to the DC branch of the bias-tee tee (Fig. 1c: section highlighted in red). A
representative bias-dependent data-rate measurement for a PEDOT: PSS-based device is shown in
Figure S6. For all devices, the highest communication performance was observed near the MPP,
following the short-circuit condition.

To understand why high-speed performance persists at the MPP, we performed EIS across the full
operating voltage range, from short circuit to open circuit. Similar to measurements near short-circuit,
two dominant contributions are identified at the MPP: a high-frequency (HF) semicircle, characterised by
RHF and CHF, which captures the intrinsic electronic response with mobile ions effectively frozen, and a
low frequency (LF) contribution, described by RLF and CLF, associated with slower interfacial and ionic
charge-transfer processes.
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Table 2
Communication performance at short-circuit (SC) and maximum power point (MPP), including the data-

rate retention metric ( ). Second section shows bandwidths calculated from EIS fitting

parameters. Values in brackets correspond to uncorrected EIS-derived badwidths prior to application of

the proportionality factor .

Measured Calculated from the
EIS analysis

 

Data
Rate @
SC

Data
Rate @
MPP

Data Rate
after
aging @
MPP

DMPP/DSC -6dB
BW

@
MPP

-3dB
BW

@
MPP

k · RS ·
CHF

RHF · CHF  

(Mbps) (Mbps) (Mbps) (%) (MHz) (MHz) (MHz) (MHz)  

PEDOT:
PSS

62.41 52.33 48.87 84 14.92 8.04 6.14(1.72) 0.28

MeO-
2PACz

45.79 31.13 29.77 68 9.76 4.29 4.32(1.21) 0.12

PTAA 38.95 33.08 32.27 85 10.07 5.07 5.18(5.07) 0.14

PTAA:
F4TCNQ

48.35 40.38 38.03 84 11.71 6.25 6.04(6.25) 0.04

As the applied bias increases from short circuit toward open circuit, the impedance spectra evolve
systematically. Between the MPP and open circuit, the spectra are dominated by a single semicircle, as
illustrated for PEDOT: PSS-based devices in Fig. 3d (full datasets are shown in Figure S3). Near VOC, a
weak additional feature (see zoomed inset, Fig. 3d) appears at very high frequencies (1–10 MHz) and
progressively merges with the main HF arc as the bias shifts toward the MPP or lower voltages. This
feature is attributed primarily to the geometric capacitance of the device; its disappearance indicates
that the geometric capacitance becomes increasingly masked by dominant electronic processes under
operating conditions[26]. Below the MPP, two positive semicircles corresponding to HF and LF
processes are clearly resolved, both increasing in magnitude at lower voltages, while the semicircles
near the MPP remain the smallest and most well-defined.

At low operating voltages, close to short-circuit, the strong electric field across the perovskite layer
drives efficient charge extraction (Fig. 4a). In this regime, the response is dominated by electronic
transport and recombination, giving rise to two well-defined positive semicircles associated with HF
(electronic) and LF (interfacial/ionic) processes.

The impedance spectra were fitted using an equivalent circuit consisting of a series resistance (RS)

accounting for contacts and wiring, followed by two parallel RC branches in series (Figure S2). The HF
branch describes the purely electronic response, where RHF reflects coupled transport and

DMPP/DSC

k
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recombination resistance and CHF corresponds primarily to the geometric capacitance of the perovskite
layer, influenced by interfacial charge accumulation. The LF branch accounts for slower interfacial and
ionic processes. This two RC topology reliably reproduces the impedance features commonly observed
in perovskite solar cells and photodiodes and enables separation of electronic and ionic contributions
[27].

The radius of HF semicircle exhibits a pronounced U-shaped dependence on bias (Fig. 4b), reaching a
minimum at the MPP and increasing at both lower and higher voltages. This behaviour indicates that the
effective high-frequency resistance (RHF) is limited by extraction inefficiencies at low bias and by
interfacial charge accumulation near VOC [28]. At the MPP, these limitations are minimised and HF

response is governed predominately by recombination resistance. In contrast, CHF remains
approximately constant at low voltages, corresponding to the geometric capacitance of the device, and
increases exponentially at higher voltages due to bulk and interfacial charge accumulation [29], [30].
Therefore, the RC limitation is weakest near the MPP. This effect compensates for the reduction in
photocurrent response caused by the diminishing internal electric field as the operating point moves
from short circuit toward open circuit. As a result, devices exhibit enhanced data rates near the MPP, as
schematically summarised in Fig. 4a.

Figure 4

(a) Schematic representation of the dominant mechanisms at different operating points of the solar cell.
Yellow arrows indicate the electric field across the device under short-circuit, MPP, and open-circuit
conditions. The corresponding equivalent circuit models and representative EIS semicircles are shown
below. (b) Bias dependence of for devices with different HTLs. (c) Bias dependence of for
devices with different HTLs.

