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Vertical Pyro-Phototronic Effect and Lateral
Photothermoelectric Effect in Perovskite Single
Crystals-Based Photodetector for Narrowband and
Broadband Dual-Modal Optical Communications

Wenzhi Hu, Rui Yan, Yunxia Ma, Ridong Cong, Xingkun Ning, Dan Zhang, Yao Liu,
Leipeng Li, Shufang Wang, Zheng Yang,* Caofeng Pan,* and Linjuan Guo*

Creating dual-modal metal halide perovskite (MHP)-based photodetectors
(PDs) capable of working in either broadband or narrowband modes would
enhance optical communication systems. However, challenges such as
complex fabrication, and limited detection range (<900 nm) still exist. Herein,
self-powered, dual-modal PDs-based on MHPs are demonstrated, which
integrate vertical interfacial pyro-phototronic effect (IPPE) and lateral
photothermoelectric effect (PTEE), via doping these crystals with Ag+ and
integrating with wide spectrum absorber. The high-performance narrowband
photodetection results from vertical charge collection narrowing effect
(CCN)-assisted IPPE, enabling light with specific wavelength to penetrate into
the interface, with high carrier separation efficiency and temperature rise. In
lateral PD, broadband metamaterial absorbers as counter electrodes improved
photothermal conversion and expanded light absorption, achieving
ultra-broadband responses from 360 to 2200 nm. By changing the halide type
of the MHP single crystals (SCs), the specific response band of narrowband
PD can be modulated from purple light to red light, while maintaining the
wide spectrum response capability. The dual-modal photodetection is fully
used to achieve double encryption during signal transmission. The work
offers a promising approach for designing multi-modal PDs for wireless
communication and data security, applicable in optical imaging, biomedical,
and intelligent sensing.

1. Introduction

environmental monitoring, and indus-
trial production.l*l Secure optical com-
munication has gained significant inter-
est due to the risks of information leak-
age during open light transmission.l>-¢
In these systems, the photodetector (PD),
which converts optical signals to electri-
cal ones, is crucial for the speed, accuracy,
and security of data transmission.l’”!
However, traditional PDs typically per-
form either broadband or narrowband
detection.'*1%) Broadband PDs cover a
wide spectral range from ultraviolet (UV),
visible, and near-infrared (NIR) to ter-
ahertz and are easy to produce due to
the wide optical absorption of photoactive
materials. In contrast, narrowband PDs
are limited to specific spectral ranges.
Single-modal PDs are inadequate for op-
tical communication encryption because
they require separate devices for differ-
ent signal bands. Developing a dual-
modal photodetection method that can
handle both broadband and narrowband
signals is crucial.”81*] However, integrat-
ing dual-modal PDs into a single device is
challenging due to complexities in mate-
rial and structural design.l>']

Metal halide perovskites (MHPs) are promising for broadband

and narrowband PDs due to their high light absorption, long

Optical communication is a high-speed, energy-efficient tech-

carrier lifetime, excellent mobility, easy fabrication, and tunable

nology with large capacity, commonly used in remote sensing,  bandgap.!'*?°) However, dual-modal photodetection with MHPs
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has seen limited progress. Li’s group achieved narrowband and
broadband dual-modal detection in one device without bias by
using polyvinylpyrrolidone and methylamine gas to vary the
perovskite film thickness in different areas.l’] Lei’s team created
a dual-modal PD using MAPbI,  Br,/n-MAPbBr,/MAPDI,
perovskite single crystals, which adjusts photon absorption and
carrier transport through voltage bias.[?!l They also developed
a perovskite single-crystal heterojunction dual-band PD that
detects UV broadband and NIR narrowband light, utilizing a
discontinuous electric field in a vertically stacked structure.®]
Investigations of dual-modal MHP-based PDs face challenges
like fabrication complexity, lattice and thermal mismatches, and
alimited detection range due to bandgap constraints (< 900 nm).
Therefore, there is a need for dual-band PDs in a single device
that can detect a wider range (up to 2200 nm), feature a simpler
design, and offer improved performance at zero bias.

Thermal detectors are recognized for their wide spectral re-
sponse from UV to terahertz at room temperature. They operate
by measuring temperature-dependent properties, such as resis-
tance in bolometers, voltage in photothermoelectric (PTE) detec-
tors, and spontaneous polarization in pyroelectric (PE) detectors.
The PTE PDs enable a broad photoresponse, with no require-
ment of bias voltage or chopper.2l MHPs show promise as ther-
moelectric materials due to their low thermal conductivity, good
mobility, and adjustable charge carrier properties. Some per-
ovskites have been used for infrared PTE detection beyond their
bandgap.!*-2*] However, low electrical conductivity limits their
progress as PTE materials, necessitating effective solutions.[2>-2¢]
To tackle this issue, effective strategies such as doping!?’=! are
crucial. Moreover, achieving narrowband spectral detection re-
quires pairing PTEE-based PDs with bandpass filters, complicat-
ing the device structure. The charge collection narrowing (CCN)
effect is a well-established method for narrowband photodetec-
tion using MHPs,31-3] is due to strong surface-charge recombi-
nation of excess carriers near crystal surfaces caused by short-
wavelength light. Additionally, the interfacial pyro-phototronic
effect (IPPE) has been effectively used to improve self-powered
PDs-based on heterojunctions or Schottky junctions.!**3*] [PPE
results from changes in interfacial polarization intensity due to
band bending at the junction, influenced by the cooling of pho-
togenerated charge carriers®>’] and the resulting temperature
increase. Combining CCN and IPPE enables high-performance,
self-powered narrowband photodetection. Therefore, utilizing
the interaction between the vertical CCN-IPPE and lateral PTEE
in MHP-based heterojunctions could be promising to construct
high-performance broadband and narrowband dual-modal PDs.
Given the challenges, it’s essential to create a straightforward
strategy for producing vertical IPPE and lateral PTEE-based MHP
PDs integrated in one device for dual-modal optical communica-
tions.

