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Waterproof and Flexible Perovskite Photodetector Enabled
By P-type Organic Molecular Rubrene with High Moisture

and Mechanical Stability

Ruofei Xing, Ziging Li, Wenxiao Zhao, Dong Wang, Ranran Xie, Yanxue Chen,*

Limin Wu,* and Xiaosheng Fang*

Metal halide perovskite films have gained significant attention because of
their remarkable optoelectronic performances. However, their poor stability
upon the severe environment appears to be one of the main facets that

impedes their further commercial applications. Herein, a method to improve
the stability of flexible photodetectors under water and humidity environment

without encapsulation is reported. The devices are fabricated using the
physical vapor deposition method (Pulse Laser Deposition & Thermal

Evaporation) under high-vacuum conditions. An amorphous organic Rubrene

film with low molecular polarity and high elastic modulus serves as both a
protective layer and hole transport layer. After immersed in water for

6000 min, the photoluminescence intensity attenuation of films only
decreased by a maximum of 10%. The demonstrator device, based on
Rubrene/CsPbBr; /ZnO heterojunction confirms that the strategy not only
enhances device moisture and mechanical stability but also achieves high
sensitivity in optoelectronic detection. In self-powered mode, it has a fast
response time of 79.4 us /207.6 ps and a responsivity 124 mA W=,
Additionally, the absence of encapsulation simplifies the fabrication of
complex electrodes, making it suitable for various applications. This study
highlights the potential use of amorphous organic films in improving the
stability of perovskite-based flexible devices.

1. Introduction

superior electronical and optical proper-
ties, such as high carrier mobility, tunable
optical bandgap, large light absorption
efficiency, and so on.'3] With intense
investigate in the past several years, they
are extensively applied to self-powered pho-
todetectors (SPPDs), solar cells, light emit-
ting diodes (LED) and lasers.l*”7) Although
perovskite-based optoelectronic  devices
have made many breakthroughs in perfor-
mance, they are still suffering from short-
comings in stability which present signif-
icant obstacles to commercialization.!®-1!

Improving the stability of metal halide
perovskite-based devices is a complex sys-
tem engineering task.''"13] As the instabil-
ity of perovskite materials is influenced by
both internal and external factors.' In-
ternal factors, including ion migration and
structural instability, can result in changes
to the physical and chemical properties
of perovskite materials.'>'7] On the other
hand, external factors such as residual sol-
vents, thermal, moisture, oxidation, stress,
and electric field can disrupt the crystal lat-
tice structure of perovskite materials, thus
affecting the overall performance of opto-
electronic devices.['#19) Among them, the

Metal halide perovskites are emerging as one of the most promis-
ing materials for optoelectronic devices, primarily due to their

most serious threat to the stability of the perovskites is mois-
ture. In the perovskite structure, water molecules can easily pen-
etrate and lead to the formation of an intermediate monohydrate
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and dihydrate perovskite. Specifically, water molecules that ex-
ist within grain boundaries establish hydrogen bonds with the
cations at the A site. As a result, the bond between the cation and
the octahedron is weakened, facilitating the deprotonation of the
A site cations. Furthermore, the process of deprotonation occurs
more rapidly under the influence of external stressors, such as
heat or electric fields.[>"]

Various efforts have been made to mitigate the impact of mois-
ture on device stability, with encapsulation proving to be one of
the most effective approaches.l?!?2] One of the mainstream meth-
ods currently used for packaging devices involves covering the
surface of the device with a glass cover plate.[?)] Desiccants, de-
oxidizers, and epoxy resin are used to fill the middle area of the
cover plate and the gaps around, creating a closed space that iso-
lates the device from the external atmosphere. While this method
significantly extends the lifespan of devices, it cannot be applied
to flexible devices and has some drawbacks in terms of electrode
leads, device costs, and environmental protection. Additionally,
applying an organic packaging adhesive to the surface of the de-
vice can protect it, but the cured adhesive may affect the mechan-
ical stability of flexible devices.[?*?! Consequently, finding a top
functional layer that can provide a packaging role without altering
the original preparation process would be beneficial for improv-
ing the long-term stability of the device. To address this issue,
this paper proposes the use of Rubrene.

