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ABSTRACT: Fluorescence imaging with photodetectors (PDs) toward near-infrared |
(NIR-1) photons (700 nm~ 900 nm), the so-called “optical window” in organisms, has
provided an important path for tracing biological processes in vivo. With both
excitation photons and fluorescence photons in this narrow range, a stringent

requirement arises that the fluorescence signal should be efficiently differentiated for
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effective sensing, which cannot be fulfilled by common PDs with a broadband response
such as Si-based PDs. In this work, inspired by the compound eyes of butterflies,
delicate optical microcavities are designed to develop a series of bionic PDs with
selective response to NIR-I photons, the merits of a narrowband response with full
width at half maximum (FWHM) of <50 nm and tunability to cover the NIR-I range
are highlighted. Inorganic halide perovskite CsPbosSnosls is chosen as the photoactive
layer with comprehensive bandgap and film engineering. As a result, these bionic PDs
offer a signal/noise ratio of ~10°, a large bandwidth of 543 KHz and an ultralow
detection limit of 0.33 nW. Meanwhile, the peak responsivity (R) and detectivity (D*)
reach up to 270 mA/W and 5.4x10* Jones, respectively. Finally, proof-of-concept
NIR-I imaging using the PDs is demonstrated to show their great promise in real-life

application.

Near-infrared photodetector (NIR PDs) towards distinct photon signal from 700
nm~ 900 nm (NIR-I) have attracted much attention in the past decades due to their
tremendous potential in medical instruments.!*! Benefitting from merits including low
photodamage to biological sample, deep tissue penetration, and minimum interference
from background autofluorescence in living biosystems, the detection and imaging of
fluorescence photons in this range have been regarded as a powerful real-time technique
for medical diagnosis, surgery or therapy.l?l Up to now, the realization of photon

sensing in this characteristic NIR-I region mainly relies on inorganic narrow-bandgap

2



WILEY-VCH

materials. For example, gallium arsenide, silicon, lead selenide and indium gallium
arsenide have been intensely explored as the photoactive layer in NIR PDs.[2" @I
Nevertheless, the fabrication processes including alloying, doping, etching, epitaxy and
S0 on in these inorganic narrow-bandgap materials are very complicated and costly.
What’s worse, with both excitation photons and fluorescence photons in the narrow
NIR-I range, bandgap-determined broadband response in these NIR PDs cripples them
in selectively sensing the characteristic NIR-I fluorescence, because noise from
excitation photons cannot be effectively excluded. Challengingly, novel PDs that
respond to specific narrowband NIR-I photons are highly demandable.

Due to favorable attributes including facile processability, tunable optical bandgap,
high light-harvesting coefficient and decent charge carrier mobility, the prosperous
halide perovskite (HP) materials show the promise of developing low-cost high-
performance PDs.[ Desirably, Pb-Sn binary low-bandgap HPs offer spectral response
to NIR region that covers NIR-I photons,® and narrowband PDs have been proposed
with the mechanism of modulating surface-charge-recombination and intermolecular-
charge-transfer.[®l Unfortunately, the realization of such narrowband characteristic
NIR-I response comes with a sacrifice in device performance, which results in
compromised responsivity and detectivity in PDs.["]

Nature is fantastic as it offers many examples of compact, energy-efficient, adaptable
and intelligent imaging systems. For example, the antifogging functionality of mosquito
eyes give researchers the hint to invent an anti-fogging artificial compound-eye

structure;[® The colors originating from the special hierarchical structures found in
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peacock feathers inspired scientists to develop a high-resolution multicoloured
patterning technique, which can artificially achieve structural colors within seconds by
using a single material and flexible photonic crystals;[® Even a puny animal like
butterfly shows more exquisite perception of the environment than human beings,?"!
the compound eyes of butterflies can recognize objects with filtrated light in specific
bands, this inspires us to mimic such structure to construct light-selective PDs.