Herein, we present self-powered narrowband and broadband
dual-modal PDs using MAPbX; (MA = CH;NH,;*, X =Cl", Br,
and I7) single crystals (SCs), integrating vertical IPPE and lateral
PTEE. Coating the SCs with AgBr forms a highly conductive n-
doping layer,®] simultaneously serving as a thermoelectric layer
and creating a p-n junction (MAPbX; /MAPDX;: Ag*) with the in-
trinsic perovskites. The high-performance narrowband photode-
tection is due to the vertical CCN-assisted IPPE, which allows
light near the bandgap to penetrate the interface, maximizing car-
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rier separation efficiency and causing temperature increases. For
instance, the MAPbBr,;/MAPDBr;: Ag* p-n junction achieved a
peak current responsivity (R;) of 0.36 A W~! and a response time
of 77 ps under 532 nm light. In lateral PD, broadband metama-
terial absorbers were used as counter electrodes on the MAPbX;:
Ag* layer, enhancing photothermal conversion efficiency and ex-
panding light absorption range resulted in ultra-broadband re-
sponses from 360 to 2200 nm, achieving a voltage responsivity
(Ry) 0f 0.49 V W~! at 2200 nm. By utilizing dual-modal photore-
sponses to UV, visible, and NIR lightin MAPbBr; /MAPDbBr,: Ag*
p-n junction-based PDs, a secured optical communication sys-
tem was conceptually demonstrated for both frontal and reverse
incidence. Our work offers a promising approach to designing
multi-modal PDs for wireless communication and data security,
applicable in optical imaging, biomedical, and intelligent sens-
ing.

2. Results and Discussion

Three typical MHP single crystals (MAPbCl;, MAPDbBr;, and
MAPDI,) were grown using typical inverse temperature crystal-
lization. PTFE molds of varying depths were used to produce
SCs with thicknesses of 0.5-3 mm. To prevent residual liquids
from causing rough surfaces and defects during extraction,
the SCs were polished with abrasive papers to improve contact
with electrodes prior to further characterizations and device
fabrications. The Experimental Section thoroughly describes
the methods used to grow the SCs. Figure Sla,d, and g (Sup-
porting Information) show photos of MAPbCl;, MAPDbBr;, and
MAPDI, SCs, all with uniform, defect-free morphology. The
crystal structures of MAPbCl;, MAPbBr;, and MAPbI; SCs
were confirmed using X-ray diffraction (XRD) spectra. The XRD
pattern for MAPDCI; SC shows (001), (002), and (003) peaks
at 20 values of 15.84°, 31.69°, and 48.2°, respectively, as seen
in Figure S1b (Supporting Information). Similarly, MAPbBr,
SC displays peaks at 15.12°, 30.3°, and 46.03°, as shown in
Figure Sle (Supporting Information). Figure S1h (Supporting
Information) shows the XRD pattern of the MAPDI; single
crystal SC, displaying only the (200) and (400) sharp peaks at
26 values of 20.02° and 40.41°, confirming its single-crystalline
nature with exposed (100) faces. All the results indicate the
successful growth of high-quality MAPbX, SCs. The absorption
spectra in Figure Slcf, and i (Supporting Information) reveal
bandgaps of 2.87 eV for MAPDCI, SC, 2.15 eV for MAPDbBr, SC,
and 1.474 eV for MAPDI; SC. Photoluminescence spectra show
peaks at around 404 nm, 531 nm, and 781 nm, respectively.
Ultraviolet photoelectron spectroscopy (UPS) spectra, shown in
Figure S2 (Supporting Information), were used to determine
the energy band structures of MAPbCl;, MAPDbBr;, and MAPDI,
SCs-based on UPS and absorption spectra data, energy band
diagrams for three SCs reveal weak p-type conductivity. The low
conductivity of MHP SCs limits high-performance PTE device
development. To enhance conductivity, Ag* doping was applied,
transforming the MHP SCs from intrinsic to highly conductive.
This was achieved by thermally evaporating a thin layer of AgBr
onto the crystal surface and annealing at 85 °C for 15 min.
Figure 1a shows that X-ray photoelectron spectroscopy (XPS)
confirmed the successful doping of silver ions on the surface of
MAPDBr,: Ag* after annealing. To optimize thermal evaporation
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Figure 1. Surface doping of MAPbBr; SC by Ag*. a) XPS scans of the Ag 3d measured from the Agt doped MAPbBr; surface. b) Electrical conductivity
of SC’ surface before and after evaporation of AgBr with different thicknesses. c) Dark I-V characteristics of lateral structure devices-based on MAPbBr;
SC without and with Agt doping. d) UPS of the surface of MAPbBr;: Agt SC. The inset is the corresponding energy band diagram with the green dotted
line as the fermi level. e) Energy band diagram of the vertical p-n junction formed between intrinsic p-type MAPbBr; bulk and n-type MAPbBr;: Ag* layer
(MAPbBr; /MAPbBr;: Agt). f) CPD image and cross-sectional curve g) of Ag* doped treated MAPbBr; SC’s surface by KPFM measurement. h) The I-V
characteristics of vertical MAPbBr; /MAPbBr;: Ag® p-n junction under dark and 532 nm laser illumination.