Rubrene is known for its high hole mobility (40 cm? (V x
s)71) among organic semiconductors and is commonly used
in organic light-emitting diodes (OLEDs), organic field-effect
transistors, and flexible displays.l262°] Compared to highly ac-
claimed single-crystal and polycrystalline thin films, amorphous
Rubrene films are often overlooked due to their poor hole transfer
capability.[3*3!] However, amorphous thin films possess dense,
boundary-free, and mildly hydrophobic features that precisely
meet the requirements of encapsulation layers.*?] By optimiz-
ing the thickness of Rubrene films and combining them with
ZnO films that possess strong charge carrier extraction ability,
highly stable and high-performance perovskite-based photode-
tectors can be constructed (The optimization process is shown
in the Figure S1, Supporting Information). The Rubrene film
acts both as a hole transport layer, effectively separating the hole-
electron pairs generated by light, and as a protective layer, pro-
tecting the perovskite material from damage caused by the ex-
ternal environment. In addition, the excellent flexibility of amor-
phous Rubrene films ensures the mechanical stability of flexible
devices, making them promising for applications in wearable de-
vices and irregularly shaped equipment. Finally, to demonstrate
its ease of processing, a 10 X 10 sensors array is fabricated and
its potential for imaging applications is explored.

2. Results and Discussion

To ensure that moisture does not come into contact with the in-
ner perovskite film, it is necessary for the Rubrene film to serve
as a waterproof layer by fully covering the underlying film struc-
ture. In order to achieve this, a metal mask is utilized during the
deposition of the electron transport layer and perovskite films on
the substrate surface, resulting in a smaller film area being de-
posited compared to the substrate area. Subsequently, the mask
on the substrate is removed during the growth of the Rubrene
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film using a thermal evaporation system, allowing the Rubrene to
completely cover the inner film, the preparation process diagram
is shown in Figure S2, Supporting Information. As schemati-
cally shown in Figure 1a, vertical sandwich structure is adopted
to build a device, where a perovskite film and ZnO film are cov-
ered by a Rubrene film. The schematic diagram of the final de-
vices is shown in Figure S3, Supporting Information. The inci-
dent light is absorbed by the perovskite layer, generating device
photocarriers (electrons and holes), which are rapidly extracted
by the ZnO layer and the Rubrene layer, respectively, under the
influence of the built-in electric field. This leads to the generation
of a response signal. In this process, the Rubrene thin film acts
as a hole transport layer, enhancing the extraction speed and effi-
ciency of the photocarriers. Meanwhile, this layer prevents water
molecules from entering the device, thus preserving the optical
absorption of the perovskite thin film. The water resistance of the
amorphous Rubrene film can be attributed to two main factors:
first, Rubrene is an organic material with low polarity and has
a hydrophobicity; second, the morphology of amorphous films
is extremely dense and smooth, without any macroscopic grain
boundaries or pinholes. The affinity between material and water
can be quantified using the hydrophobic parameter.**! Figure 1b
demonstrates molecule structure of Rubrene and image of water
contact angle test.[*?]

As a derivative of tetracene that features four phenyl rings,
Rubrene predominantly grows in an amorphous phase through
thermal evaporation. Due to its high structural symmetry and
weak polarity, the film has relatively low water molecule affin-
ity, as it consists only of benzene rings and C-H bonds. Conse-
quently, the exchange of electrons and hydrogen bonding with
interfacial water molecules is less likely. This inference also finds
support in the water contact angle test.