From HF branch, a characteristic electronic time constant can be defined as

With the associated characteristic frequency

For a single-pole RC-limited response, the bandwidth is given by

where Rtot is the effective series resistance and Ctot is the total geometric capacitance.

To connect the impedance analysis with the measured optical bandwidths, we compare the
experimentally determined f3dB with characteristic frequencies extracted from the HF impedance

RHF CHF

τ HF = RHF ⋅ CHF

fHF =
1

2π τ HF

f3dB =
1

2π RtotCtot
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response using Rs, RHF, CHF evaluated at the MPP (Table 2). We acknowledge that a direct comparison
between the electronic characteristic frequency obtained from impedance spectroscopy and the
optically measured − 3 dB bandwidth is not strictly equivalent, as the two techniques probe the device
under different excitation conditions and measurement configurations. Our objective, however, is to
compare intrinsic device parameters governing the electrical response. To enable meaningful
comparison, we introduce a proportionality constant, , that accounts for the measurement transfer
function of the potentiostat, including calibration factors and additional resistive contributions from the
instrument and external wiring. This correction isolates the device-limited RC response from extrinsic
measurement artefacts, allowing consistent comparison between impedance-derived frequencies and
optically measured bandwidth.

The measured − 3dB bandwidth correlate closely with the trend expected from k.RS.Cg (Table 2), where k 
= 0.28, Cg corresponds to the flat, low-bias region of CHF, and RS includes the series and interfacial
transfer resistances from the perovskite absorber to the HTL. The PEDOT: PSS-based device exhibits a
higher measured bandwidth, consistent with the capacitive interfacial behaviour discussed in the TPC
analysis. Overall, this agreement demonstrates that the communication bandwidth is primarily limited by
the external RC pathway rather than intrinsic recombination dynamics.

To assess operational stability, devices were operated under maximum power point tracking for 500
hours while monitoring their data rates. No significant degradation in communication performance was
observed (Fig. 3b), and the encapsulation ensured stable photovoltaic efficiency throughout the
measurement period (MPP tracking data in Figure S7). With continued improvements in perovskite
device stability, this approach offers a promising route toward practical SLIPT-enabled optoelectronic
systems for Internet-of-Things and indoor wireless applications.

3. Conclusion
This work demonstrates that perovskite solar cells can function as high-speed optical receivers while
simultaneously harvesting electrical power at their maximum power point. Contrary to the prevailing
assumption that optical communication in photovoltaic devices must be confined to short-circuit
operation, we show that inverted perovskite devices retain a large fraction of their communication
bandwidth and data rate under photovoltaic bias, even while extracting substantial electrical power. By
systematically engineering the hole-transport layer through material selection and controlled molecular
p-doping, we decouple photovoltaic efficiency from communication speed and identify the physical
mechanisms governing SLIPT performance. Using complementary transient and impedance-based
measurements, we demonstrate that communication bandwidth is not limited by carrier lifetime or
interfacial recombination, but Instead by the geometric RC response of the transport-layer stack. RC
limitations are minimal near the maximum power point, allowing data transmission during power

k

fHF =
1

2π RSCgk
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extraction, with the frequency response governed primarily by the circuit’s series resistance, including
HTL transfer resistance, and the device’s geometric capacitance.

These findings establish clear design rules for simultaneous energy harvesting and optical
communication: high-speed SLIPT requires minimising geometric capacitance and resistive losses in
transport layers rather than maximising photovoltaic efficiency alone. More broadly, this work positions
perovskite photovoltaics as a viable platform for self-powered visible-light communication, with
implications for energy-autonomous sensors, indoor wireless networks, and integrated optoelectronic
systems.
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Figures

Figure 1
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(a) Distribution of the PCE under different illumination sources, relevant spectra are shown in the inset.
(b) Spectral responsivity of devices with different HTLs. (c) Schematic illustration of the optical
communication link used for measurements, (d) SNR plots of devices with different HTLs close to the
short-circuit conditions.

Figure 2

(a) Energy-level alignment of the HTLs with the Perovskite absorber. (b) Time-resolved
photoluminescence (TRPL) decay of the perovskite films on different HTLs. (c) Transient photocurrent
(TPC) response of devices with different HTLs. (d) High-frequency semicircle of the EIS spectra near
short-circuit operation.
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Figure 3

(a) SNR spectra measured at the maximum power point (MPP). (b) Comparison of data rates vs.
harvested power for different HTLs. (c) Characteristic RC frequencies extracted from EIS fitting. (d)
Evolution of the high-frequency semicircle in EIS spectra at different operational voltages (representative
PEDOT: PSS device).



Page 18/18

Figure 4

(a) Schematic representation of the dominant mechanisms at different operating points of the solar cell.
Yellow arrows indicate the electric field across the device under short-circuit, MPP, and open-circuit
conditions. The corresponding equivalent circuit models and representative EIS semicircles are shown
below. (b) Bias dependence of FHF for devices with different HTLs. (c) Bias dependence of CHF for
devices with different HTLs.
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