parameters, AgBr films of varying thicknesses were deposited on
MAPDBr,; SCs and annealed. Additionally, four-probes measure-
ments with Ag electrodes were used on lateral structure devices
to minimize contact resistance effects on the total current.
Figure 1b demonstrates that doping significantly improves the
conductivity of the single crystal surface, with a 10 nm AgBr
layer being optimal. Consequently, further device fabrication
utilized this thickness. The dark currents in MAPbBr; lateral
devices with a 0.1 mm channel length increased post-AgBr
treatment compared to the control device (Figure 1c). Thus,
Agt-doped, highly conductive MHP layers are advantageous
for PTE device fabrication. Figure 1d, Figure S3a,b (Supporting
Information) show the surface UPS of MAPbBr;, MAPbCL,, and
MAPDI, single crystals after Ag* doping, revealing a shift from
p-type to n-type, thus forming a vertical p-n junction beneficial
for IPPE-based devices (Figure 1e). The work function change in
MAPDBr,; due to Ag* doping was assessed using Kelvin probe
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force microscopy (KPFM), covering both doped and undoped
regions to observe variations. Figure 1f shows a distinct bound-
ary with a significant contact potential difference (CPD) between
the pristine MAPbBr; crystal and the Ag*-treated area. The
CPD, defined as (®y;,-@g,.) /€, is higher across this boundary
(=206 mV) compared to the pristine MAPbBr, surface, indicat-
ing Ag* n-doping. Additionally, we investigated how annealing
duration affects the lateral diffusion of Ag*™ by comparing two
different annealing times (15 and 25 min) after AgBr evaporation
on the single crystal surface. KPFM measurement revealed the
CPD distribution across the surface of MAPDBr, single crystals
doped with Ag* and annealed for 25 min, as shown in Figure
S4a (Supporting Information). Analysis of the CPD curves in Fig
S4b reveals that increasing the annealing time from 15 to 25 min
results in greater silver ion lateral diffusion distances. To exam-
ine how annealing duration affects silver ion lateral diffusion,
we analyzed EDS images of Ag*-doped single crystal surfaces
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Figure 2. Performances and working mechanism of the vertical narrowband PD-based on MAPbBr; SC. a) The schematic diagram of a MAPbBr;-based
vertical narrowband PD. Inset: the photograph of the real device. b) The spectral photoresponses of the PD in the range of 360-600 nm wavelength. c)
Normalized R, of vertical PD in the range of 360-600 nm wavelength. d) |-V characteristics of the vertical PD under dark and 532 nm laser illumination
with different power densities. e) The zero bias responsivities of the vertical PD as a function of the power density. f) Working mechanism of narrowband
detection using the CCN-assisted IPPE. Schematic energy band diagrams of the MAPbBr; /MAPbBr;: Ag* p-n junction-based PD at the beginning of the
turning on g) and turning off h) the laser, showing the working mechanism of IPPE.

at annealing times of 15 and 25 min. Analysis of the diffusion
regions, as shown in Figures S5a,b (Supporting Information),
revealed that the 25-minute annealing treatment resulted in a no-
tably wider diffusion area compared to the 15-minute treatment.
These results demonstrate that extended annealing duration
promotes enhanced lateral diffusion of Ag*. Additionally, I-V
measurements of the vertical device under dark and 532 nm laser
illumination demonstrate rectification characteristics, which fur-
ther confirms the formation of p-n junction after Ag*™ doping.
Moreover, the dark capacitance of MAPbBr;/MAPbBr;: Ag* p-n
junction at zero bias was ~2.23 nF cm~2. By performing linear
fitting of C(V)~2 versus the bias voltage (the Mott-Schottky curve),
a Vy; (built-in potential) of 0.31 V was obtained (inset of Figure
S6, Supporting Information), furthering proving the existence of
the p-n junction, which is the basis of the interfacial polarization.

Based on the p-n junctions formed by Ag* doping, we first
fabricated three kinds of vertical narrowband PDs-based on
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MAPbDX,/MAPDX;: Agt (X = Cl, By, I) p-n junctions. To lever-
age the responsivities (R) and the narrowband characteristics, the
thicknesses were optimized to be 0.8 mm, 1 mm, and 1.5 mm
for MAPbCl;, MAPDbBr;, and MAPbI, SCs, respectively, accord-
ing to the photoelectric performance tests. Figure 2a illustrates
the schematic diagram of a MAPbBr;-based vertical narrowband
PD with the inset showing the photograph of the real device.
The light shines from the bottom side onto the ITO electrode.
The top electrode is the Ag electrode. Then, the narrowband re-
sponse nature of our optimum MAPDbBr;,-based vertical PD was
further analyzed by measuring its on-off photoresponses under
zero bias over a wide range of wavelengths ranging from 360 to
600 nm with a constant power density of 159.2 uW cm2, using
a mercury lamp equipped with a monochrometer. The photore-
sponses exhibit a typical four-stage behavior with distinct posi-
tive and negative pyroelectric peaks due to the IPPE. As shown