As it is well known that water molecules primarily affect the
lattice structure of perovskite films. Therefore, the protective ef-
fect of Rubrene films can be investigated by analyzing the op-
tical properties of devices. Photoluminescence spectra (PL) are
employed to assess the damage caused to the perovskite films.
In order to do so, water immersion tests are conducted on films
consisting of MAPDBr,, (PEA),PbBr,, CsPbBr;, and FAPDI, with
a Rubrene coating. The PL intensity of these films is periodically
measured, as depicted in Figure 1c. During the 6000-min test pe-
riod, the PL intensity of all films declines gradually. The bromine-
based perovskite films display a similar attenuation trend. Their
PL intensity ultimately decays- to 90% of the initial value. As for
the iodine-based perovskite film, its decay rate is relatively high
at the beginning, but rapidly stabilized at a final intensity com-
parable to bromine-based perovskite. The potential cause for this
outcome may lie in the varying photostability of different anionic
perovskite thin films. Table 1 presents prior waterproof perfor-
mance tests conducted on optoelectronic devices that rely on per-
ovskite thin films. In the Figure S4, Supporting Information, we
also provide photos of the device immersed in water, which shows
that the perovskite layer in the heterojunction is not damaged by
prolonged immersion under the protection of Rubrene. Notably,
amorphous Rubrene film demonstrates comparable waterproof
performance to specialized packaging layers.

Rubrene/CsPbBr;/ZnO heterojunctions are used as a repre-
sentative device to showcase its stability in atmospheric condi-
tions. The PL peaks of the CsPbBr; film in the heterojunction
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Figure 1. a) The diagram of the device structure and properties of Rubrene film. b) Molecular structure schematic and water contact angle im-
age of Rubrene film. c) Normalized PL intensity of different perovskite films covered with Rubrene film after immersion in water. d) PL pattern of
Rubrene/CsPbBr;/ZnO films stored in ambient air. ) Normalized PL intensity of CsPbBr; with or without Rubrene protection.

are demonstrated in Figure 1d. It can be observed that the inten-
sity of the characteristic fluorescence peak at 520 nm wavelength
remains almost unchanged throughout the entire test duration
of up to 3100 min. This finding provides strong evidence for the
exceptional stability of the device in ambient air.

In order to demonstrate that Rubrene film not only pro-
tects perovskite films from water erosion but also contributes
to the output performance and mechanical stability of the de-
vices, we fabricate rubene/CsPbBr,; /ZnO photodetectors (Device
1) on flexible ITO/PET substrates, as well as a control group
of ZnO/CsPbBr;/Rubrene photodetectors (Device 2). Schematic
diagrams of the devices are presented in Supporting Informa-
tion (Figure S5, Supporting Information). The outermost layer
of Device 1 is coated with Rubrene, while the outermost layer of
Device 2 is coated with ZnO. To further validate the water pro-
tection capabilities of amorphous Rubrene films on perovskite-

based devices, the devices are submerged in water and the re-
sulting change in intensity of the characteristic peak of CsPbBr,
films in the photoluminescence spectra is measured. Device 1
is able to maintain the intensity of photoluminescence for a
longer period of time when immersed in water, as illustrated
in Figure le. This indicates that the perovskite film, serving as
the functional layer in Device 1, remains intact and is not dam-
aged by water due to the protection of the Rubrene film. In
contrast, Device 2, where the outermost layer is a ZnO film,
immediately becomes damaged and no longer exhibits charac-
teristic photoluminescence when exposed to water. This is evi-
dence that the macroscopic grain boundaries provide favorable
conditions for water molecules to enter the device. When oper-
ating under self-powered mode, Figure 2a shows that both de-
vices exhibit similar magnitudes of photocurrent and dark cur-
rent. However, a noticeable difference in the photocurrent output

Table 1. The stability characteristic of different perovskite-based optoelectrical.