In this work, equipped with delicate optical microcavities enlightened by the
compound eyes of butterfly, a series of bionic PDs that selectively respond to NIR-I
photons are introduced. The microcavities are constructed with LiF (n=1.33, n is
refractive index) and NPB (N,N'-Bis(naphthalen-1-yl)-N,N'-bis(phenyl)benzidine,
n=2.1) that act as tapetum cells in the compound eyes of butterfly. Fully-inorganic
CsPbosSnoslz HP is adopted as the photoactive layer, the band edge extends to 900 nm
to cover the NIR-I range. As a result, the PDs exhibit tunable narrowband (full width
at half maxium (FWHM) <50 nm) photon sensing in the NIR-I window, therefore
affording high-efficiency detection of characteristic fluorescent signals by excluding
the noise from excitation photons. Besides, Comprehensive composition and film
engineering are carried out to boost the performance of the PDs. The rapid response
with a bandwidth of 543 KHz and an ultralow detection limit of 0.33 nW certify the
capability of real-time and high-resolution sensing. All the key figure of merits
including a noise current less than 10™* A Hz *2 and a detectivity (D*) of ~10%* Jones
ensure efficient detection and imaging in the biomedical field, as is demonstrated in a

self-built imaging system.



WILEY-VCH

The typical light absorption spectrum in organism is shown in Figure la. The
hemoglobin, tissues and lipid account for major absorption of visible photons from 400
nm to 700 nm, while water shows significant absorption of photons with >900 nm
wavelength.l!% In contrast, light signal in the range of 700 nm~900 nm offers strong
penetrability in living bodies (ca. 0.5 mm to cm), therefore is coded as “the optical
window” for in vivo imaging.['® 11 Under excitation of NIR-I photons, the infrared
fluorescent dyes that anchor on tumors or virus cells emit down-converted NIR-I
fluorescence, which is then sensed and mapped by PDs.[?* 2¢ 24 Especially, PDs
responding to the narrowband characteristic NIR-I fluorescent signal as well as
excluding NIR-I excitation photons can efficiently heighten the sensing and imaging
performance with a larger signal/noise ratio.

To meet this requirement, we turn our attention to vision systems with such function
in nature. Here, the colorful butterflies give us the inspiration, since the compound eyes
of Morpho butterflies endow them with remarkable sensing ability to recognize
ultraviolet, visible and NIR photons with selective enhancement in different
ommatidia.l?®! Figure 1b shows the structure of a typical ommatidium in butterflies,
there are many alternating layers of air and cytoplasm (called tapetum cells) at the
proximal end of the rhabdom within each ommatidium, these alternating layers act as
optical mircocavities to selectively allow through photons of specific wavelength.[?°]
The resolution of different photons can be accomplished by adjusting the alternating
layers in different ommatidia. Inspired by this, we propose bionic narrowband NIR-I

PDs that imitate the microstructure of butterfly’s compound eyes. Figure 1c presents
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the schematic diagram of the proposed bionic PD architecture. At the top, there are
microcavities consisting of dielectric media layers that act as the tapetum cells. In the
bottom there is a broadband PD that responds in the NIR range (the role of rhabdom),
the overall device can achieve enhanced detection of specific narrowband NIR-I
photons similar to the ommatidia of butterflies.

Bionic optical microcavity is constructed as shown in Figure 2a, the optical
microcavity composes of alternating LiF (n=1.33)/NPB (N,N'-Bis(naphthalen-1-yl)-
N,N'-bis(phenyl)benzidine, n=2.1) layers to simulate the tapetum cells in the eyes of
butterflies. The optical thickness of each layer is designed to be a quarter of the target
wavelength. Take the specific wavelength of 850 as an example, the thickness of LiF
and NPB are set as 158 nm and 116 nm, respectively. The peak wavelength of the
transmission light can be modulated via adjusting the thickness of dielectric media to
cover the range of 700 nm-900 nm. Figure 2b displays the simulation of optical field
distribution in the proposed tunable microcavities, clearly, the transmission spectra are
narrowed in such microcavities. Corresponding transmittance spectra are shown in
Figure S1. These results confirm that PDs selectively respond to NIR-I light can be
constructed with such bionic microcavities.