in Figure S7 (Supporting Information), four currents I, ... photor
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Lonotor Ipyros @0 Lo oporo-Iore cani be found in one cycle of on-off
photoresponse. The difference between the dark current base-
line and the photocurrent plateau represents the magnitude of
the Lo Ioyrorphoto TEPTEsents the difference between the posi-
tive pyroelectric spike and the dark current platform. I, rep-
resents the difference value between the dark current baseline
and the negative pyroelectric spike. The difference between the
positive and negative pyroelectric peaks is defined as I, jhoto”
Lo The output currents increase steadily between 360 and
540 nm but decrease sharply beyond 540 nm. Figure 2c shows the
wavelength-dependent R, which displays a narrowband photore-
sponse with a full width at half maximum (FWHM) of 113 nm.
Since the MAPDBr;-based vertical PD demonstrates the high-
est R; for the light around 540 nm (Figure 2b), a 532 nm laser
was selected as the main light source. The self-powered perfor-
mance of the lateral PDs was thoroughly assessed. Figure 2d
presents the I-V curves of the lateral PD in both dark conditions
and under 532 nm laser light at varying power levels, reveal-
ing rectification and photoresponse indicative of a p-n junction.
Figure S8a (Supporting Information) displays the on-off photore-
sponses of the MAPDBr;-based vertical PD at 0 V bias under
532 nm light with power densities from 0.127 to 127.4 pW cm 2,
all showing clear transient pyroelectric responses. As shown in
Figure S8b (Supporting Information), all the peak-to-peak cur-
rent (I pno0—Ipyo), the positive current peak (I, mor), and
photocurrent (1,,,,,) monotonously increase with the increase of
power density. The self-powered performance of the lateral PDs
was thoroughly assessed. The maximum R; and D* are 0.36
AW and 1.04 x 10™ Jones at the lowest power density of 0.127
uW cm2, respectively (Figure 2e; Figure S7c, Supporting Infor-
mation). The corresponding dark currents and the noise currents
are shown in Figure S9 (Supporting Information). The IPPE-
attributed vertical PD exhibits fast response times, with a rise
time of 77 ps and a fall time of 157 us (Figure S8d, Supporting
Information). Imaging in Figures S8e and S10 (Supporting Infor-
mation) shows that laser illumination increases the temperature
of SCs compared to dark conditions, with the most significant
temperature change observed at 532 nm for MAPbBr, SC, align-
ing with the spectral photoresponses in Figure 2b. Specifically, a
532 nm laser at 4 mW raises the temperature of MAPbBr; SC by
3.42 °C. Figure 2f illustrates the narrowing mechanism of verti-
cal IPPE-based PDs, which aligns with CCN-assisted IPPE. Light
passes through the transparent ITO electrode, is absorbed by the
SC, and generates hot carriers. These carriers undergo thermal-
ization before cooling, reaching an equilibrium state, and are
then separated by the built-in field for collection by the electrodes.
Inelastic scattering causes energy loss to the lattice, increasing
the temperature of the SC. The temperature increase reduces
interfacial polarization intensity, producing positive pyroelectric
currents through the external circuit, resulting in I,;,,,, and L.,
For shorter wavelengths like 360 nm, the high absorption coef-
ficient of MHP SCs limits their penetration through the SCs,
generating charge carriers near the ITO electrode. These charges
are easily quenched due to significant surface-charge recombi-
nation, leading to the weakened photocurrents. Carrier cooling
happens away from the p-n junction interface, and the MHP’s
low thermal conductivity prevents efficient heating there, lead-
ing to limited temperature rise and weak pyroelectric currents.
These cause reduced R, for short-wavelength light due to charge
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recombination and inefficient heating. However, light with wave-
length near the bandgap, like 532 nm, penetrates deeper, allow-
ing better carrier separation and extraction. The top silver elec-
trode can collect more photogenerated carriers when the long-
wavelength laser is incident on the bottom ITO electrode. Carrier
cooling near the interface efficiently heats and raises the tem-
perature. However, longer wavelengths, limited by the band gap,
reduce light absorption, generate fewer carriers, and result in a
weak temperature rise, impairing output currents. Thus, inci-
dent light wavelength significantly affects temperature rise and