Structure Encapsulation materials Stability test conditions % of initial value Refs
Glass/FTO/TiO,/MAPbl; /Spiro-OMeTAD Pl tape 1620 s/water 96.3 [33]
Glass/FTO/TiO,/MAPbl; /Spiro-OMeTAD Adamantane 60 s/water 95 [34]
nanocomposite
Glass/FTO/ZnO/MAPI/Spiro-OMeTAD UV-curable epoxy 6h/85°C, 65% RH 90 [35]
Glass/FTO/TiO, /PVK/PCBM PZPY (Additive) 36 h/85 °C, 50% RH 90 [36]
PEN/ FAPbI;/PCBM/Au PVA (Additive) 36 h/RT, 80% RH 80 137]
PI/Au/CsPbBr; @FDTS/Au FDTS (Additive) 10 h/85 °C, 85% RH 100 [38]
PET/ITO/ZnO/CsPbBr; /Rubrene None 100 h/water 91 this work
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Figure 2. a) Devices output photocurrent and dark current under the 465 nm illumination (15 mW cm~2) at 0 V. b) The force curve test of the Rubrene
film. c) Mechanical stability test after multiple bending cycles. d) Devices output photocurrent at various bending angles. e) AFM topographical images

of the device.

between the devices emerged after continuous operation for
15000 s in the same atmospheric conditions. Specifically, Device
1 demonstrates minimal decay in the photocurrent, while Device
2 displays a significant decay of up to 45%.

Rubrene films have good elasticity, allowing the construction
of flexible devices with good mechanical stability and photodetec-
tion capabilities. Thus, the force curve mode of the atomic force
microscope (AFM) is used to test the elastic modulus of the film
as shown in Figure 2b. The blue curve (approach) represents the
path of the probe during the downward movement. Initially, it is
a straight line from right to left without any bending before con-
tacting with the sample, indicating a force of 0 nN. At ~75 nm
on the x-axis, the curve suddenly drops, indicating the probe’s ap-
proach toward the sample, which causes it to bend downward due
to attractive forces. As the probe continues to descend, it reaches
a point ~#62 nm on the x-axis where the attractive and repulsive
forces balance, resulting in no bending of the probe. Beyond this
point, the repulsive forces cause the probe to bend upward until
itreaches 0 nm on the x-axis, where the absolute bending value of
the probe is 62 nm. As the bending of the probe is linearly related
to the applied force, the calculated force at 0 nm is ~105 nN. The
red curve (release) represents the reverse process. Positive force
values above 0 nN represent repulsion, while negative values be-
low 0 nN represent attraction. The elastic modulus can be de-
termined by fitting the force curve using the Derjaguin—-Muller—
Toporov (DMT) model. This model relates the indentation force
F to the depth d using the equation:[*!]

F = % E*\/Rpyped”’” + Fogy 1)

where E* is the effective modulus at the AFM probe-sample con-
tact; Rp,op. is the probe radius; F,y, is the adhesion force an esti-
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mated to be #24 nN. Throughout the experiment, the AFM sys-
tem employs Equation (1) to automatically fit the indentation of
force curves at each location within the scanned area. As a result,
topography and elasticity mapping can be accomplished simulta-
neously, and they are presented in Figure S6, Supporting Infor-
mation. The measured elastic modulus is #11 GPa which is rea-
sonable with previously reported values.[*?] The high modulus of
elasticity of Rubrene film can theoretically tolerate multiple bend-
ing of the flexible device without cracking, which is beneficial to
the mechanical stability of the flexible device. Especially when the
bending angle is large, compared to ZnO film, Rubrene film can
better fit the deformation of the substrate, so that the flexible De-
vice 2 can obtain more stable photocurrent output. However, in
the mechanical stability tests of the devices in Figure 2c,d, both
Device 1 and Device 2 exhibit similar photodetection capabilities.

In details, the values of the photocurrents of the devices are
maintained at more than 90% of the initial values, and the pho-
tocurrent of Device 1 is also slightly higher than that of Device 2
after 500 bending cycles. Compared with state-of-the-art flexible
photodetectors, the attenuation of the device is a little more pro-
nounced. The reasons for this phenomenon are discussed in de-
tail in the supporting information, Figure S7, Supporting Infor-
mation. As illustrated in Figure 2d, the output photocurrents of
the devices are relatively stable at different bending angles. This
is due to the relatively thin thickness (%400 nm) of the hetero-
junction. The thickness of each layer of heterojunctions is ob-
tained via cross-sectional SEM image in Figure S8, Supporting
Information. Although the elastic modulus difference between
the multilayer films is large, the small thickness effectively re-
duces the internal stress and relative deformation between the
layers under bending conditions, making the device stable and
efficient in photodetection under deformation conditions. As de-
picted in Figure 2e, the roughness of the device’s surface is
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Figure 3. a) XRD pattern of polycrystalline CsPbBr; film, ZnO film and as-prepared device. b) PL pattern and c) Absorption spectra of each film in device.