Then, PDs with effective response in the NIR-1 band, atop which the above functional
microcavities are equipped, should be built. For the application of real-time imaging,
photoactive materials are the key with the requirement of fast response, high resolution
and low detection limit. Recently, HPs emerged with facile solution synthesis, low cost,

and exceptional semiconducting properties,*! especially, fully-inorganic HPs enjoy
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comparable semiconducting properties with the most-widely studied hybrid
counterparts but much better stability,*?] therefore are selected as the photoactive layer
in the PDs here. However, the intrinsic photoresponse of CsPbls film cuts only at 700
nm~750 nm, which misses the NIR-1 window.[*® Fortunately, Sn alloying can be
carried out to engineer its bandgap to fully cover the NIR-I range.[**! Figure 3a shows
the ultraviolet-visible (UV—vis) absorption spectra of a series of CsPbxSnixlz films. It
is noteworthy that the absorption of black-phase CsPbls is not offered due to its
spontaneous transition to non-HP phase at room temperature,*! but the phase stability
is greatly improved with the incorporation of Sn, which can be ascribed to the intensive
strain in lattice caused by the mismatch of radius between Pb 1.19 A) and Sn (1.15
A).¥l Indeed, a redshift of absorption onset is observed as the Sn concentration
increases, the absorption at 900 nm is obtained in CsPbosSnosls, which meets the
requirement of bio-marker fluorescence detection in the NIR-I range.

However, when Sn is incorporated, the morphology of the film becomes worse
because of the different crystallization rates in Pb- and Sn- HPs.[ The grain size and
film coverage of CsPbxSnixls films (x = 0 ~1) are characterized by atomic force
microscope (AFM) as shown in Figure S2. Clearly, the CsPbls and CsSnlz thin films
(x=1 and 0) consist of large grains and few pinholes, but in Pb-Sn (CsPbo7Snosls and
CsPbosSnoslz) alloyed films, the grain size becomes non-uniform and less dense with
more pinholes, which compromise the performance of subsequent PDs.*" To solve this
problem, a small amount of two-dimensional (2D) HP is added to improve the quality

of thin films. Here, 5% (PEA)2PbosSnosls was adopted. Figure 3b gives the top view

7



WILEY-VCH

SEM images of the HP films. Many pinholes were observed in the pristine
CsPbosSnoslz film, as is in good agreement with the above AFM characterization. In
contrast, the film obviously becomes uniform and dense after the incorporation of 2D
HPs. This pinhole-free film can efficiently promote the PD performance by suppressing
oxygen and moisture penetration that cause undesirable Sn?* oxidation.[*®! The charge
carrier dynamics of the thin films on glass is the investigated using photoluminescence
(PL) decay transient spectra. As shown in Figure 3c, the time constants (t) associated
with the lifetime of charge carrier are 6.6 ns and 13.8 ns in the pristine CsPbosSnosl3
film and the film with 5% (PEA)2PbosSnosls additive, respectively. This greatly
prolonged charge carrier lifetime implies a decrease of defects. Figure S3 shows the
measured density of defect states in devices from chemical capacitance with
electrochemical impedance technique in darkness, consistently, a suppressed defect
density upon increasing (PEA)2PbosSnoslsa content is unambiguously unveiled. Figure
S4 displays the current-voltage (J-V) curves for the PDs under simulated AM 1.5G
irradiation (100 mW cm), a good short-circuit photocurrent of ~22 mA cm? is
achieved, which suggests good performance as photodiodes.

Figure 3d provides the X-ray diffraction (XRD) patterns of the HP films. The sharp
characteristic peaks well reveal the formation of highly crystalline 3D HPs with the 2D
HP additive. Referring to previous reports, incorporating trace amount of 2D HP can
enhance the orientation preference.[**! Indeed, Figure 3e shows the corresponding 2D
XRD pattern of the films. In pure CsPbosSnosls, the pattern shows Debye—Scherrer