carrier extraction efficiency, leading to the narrowband response
of the vertical PDs. The highest R; can be obtained when light
with photon energy near the band gap shines on the PD. The
IPPE working mechanism is shown using energy band diagrams
of the MAPbBr;/MAPDBr;: Ag* p-n junction. An interfacial po-
larization forms due to the built-in electric field from the band
bending at the junction.*! Upon exposure to light, as depicted
in Figure 2g, the absorption of light generates electron-hole pairs
which are propelled by the built-in electric field of the p-n junc-
tion, resulting in the production of I,,,,,- Meanwhile, the temper-
ature rise induced by carrier cooling will lead a decrease in the in-
terfacial polarization intensity, generating a transient positive py-
roelectric current (I,,,). When the light is off, the cooling of SCs
increases interfacial electric polarization (Figure 2h). Addition-
ally, a negative pyroelectric current (I,,,,) is generated in the exter-
nal circuit to facilitate charge redistribution. The aforementioned
CCN-assisted IPPE-based narrowband mechanism is applicable
to other MHP systems. In addition, we compared the uniformity
and stability of the performance of devices with different AgBr
thickness. Figure S1la (Supporting Information) demonstrates
the performance uniformity across AgBr devices of three differ-
ent thicknesses. Among these, devices with a 10 nm thickness
exhibited superior uniformity. Further analysis of these vertical
structure AgBr devices included comprehensive stability tests un-
der moisture and thermal conditions, with results presented in
Figure S11b,c (Supporting Information), respectively. We found
that the humidity stability of vertical devices with AgBr thickness
of 5 nm is slightly worse than that of 10 nm and 20 nm. How-
ever, for the thermal stability measurements, the vertical device
with AgBr thickness of 20 nm has the worst thermal stability,
followed by the device with AgBr thickness of 10 nm. The sta-
bility can be enhanced through passivation in the future work.
We also evaluated the long-term operational stability of the de-
vice and its performance in an open environment (25 + 5 °C, 40
+ 10 RH%). The photoresponse characteristics were evaluated
through 240 consecutive cycles under 532 nm laser illumination
at 127.4 pW cm~? (Figure S12a, Supporting Information). The
device exhibited consistent photocurrent and dark current levels
throughout these cycles, indicating robust operational stability.
The results shown in Figure S12b (Supporting Information) in-
dicate that the output currents exhibited only a 4% decline from
its initial value over a 22-days’ period. For vertical p-n junctions-
based on MAPbCl, and MAPbI, SCs, similar interfacial pyroelec-
tric photoresponses are observed, as depicted in Figures S13-S20
(Supporting Information). Specifically, Figure S13b,c (Support-
ing Information) demonstrate that the output currents and re-
sultant R; of MAPDCl,-based PD increase with wavelengths ex-
ceeding 250 nm, reaching a peak at 390 nm. Beyond this wave-
length, the device’s R; decreases sharply. The FWHM of the
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wavelength-dependent R, is 76 nm, indicating narrowband be-
havior. Figure S13d (Supporting Information) presents the I-V
characteristics of the PDs under both dark and illuminated condi-
tions with varying power intensities, demonstrating rectifying be-
havior. Figure S15 (Supporting Information) demonstrates that
MAPDCI,; SCs experience the highest temperature increase of
1.05 °C at 405 nm with 2 mW laser power, surpassing the in-
creases at 360 nm, 532 nm, and 635 nm. Figure S16 (Support-
ing Information) highlights the self-powered performance of the
MAPDCI,-based vertical PD for 405 nm, achieving maximum R,
and D* values of 7.09 mA W~ and 3.37 x 10'! Jones at 0.1274
uW cm~2. The rise and fall times are 120 and 410 ps, respec-
tively (Figure S16e, Supporting Information). For the MAPbI,
SC-based vertical PD, the peak R; and maximal temperature in-
crease under light occur at 785 nm, with a R, FWHM of 249.5 nm
(Figure S17c, Supporting Information). It achieves a maximum
R; 0f 15.3 mA W~! and a detectivity of 6.95 X 10'? Jones (Figure
S20c,d, Supporting Information), allowing detection of light as
low as 0.1274 pW cm~2. The PD’s rise and fall times are 31.4
us and 49 ps, respectively (Figure S20e, Supporting Informa-
tion). These results indicate that CCN-assisted IPPE is a versatile
method for realizing self-powered and narrowband photodetec-
tion using MHP SCs.