d) The responsivity of SPPD under the UV-vis light.

evaluated via AFM measurements. Due to the ultra-low surface
roughness of ITO/PET substrates (Figure S9, Supporting Infor-
mation), the surface morphology of the device is very dense and
flat. The roughness value is about 1 nm, indicating that the sur-
face of the amorphous Rubrene film is smooth and free of macro-
scopic grain boundaries.

In addition, X-ray diffraction (XRD) analysis is conducted to as-
sess the crystalline quality and lattice structure of polycrystalline
films in device. As shown in Figure 3a, the green curve displays
three distinct diffraction peaks. Among these peaks, the ones at
15° and 30° are similar in terms of height and width, indicating
that they are the characteristic diffraction peaks of the CsPbBr,
film. The peak near 34.4° stands out as being noticeably differ-
ent, suggesting that it corresponds to the characteristic diffrac-
tion peaks of the ZnO film. As for the Rubrene film deposited via
thermal evaporation, being an amorphous film, it lacks any char-
acteristic diffraction peaks. In order to highlight the characteris-
tic diffraction peaks of CsPbBr; and ZnO films, we further pre-
pare CsPbBr; film and ZnO film using the same growth condi-
tions on ITO/PET substrates, respectively. Subsequently, we char-
acterize them individually using XRD, with the results shown
as the orange and purple curves. The orange curve, when com-
pared to the standard data card PDF#54-0752, corresponds to the
CsPDbBr; material with a space group of Pm-3m. Specifically, the
15° and 30° characteristic diffraction peaks of the orange curve
correspond to the (100) and (200) plane, respectively. Addition-
ally, there are small peaks contributed by (210) plane and (220)
plane. It is evident that CsPbBr; is a polycrystalline film that is
primarily dominated by (100) crystal plane. The XRD data for the
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ZnO film aligns well with the standard data card PDF#21-1486.
The characteristic diffraction peak ~34.4° displays a half-height
and width close to 1°, indicating that the ZnO film possesses good
crystallinity and orientation as a polycrystalline film. In conclu-
sion, XRD analysis allows us to confirm that the crystallization
characteristics of each film layer in the device meet the experi-
mental design requirements.

Figure 3b presents PL spectra of ZnO film, Rubrene film,
CsPbBr; film, and the device under 325 nm pulsed laser excita-
tion. The data of ZnO film is represented by the purple curve,
which exhibits a peak at ~#380 nm. This finding is consistent
with previous literature, affirming a bandgap width of 3.26 eV.
In the 500 to 580 nm region, yellow luminescence is detected,
which caused by oxygen defects within the ZnO film, result-
ing in the transition of carriers between defect levels and semi-
conductor energy levels, producing wide fluorescence peaks. On
the red curve, which corresponds to the photoluminescence of
the Rubrene film, we observe a different behavior compared to
inorganic materials. The Rubrene film has a minimal Stokes
shift, making its detected emission spectrum easily influenced
by self-absorption. At the shoulder of the strongest fluorescence
peak, a significant emission can be observed. This may be due
to wavelength-dependent scattering and reabsorption of emitted
light. The main source of photoluminescence in organic matter
is the amorphous phase. As the order of the film increases, the
fluorescence intensity decreases. Therefore, the intensity of the
strong main peak determines the film’s amorphous properties.
Moving to the orange curve, it represents the CsPbBr, film. The
strongest fluorescence peak occurs at 525 nm and has a small
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Figure 4. a) Photocurrent variation along with the power density. b) I-V curves and c) temporal photoresponse of a typical device measured in the dark
and under 465 nm illumination. d) Signal to Noise Ratio, €) responsivity, and f) detectivity of the SPPDs at various illumination intensities.