rings with an isotropical intensity distribution, which indicates complete randomness in
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the orientation of grains. With the 2D HP additive, a series of Bragg spots appear in
place of the original diffraction rings, implying that crystal grains grow along a
particular orientation. The consecutive orientation evolution upon increasing amount of
additive is shown in Figure S5. Finally, sharp and discrete Bragg spots are observed in
the 2D:3D = 1:10 sample. To clarify the effect of orientation on charge transport, we
further conducted I-V tests on the engineered HP films?%. As shown in Figure S6, we
characterized the film along two directions: 1) one is the out-of-plane direction (Figure
S6a), the electrodes are on the two horizontal sides of the film to test the horizontal
carrier transport. The I-V curves are shown in Figure S6c, the decreasing current
indicates that carrier mobility gradually reduces along the out-of-plane direction as the
2D HP content increases; 2) While in the other case (namely along the in-plane
direction, Figure S6b), the I-V curves in Figure S6d reveal unchanged current upon
increased 2D HP content. The in-plane direction is the working direction of the PDs,
and the 1-V result points out that the 2D HP additive preserves the good charge carrier
transport while improving the film quality.

After comprehensive composition and film engineering to obtain high-quality HP
films for PDs, the bionics-inspired microcavities are mounted onto them to
experimentally demonstrate the selective light response. Three types of PDs with
transmission peaks of 800 nm, 850 nm and 900 nm (labeled as PD-1, PD-2 and PD-3
for in the following, respectively) are fabricated for characterizations. Figure 4a
presents the normalized monochromatic external quantum efficiency (EQE) of as-

fabricated bionic PDs toward specific NIR-I photons at zero bias, it shows that the
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response spectra in the NIR-I range are effectively narrowed into a unimodal spectral
line (FWHM <25 nm). The narrow response to NIR-I photons is desirable in biomedical
fluorescence imaging, which ensures effective differentiation of the NIR-I fluorescence

from excitation photons.?*! According to the equation:

R=EQE*e/hv (1)

the peak responsivity (R) is estimated to be 0.26 A W, 0.27 AW and 0.04 AW in
PD-1, PD-2 and PD-3, respectively (Figure S7). Figure 4b displays the dark current
and the photocurrent under flat-spectrum white light (AM 1.5 illumination) of NIR-I
PDs in short-circuit condition. A small dark current of 5.28x10”" mA cm is observed,
while the photocurrent of 1.48 mA cm, 0.68 mA cm™and 0.12 mA cm 2 were obtained
in the three NIR-I PDs peaked at 800 nm, 850 nm and 900 nm, respectively. A large
signal-noise ratio of ~10° is obtained, the high ratio is essential for precise detection of
weak signals.

To further clarify the capability of resolving weak light in our NIR-I PDs, the
photocurrent response under illumination with various intensities was conducted, which
is measured with PD-1. Figure 4c shows the linear dynamic range (LDR) with irradiated
photon power less than 1 microwatt. Intriguingly, the PDs show linear response limit
down to 0.33 nW. In this linear range the variation in light signal intensity can be
precisely translated into electricity change, which provides a solid base for the

technology of faint fluorescence imaging. And to realize real-time resolution, fast
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response rate is also required. Here we evaluate the response rate with representative
response bandwidth based on the photo-switching behaviour of the PDs under different
on/off switching frequencies of the light source. Figure S8 is the I-t response curves in
function of light switching frequency. As shown in Figure 4d, the representative -3dB
bandwidth is 543 KHz. The response speed is much faster than the newest refresh speed
in typical electronic devices (120 Hz). It is noteworthy that the active area in our NIR-
I PDs is 0.2 cm?, and this response speed is expected to be further improved if the active
area is pixelated to microscale.

We further investigated the noise current of the device PD-1, which was obtained by
a fast Fourier transform (FFT) calculation from dark current-time characterization, the
result is presented in Figure 4e. The noise is estimated to be 1.65*10"*3 A Hz 2 at 1Hz,
and the white noise dominates above 2 Hz instead of 1/f noise. Then the noise

equivalent power (NEP) is calculated according to the following formula:

NEP= in/R )

where R is the responsivity and in is the measured noise current. The calculated NEP of
the NIR PD is plotted in Figure S9, a small value of 0.83 pW Hz 2 is achieved at 850

nm. Furtherly, detectivity (D*) can be obtained according to the following equation:

D*=(Axf)2/INEP  (3)
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where A is the active area. The calculated result is plotted in Figure 4f. The peak D*
values in PD-1, PD-2 and PD-3 are ~5.25x10%* Jones, ~5.42x10'* and ~8.89x 10"
Jones, respectively. Notably, these values are comparable to those of the highly
sensitive commercial Si PDs, which suggests their potential for dim light detection.??