Ag* doping not only facilitates the formation of a vertical
p-n junction, which exhibits narrowband photoresponses but
also generates a thin layer with high electrical conductivity.
Consequently, lateral PDs-based on the PTEE were developed,
leveraging the large Seebeck coefficient and low thermal conduc-
tivity of MHP SCs.[?] Nonetheless, the photothermal conversion
efficiencies of MHPs across a broad spectral range are signif-
icantly constrained by their bandgap, leading to suboptimal
performance in the near-infrared (NIR) region. To address this
limitation, a wide-spectrum absorber comprising a titanium
nitride (TiN) layer!*"! was integrated into the electrodes to in-
crease photothermal conversion efficiency over a wide spectral
range to develop a broadband PD-based on the PTEE. We first
examine the TiN-based absorber, where commercial colloidal
TiN nanoparticles (NPs) are processed with high-energy ball
milling, spin-coated onto a thermally evaporated Ag film, and
topped with a CaF, antireflection layer. XRD patterns in Figure
S21a (Supporting Information) confirm the cubic crystal struc-
ture of the TiN NPs. The absorber’s thickness plays a crucial
role in its photothermal conversion efficiency. The broadband
detection capability spanning 360-2200 nm observed in this
study is primarily attributed to the unique absorption charac-
teristics of the absorber within this spectral range. Previous
research has demonstrated that several factors influence the
absorption properties of titanium nitride-based absorbers in this
wavelength band. Through a systematic analysis of experimental
results, several critical parameters have been identified as de-
terminants of the broadband detection range: the composition
and properties of the substrate reflective layer, the dimensional
precision of the TiN layer, and the characteristics of the top
anti-reflection film. Additionally, as illustrated in Figure S21b
(Supporting Information), the spin coating rate is identified as
a significant parameter influencing the broadband detection
capabilities of the device. The absorption intensity at various
spin coating speeds is compared, revealing that a rotation speed
of 1000 r.p.m. yields a higher absorption intensity across the
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300-2500 nm range compared to other TiN/Ag films and the
bare Ag film. Subsequently, a 50 nm thick layer of CaF,, with
a refractive index of 1.434 (intermediate between that of TiN
(1.5-2.2) and free space) was evaporated onto the TiN layer,
resulting in enhanced absorption in the near-infrared region.
The final structure of the broadband absorber is composed of
CaF, (50 nm)/TiN NPs (1000 r.p.m.)/Ag (100 nm). Figure S21c
(Supporting Information) shows the uniformly black optical
image of the broad-spectrum absorber. Figure S21d’s (Support-
ing Information) top-view SEM image confirms that a uniform
TiN film is easily prepared via spin-coating. The cross-sectional
SEM image in Figure S21e (Supporting Information) reveals a
TiN NPs layer thickness of ~5.8 um. Figure S21f (Supporting
Information) illustrates the temperature changes of the absorber
under laser irradiation at various wavelengths with a constant
power of 6 mW. The minimal variations in temperature increase
among different wavelengths demonstrate the absorber’s high
photothermal conversion efficiency across a broad spectrum.
Figure S22 (Supporting Information) displays thermal images of
the absorber under laser illumination at different wavelengths.
The pre-prepared broadband absorber was then dry-transferred
onto the Ag*-doped side of the MHP SCs for device fabrication.
Figure 3a shows a schematic of a lateral broadband PD utilizing
the PTEE. The counter electrodes consist of a stratified architec-
ture, incorporating the previously described broadband absorber
atop the Ag electrodes. The PTEE material is an n-type MHP layer
doped with Ag*. Upon exposure of one end of the broadband
absorption electrode to laser illumination within the wavelength
range of 360 to 2200 nm, localized heating occurs, establishing a
thermal gradient with a hot end and a cooler, unexposed end. This
temperature differential induces a carrier concentration gradient
across the counter electrodes, thereby generating a photogener-
ated thermoelectric voltage. The measured electrical voltage (AU)
can be represented by the equation AV = —SAT, where S denotes
the Seebeck coefficient and AT represents the temperature
difference. Consequently, the thermoelectric voltage response of
our lateral PD is influenced by both the Seebeck coefficient and
the temperature difference between the counter electrodes. Ini-
tially, we evaluated the performance of lateral PDs incorporating
an Ag* doped layer in comparison to those-based on intrinsic
MHP SC. As illustrated in Figure S23 (Supporting Information),
the lateral PD with an Ag' doped layer exhibited 1.4 times of
magnitude enhancement in photovoltage response to a 2200 nm
laser, relative to the undoped condition, demonstrating that the
Seebeck coefficient was significantly improved by Ag doping.
Introducing a vertical electric field in a p-n junction directs
photogenerated carriers, reducing carrier recombination and
Seebeck voltage losses in PTE devices.[*!] Figure 3b,c present a
summary of the voltage response and the calculated R,, of the lat-
eral broadband PD, which operates across a spectral range from
ultraviolet (360 nm) to near-infrared (2200 nm) at a power level of
6 mW. Owing to the PTEE, the PD demonstrates broadband pho-
todetection capabilities. The maximum R, recorded is 10 V W~!
under 532 nm laser illumination. While for 2200 nm, the R,
decreases to 0.6 V W1, Subsequently, I-V characteristics were
measured both with and without laser illumination, as depicted
in Figure 3d. The illuminated I-V curves exhibit a downward
shift compared to the dark Ione, with no significant alteration
in the extracted resistance. These phenomena are characteristic
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Figure 3. Performances and working mechanism of the lateral broadband PD-based on MAPbBr;: Agt SC surface. a) Schematic diagram of lateral
broadband PD-based on lateral PTE. b) The PTE voltage response of lateral broadband PD under 360-2200 nm laser illumination with a power of 6 mW.
c) Laser wavelength-dependent PTE voltage (left) and corresponding responsivities (right) of the lateral broadband PD. d) I-V characteristics of the lateral
PD under dark, 532, 1064, 1550, and 2200 nm laser illumination with a power of 6 mW. e) The temperature difference between two counter electrodes