half-height width. This indicates that the light-excited carriers pri-
marily return to the ground state through radiation recombina-
tion. A low defect density and good crystallinity positively impact
the generation and transport of photogenerated carriers, thereby
enhancing the performance of photodetectors. The device com-
posed of three layers of film exhibits two distinct fluorescence
peaks when subjected to excitation light. However, due to the ab-
sorption of the Rubrene film and the CsPbBr;, film, the PL peak
of the ZnO film is not observable. Additionally, the separation of
the light-excited carrier-hole pair by the functional layer leads to
an evident quenching effect in the multilayer film. Consequently,
the fluorescence peak intensity is significantly attenuated com-
pared to that of the monolayer film.

Figure 3c shows the light absorption spectra of ZnO films,
CsPbBr,; films, Rubrene films, and devices deposited on an
ITO/PET flexible substrate. The main function of a photodetec-
tor is to convert the absorbed light signal into an electrical signal.
Therefore, understanding the light absorption characteristics of
each layer of film in the detector is necessary. Inorganic mate-
rials mainly undergo intrinsic absorption, where the energy of
photons is absorbed by the transition of electrons between the
valence band and the conduction band. Consequently, the wave-
length range of absorbed light depends solely on the band gap
of the inorganic semiconductor material, irrespective of its de-
fects or impurities. On the other hand, in organic semiconduc-
tors, light absorption is predominantly influenced by the optical
properties and molecular arrangement within the crystal matrix,
as well as the interaction between molecules. Consequently, the
lattice characteristics of organic semiconductors significantly im-
pact their absorption spectra. Polarized electrons in molecular or-
bitals are responsible for interacting with light and absorb the
energy of photons during the transition from the lowest unoccu-
pied molecular orbital (LUMO) to the highest occupied molecular
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orbital (HOMO). However, during this process, the interaction
between molecular orbitals depolarizes the polarized electrons,
leading to significant differences in light absorption intensity at
different wavelengths. Comparatively, the absorption spectrum
of the amorphous Rubrene film aligns closely with the curve re-
ported in a previous article,32! affirming that the Rubrene grown
on the ITO/PET substrate is of good quality.

The responsivity of a detector at different wavelengths can be
characterized using a UV-vis spectrophotometer. This analysis is
then compared to the reference current output from a standard
silicon detector. In Figure 3d, the data shows the detector’s re-
sponse to incident light. The response starts at 550 nm, reaches
its highest value ~465 nm, and gradually decreases thereafter.
Moreover, the curve exhibits a similar trend to the absorption
spectrum of the CsPbBr; film. Based on these observations, it
can be preliminarily concluded that light absorption primarily
takes place in the CsPbBr, layer. Meanwhile, the ZnO film and
Rubrene film function as carriers transport layers.

Photocurrents and dark currents of device are acquired by the
current-time (I-t) response test under 465 nm illumination of
different power density on—off at 0 V. Figure 4a depicts the vari-
ation in photocurrent output of the detector under varying illu-
minations. The observation reveals a consistent pattern where an
increase in light intensity corresponds to an increase in photocur-
rent. The voltage-current (I-V) curves of the detector are exhib-
ited in Figure 4b. The test data, represented by the gray curve,
indicates that the device is in a forward bias state at a voltage of
3V, with a current of 2.2 X 107 A. Upon reversing the voltage,
the current decreases significantly to 2.1 X 1071° A, demonstrat-
ing a remarkable PN junction rectification effect. The rectifica-
tion ratio is calculated to be 10°. When the detector is illuminated
with 465 nm light, the blue curve represents the corresponding
data. By examining the position of the minimum current and the
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Figure 5. a) Schematic diagram of the imaging system based on SPPD. b) The imaging results of Fudan university logo “FDU” produced by 465 nm
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current magnitude at 0 V, it can be inferred that incident light
generates either a voltage of 0.68 V or a photocurrent of 2.7 X
10-8 A without the external bias. The response speed of SPPDs is
a significant parameter that reflects the capability of the detector
to track rapidly changing light signals. Rise time (z,) is defined
as the time required for the photocurrent to increase from 10%
to 90% of the maximum photocurrent, and fall time (zy) is the
time to drop from 90% to 10% of the maximum photocurrent
value. Response time of the flexible PD device is investigated at
0 V bias under periodically on/off 465 nm light irradiation. As
shown in Figure 4c, 7, and z; are found to be 79.4 us and 207.6
us, respectively.