After confirming the superior performance, the capability of NIR-I fluorescence
imaging in the bionic narrowband NIR-I PDs was further demonstrated. The set-up is
shown in Figure 53, a hollowed-out mask of letter “N”” was placed between the NIR
light source and the PD. Our PD was used as the light-sensitive component and scans
in both vertical and horizontal directions for fluorescence mapping. Herein, the bionic
narrowband PDs-2 with peak response of 850 nm was taken as the platform. As shown
in Figure 5b, no clear contrast can be obtained with a 750 nm emitting source, but a
discernible figure dark “N” was observed with an 850 nm light source (Figure 5c). The
response to different photons confirms selectivity to desirable signal in the bionic PDs.
Notably, the obvious intensity variation in the mapping pattern between the upper part
and the bottom part is attributed to an imperfect perpendicularity to light in the scanning
plane of PD, this also points out a high resolving capability that even small changes in
light intensity can be detected.

In summary, with all-inorganic HPs CsPbosSnosls as the photoactive layer and
microcavity that mimicking the tapetum cells in butterfly’s compound eyes, we
obtained a series of bionic NIR PDs that selectively respond to narrowband NIR-I
photons. The FWHM in the as-fabricated PDs is less than 50 nm, while the bandwidth

and detection limit reach 543 KHz and 0.33 nW, respectively. With the low noise
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current of 1.65 x10-'3 A Hz Y2, the peak detectivity (D*) reaches up to 5.4x10%** Jones.
For the detection and imaging of NIR-I photons, these bionic PDs present three
prominent advantages of 1) signal selectivity; 2) material-independent functionality; 3)
facile array fabrication. We believe this work paves the way to advanced technologies

of biomedical fluorescence detection.

Experimental Section

Chemicals: All chemicals and reagents were purchased from Sigma-Aldrich without
further purification. All solutions were filtered with a 0.45 pm PTFE
(polytetrafluoroethylene) filter prior to use.

Device Fabrication: The fabrication of PD-1, PD-2 and PD-3 are all the same despite
the thickness of the optical microcavities, the optimal CsPbosSnosls was chosen as the
active layer to fabricate the NIR narrowband PDs. ITO glass was first cleaned by
ultrasonication with detergent, deionized water, acetone, and isopropanol in sequence
for 10 mins, respectively. Then, the substrates were dried by nitrogen flow and treated
with ultraviolet—ozone for 20 mins before deposition of PEDOT: PSS. The PEDOT:
PSS (Al 4083) solution was spin-coated onto the cleaned ITO glass at 5000 rpm for 30
s and annealed at 150 °C for 10 min in air. To prepare the precursor solution of
CsPbosSnosls perovskite, Csl (259.8 mg), Pbl2 (230.5 mg), Snl2 (186 mg) and SnF» (8
mg) were dissolved in a mixed solvent of dimethylformamide (DMF; 700 uL) and
dimethylsulfoxide (DMSO; 300 uL). For the treated films, a small quantity of

PEA:PbosSnoslsa precursors (24.9 mg PEAI, 11.5 mg Pblz and 9.3 mg Snl; in the 5%
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addition 2D sample) were added into the precursor. Afterward, 35 uL of the perovskite
precursor was dipped onto the PEDOT: PSS layer and spin-coated at 5000 rpm for 35
s in the glove box. Toluene (700 uL) was dripped in situ onto the substrate at the tenth
second. After that, the obtained perovskite films were annealed at 100 °C for 3 mins.
PCBM solution (20 mg mL™* in chlorobenzene) was then spin-coated onto the
perovskite film at 2000 rpm for 30 s. Finally, Ag electrode with a thickness of 120 nm
was evaporated under high vacuum (< 2 x 107 torr). After the preparetion of common
photodetector, a microcavity was constructed on the back to realize a bionic narrow-
band photodetector by high-vaccum thermal evaporation, the chamber pressure is 2x10°
6 torr. LiF and NPB films were deposited in sequence with a deposition rate of 8 A/s
and 10 A/s, respectively, and the thickness was monitored by film thickness gauge. For
PD-1, the NPB layer is 109 nm and LiF is 148 nm, respectively, they were deposited
on the back of the glass substrate with the stacking order of
NPB/(LiF/NPB)®/LiF/LiF/(NPB/LiF)°NPB. The thicknesses of the NPB layer and the
LiF layer are reset to 116 nm/158 nm in PD-2, and 123/167 nm in PD-3.