under 360-2200 nm laser with a power of 6 mW.

of the PTEE. The downward movement trend aligns with the
photovoltage in Figure 3b. Figure 3e displays the temperature
difference of the counter electrodes when a broadband absorp-
tion electrode is laser-irradiated at various wavelengths (6 mW).
Figure S24 (Supporting Information) provides the correspond-
ing thermal images. The temperature difference trends closely
match the wavelength-dependent photoresponse voltage, further
confirming that the photoresponses stem from the PTEE. The
calculated Seebeck coefficient was ~780 V K.

The photoresponses in the long-wavelength NIR region were
demonstrated. Figure 4a compares the time-dependent temper-
ature difference (AT) and voltage (AV) between two electrodes
at different power levels at 2200 nm, showing similar growth
trends. Figure 4b highlights the strong linear relationship be-
tween AV and laser power at 2200 nm, confirming the PTEE,
with a Ry of 0.493 V W~L. Under 2200 nm laser illumination,
the broadband PD exhibits a rise time of 3.07 s and a fall time
of 4.53 s (Figure S25b, Supporting Information). Figure S26
(Supporting Information) presents the thermal imaging results
depicting the temperature differential of the electrode within
the device when exposed to 2200 nm laser illumination. The
observed change in temperature difference exhibits a certain
linear correlation with the laser power. A comparative analysis
with previously reported perovskite broadband PDs (Table 1)
demonstrates that our PDs exhibit a notably wide spectral
response range. Furthermore, the self-powered capability and
dual-modal ability of our devices represents a significant ad-
vantage, as many existing perovskite broadband PDs require
external power sources for operation. As illustrated in Figure
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S27a (Supporting Information), the voltage demonstrates a
sensitive response to the periodic activation and deactivation of
the light source at varying power levels of the 532 nm laser. This
is attributed to the absorption of the 532 nm laser by MAPbBr;,
facilitated by light scattering. Consequently, the PD’s voltage
response under 532 nm laser illumination is a combination of
the thermoelectric voltage and the photovoltage. Consequently,
no linear correlation exists between the voltage response and
the incident power (Figure S27b, Supporting Information). In
contrast, a strong linear relationship is observed between the
photoinduced temperature change of the counter electrodes and
the 532 nm laser power (Figure S27d, Supporting Information).
The rise and fall times of the broadband PD at 532 nm are
measured to be 255 ms and 323 ms, respectively (Figure S27e,
Supporting Information). Additionally, we assessed the tempera-
ture and voltage photoresponses of the lateral PD when exposed
to 1064 nm and 1550 nm lasers (Figures S29-S32, Supporting
Information). Similarly, the temperature variation and voltage
responses exhibit robust linear correlations with increasing
laser power, akin to the conditions observed at 2200 nm. The
rise and fall times of the broadband PD under a 1064 nm laser
have been determined to be 4.57 s and 11.65 s, respectively.
In contrast, for a 1550 nm laser, the rise and fall times are
measured to be 12.48 s and 13.65 s, respectively. Furthermore,
the strategy of Ag* doping, in conjunction with a broadband
absorber, proves to be effective for other MHP SCs. We then fab-
ricated lateral PDs using MAPDCl;: Ag* and MAPbDI,: Ag* PDs
as thermoelectric layers and examined their photoresponses.
Figure S33a,b (Supporting Information) summarize the voltage

© 2025 Wiley-VCH GmbH
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Figure 4. a) The temperature change (up) and voltage change (down) of the lateral broadband PD-based on MAPbBr;: Agt SC surface under 2200 nm
laser illumination with different powers. b) Thermoelectric photovoltage as a function of 2200 nm laser power. The red line is the linear fit to the data,
with an obtained Ry, of 0.493 V W~. c) The comparison of temperature difference between the two kinds of counter electrodes with the increase of the

2200 nm laser power.

response and R, of MAPbCl;-based PD under lasers from
ultraviolet (360 nm) to near-infrared (2200 nm) wavelengths,
showing excellent broadband photodetection performance.
Figure S33c,d (Supporting Information) show the MAPDCI;:
Ag*-based lateral PD’s voltage response to a 2200 nm laser,
revealing a linear relationship with power and a R, of
0.38 V Wl Figure S34a,b (Supporting Information) sum-
marize the MAPDI;: Ag*-based lateral PD’s voltage response and
Ry, effective from 360 to 2200 nm, demonstrating broadband
photodetection ability. Furthermore, Figure S34c,d (Supporting
Information) depict the voltage response of the MAPDI;-PD
toward 2200 nm lasers at varying power levels. It is noteworthy

that the voltage response demonstrates a robust linear cor-
relation with the laser power, achieving a Ry of 0.91 V W~
Both two PDs demonstrate obvious broadband photodetection
behaviors, with the highest responses occurring for light with
wavelength close band gap (405 and 785 nm, respectively). These
reproducible broadband photodetection performances indicate
that our strategy is universally applicable to MHPs with differ-
ent band gaps. The lateral broadband PD exhibits an effective
full-spectrum response, while the vertical narrowband PD is
capable of detecting specific wavelengths. By integrating narrow-
band and broadband dual-modal photodetection within a single
device, it is possible to achieve double-encrypted information

Table 1. Comparison of response range of broadband or infrared photodetector based on metal halide perovskite.

Device structure Spectral range Responsivity Bias [V] Ref.
Ag/PCBM/ MAPbl, /Pedot: PSS/ITO 300-800 nm 329 mA W™ 0 171
Au/MAPbCl, /Bi-MAPbBr, /Bi- 828 nm 18 mA W' 40 18]
MAPbI, s Bry s /MAPbI; /Au

ITO/MAPbI, /Si/Ag 360-1550 nm 4mAW" @ 780 nm 0 [6]
Au/MAPbI; Br, /n-MAPbBr; /MAPbI; /Au 400-830 nm 021AW™' @ 820 nm -3 [21]
Ag/2D perovskite layer/MAPbI; /Ag 0.1THz 83.8 LAWT! @ 0.1 THz 6 [22]
Carbon/MAPbI; /Carbon 980-2200 nm 021V W' @ 2200 nm 0 [23]
ITO/MAPbCI; (Single crystal film)/PTAA/Au 1.55-4 um 43 mAW™' @1550 nm 2.5 [24]
Perovskite/Te X-ray-1550 nm 0.34 AW~ @1550 nm 5 [42]
CaF,/TiN/AgMAPbBr;: Ag+/MAPbBr; /Ag 360-2200 nm 0.493 VW~ @ 2200 nm 0 This work
Laser Photonics Rev. 2025, 2401990 2401990 (8 of 11) © 2025 Wiley-VCH GmbH
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Figure 5. a) Schematic diagram of the SOC system with transmitter and receiver subsystems. b) The mixed signal generated by 532 and 360 nm mixed
laser illumination on a vertical narrowband MAPbBr;-based PD. c) The mixed signal generated by 532 and 635 nm mixed laser illumination on a vertical
narrowband MAPbBr;-based PD. d) 24-bit ciphertext “HBU” and e) 24-bit key “202 410” using the lateral broadband MAPbBr;-based PD.