Characterization: XRD was measured by an X-ray diffractometer (Bruker F8 Focus
Powder for regular XRD and Bruker D8 Discover 2-D XRD for refined XRD). SEM
images were obtained by FEI Sirion with an operating voltage of 5 kV. The absorption
spectra were measured by a SHIMADZU UV-3600 UV-VIS-NIR spectrophotometer.
The PL decay measurement was conducted with an IR detector (id 220-FR-MMF, id
Quatique SA Geneva/Switzerland). Electronic impedance spectroscopy (EIS) was

measured using electrochemistry workstation (Zennium E4) from Zahner. The J-V curves
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were recorded by a Keithley 2400 Source measurement unit; a 450 W xenon lamp was
used to produce light; and the light intensity of (100 mW cm™2) was calibrated by a
standard Si photodiode detector. The EQE spectra were measured by a joint system of
a monochromated 450 W xenon lamp (Oriel) and a sourcemeter (Keithley 2400), which
was calculated using a calibrated Si photodiode (OSI-Optoelectronics).

Noise Current Measurement: The noise current was extracted from the dark current,
which was recorded by a sourcemeter (Keithley 6430 with Remote PreAmp using four-

wire sense connections). A fast Fourier transform was adopted for calculation.
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Figure 1. Constructing bionic PDs. a) Absorption spectra of hemoglobin and water
(both are the basic component of human body). b) Schematic illustration of the micro
structure of butterfly’s ommatidium. ¢) Schematic illustration of the structure of bionic
NIR PDs mimicking the morpho butterfly’s ommatidium.
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Figure 2. Bionic microcavities for selective light infiltration. a) Cross-section SEM
images of the bionic optical microcavities. b) Simulation of the optical field distribution
in the microcavities. The transmission peaks are at 800 nm, 850, and 900 nm
respectively by tailoring of the thickness of dielectric media.
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Figure 3. Composition and film engineering of the fully-inorganic HP film. a) UV-
Vis absorption spectra of the HP film with different Pb/Sn ratios. b) Top view SEM
images of the pristine CsPbosSnosls films and that with 5% 2D PEA2PbosSnosls
additive. c) The PL decay transient spectra of the pristine CsPbosSnosls films and that
with 5% 2D PEA2PbosSnosl4 additive. d) XRD and e) 2D XRD patterns of the pristine
CsPbosSnosls films and that with 5% 2D PEA2PbosSnosls additive. * is the
characteristic peak of glass substrate.
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Figure 4. Characterizations of the bionic PDs. a) Normalized EQE spectra of the
bionic NIR PDs with different transmission peaks. b) Dark current and photocurrent of
the NIR-I PDs under flat-spectrum white light (AM 1.5 illumination) at shorted
condition. ¢) LDR of the HP PDs under various light intensities. The solid line
represents linear fitting. d) Normalized response loss versus light modulation frequency.
e) Noise current extracted from Fourier transform of the dark current (monitored by
Agilent A1500). f) Typical detectivity of NIR-I PDs with different transmission peaks.
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Figure 5. Proof-of-concept imaging of the PDs. a) Schematic illustration of the NIR
imaging. And corresponding output images using the NIR- | PDs with peak response
to 850 nm (PD-2) under b) 750 nm and c) 850 nm photon sources, respectively.
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Bionic photodetectors with microcavities mimicking the compound eyes of butterfly
are developed to realize selective light response in the NIR-I biological window.
Inorganic halide perovskite with comprehensive composition and film engineering is
adopted as the photoactive layer. The overall device affords superior performance for
practical applications.

Keyword: Halide perovskite, bionic photodetector, NIR-I detection, narrowband
detection, fluorescence imaging
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