transmission. Furthermore, by altering the type of halide, the
specific wavelength of the PDs can be adjusted from blue-violet
to red light, thereby expanding its range of applications.
Subsequently, we incorporated the MAPDBr;-based dual-
modal PD as an optical signal receiver within a secured optical
communication (SOC) system, as depicted in Figure 5. As shown
in Figure 5a, the system consists of an emitter component, which
is responsible for driving the laser, and a receiver component,
which is tasked with signal processing. In this setup, digital
data from the computer is transmitted through the modulation
of two lasers, operating at wavelengths of either 360 nm and
532 nm, or 532 nm and 635 nm. The combined signal is then
detected by the PD and displayed on the oscilloscope. For the
vertical narrowband PD-based on MAPbBr;, the device is capa-
ble of transmitting information carried specifically by a 532 nm
laser, while demonstrating reduced interference from 360 and
635 nm lasers (Figure 5b,c). This suggests that the narrowband
PD is relatively unaffected by ambient light during optical
communication transmission. Owing to the rapid response
speed of the PDs, variations in coding frequency do not impact
the encoding process. As illustrated in Figure S35 (Supporting
Information), the device successfully receives modulated optical
information at various bit rates, demonstrating the system’s
capability to transmit data at these rates up to 4.8 kbps. While
the lateral broadband PDs exhibit a wide spectral response from
ultraviolet light to infrared light at zero bias. Then, the prepared
broadband PD-based on MAPDbBr; SC is integrated into the SOC
system as an optical signal receiver. The encoded information,
converted into the American Standard Information Exchange
Code (ASCII), can be transmitted utilizing a four-color light as
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a carrier in conjunction with an encryption protocol. When the
four-color lights with wavelengths of 360, 532, 1064, and
2200 nm are simultaneously activated, the PD produces a binary
output representing the voltage information in the “1111” state.
Conversely, when all four-color lights are deactivated simul-
taneously, the device outputs a binary representation of the
current information in the “0000” state. By manipulating the
switching mechanism of a four-color light system, the device
is capable of producing 16 distinct four-bit binary states, each
corresponding to unique coding information. To enhance the se-
curity of information transmission, the key “202 410” is applied
to the transmitted letters “HBU” (as illustrated in Figure 5c).
Here, the binary sequences “0 100 1000”, “0 100 0010”, and
“0 101 0101” represent the letters “H”, “B”, and “U”, respec-
tively. Additionally, the binary sequences “0010”, “0000”, “0010”,
“0100”, “0010”, “0000”, “0010”, and “0100” correspond to the
digits “2”, “0”, “2”, “4”, “1”, and “0”, respectively (Figure 5d.e;
Figure S36, Supporting Information). The process of combining
the key with the encrypted message involves interspersing the
four-bit binary encoding of the key within the two sets of four-bit
binary encodings of the message. For instance, consider the
signal “H”, which is initially encoded as “0 100 1000”. The key,
represented by the four-bit binary codes “2 (0010)” and “0 (0000)
” are inserted into the message encoding at specific intervals,
resulting in the combined signal “010 000 101 000 0000”. PDs
with UV-Vis—NIR broadband photoresponse can easily detect
this encoded light signal, accurately matching the original en-
crypted data. The above results with high accuracy and security
for information transmission confirm that our dual-modal PDs
have strong potential in encrypted optical communication.

© 2025 Wiley-VCH GmbH

85U8017 SUOWIWOD A0 3cedljdde aup Aq pausenob aJe sejoife YO ‘8sn JO S8 10} A%eid18ulUO A1 UO (SUORIPUOO-pUe-SWLRY/LIOO" A3 1M AfeIq 1 Ul |UO//SdnY) SUORIPUOD pue swe | 8yl 88s *[5Z0z/50/y2] uo Ariqitauliuo felim ‘(eeng) Aisieniun Bueyrgd Aq 066T0KZ0Z 10d|/Z00T OT/1I0pA0D A8 |IM Aeiq Ul UO//:Sd1Y WOy papeojuMoq ‘0 ‘6688E98T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

3. Conclusions

In summary, we have successfully demonstrated MAPDX;: Ag*
SCs-based dual-modal PDs operating in both broadband and
narrowband regimes. Due to the CCN-assisted IPPE formed at
the vertical p-n junction, self-powered and high-performance nar-
rowband PDs-based on MAPbBr; exhibit a narrow FWHM of
~113 nm, a R; of 0.36 A W™, a fast rise time of 77 s, and a fall
time of 157 pus. Then, when further employing TiN-based broad-
band absorber onto the lateral PD-based on PTEE, a broadband
PD with a high broad spectral response (from 360-2200 nm), a
high R, of 0.6 V W~! (2200 nm) without an external bias was re-
alized. By changing the halide type of the MHP SCs, the specific
response band of narrowband PD can be modulated from purple
light to red light, while maintaining the wide spectrum response
capability. By utilizing the narrowband and broadband photore-
sponses in a single device, we successfully achieved double en-
cryption in signal transmission. This work introduces a new ap-
proach for self-powered dual-modal devices and highlights their
dual-function application, marking significant progress toward
high-performance, multifunctional perovskite-based integrated
devices. Compared with the existing optical encryption technol-
ogy, our communication encryption method does not require
high-precision optical components and equipment, and the cost
is lower. It can also be well compatible with electronic informa-
tion systems, integrated with computer and network systems,
and widely used in practice.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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