To further evaluate the performance of SPPDs, three key
figures of merit have been investigated, including Signal-to-noise
ratio (SNR), responsivity (R), specific detectivity (D*). The dark
current in SPPDs is determined by several factors. First, ther-
mal excitation is a common cause of dark current generation,
although it may not always occur directly from the valence to con-
duction band. Instead, it can be mediated through defect states
associated with crystal defects or impurities, which results in a
lower activation energy. Additionally, the temperature and band
gap energy of the material, as well as the energy levels of com-
mon defects, critically influence the rate of these thermal pro-
cesses. Thus, dark current is usually a relatively stable value, and
the trend of SNR variation depends on the changes in photocur-
rent, and it can be defined as:!**]

SNR = 2 (2)
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Here I, and I represent the photocurrent and the dark cur-
rent, respectively. As demonstrated in Figure 4d, the highest
SNR is measured at 17700 at an incident light intensity of
13.2 mW cm2, while the lowest SNR is measured at 6270 un-
der the weakest incident light condition. R represents the SPPDs’
efficiency to convert light into electric current, which can be ex-
tracted by the following expression:[*+4]

I, -1
Where P, is power density of the incident illumination, and S,
is the effective area of the PDs. As shown in Figure 4e, it can
be observed that the responsivity decreases with the increase
of light intensity. The maximum value is 77.2 mA W' under
2.2 mW cm™ illumination, and when the light intensity in-
creases, the responsivity decreases to 36 mA W~'. This decreas-
ing trend is due to the increased probability of radiation recombi-
nation and non-radiative recombination under strong light stim-
ulation, leading to a decrease in responsiveness. According to the
foregoing, the average dark current of the detector is 1.04 x 10710
A. Using this data, the detectivity (D*) of the detector can be ob-
tained by the following formula:[*®]

b - VAR

291,

“)

where g represents the elementary charge. As shown in Figure 4f.
The trend of detection rate is consistent with the responsivity,

© 2023 Wiley-VCH GmbH

85UB017 SUOLILLIOD BAIFER1D) 3|l |dde au3 Aq paueAob a8 S3o e WO ‘88N JO S3NJ o AXe1q 1T 8UIIUO AB] 1/ UO (SUOIIPUOD-PL-SWULS}W0D" A8 | 1M ARG 1[oul U/ StY) SUORIPUOD pUe swie L 8U18eS *[202/c0/92] uo Ariqiaulluo Ao |Im AiseAiun uepny AQ 87Z0TEZ0Z BWPe/Z00T OT/I0p/W00" A3 1M Are.q 1 pul|uo//:Sdny Woly papeojumoq ‘0 ‘S607TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

decreasing from 2.61 x 10" Jones to 1.23 x 10" Jones with in-
creasing illumination.

Using Rubrene as the protective layer and hole transport layer
not only enhances its stability but also simplifies the device struc-
ture. This makes it easier to construct complex electrode arrays
to fulfill a wider range of application needs. To demonstrate
the potential of these devices in practical scenarios, image sen-
sor arrays are fabricated. In the array, 10 x 10 pixels can de-
tect the edge features of incident light, and images can be ob-
tained through data acquisition and computer processing. The
schematic of the image sensing analysis system, which contains
a laser unit, lens unit, metal mask, sensor array, source and mea-
surement unit (SMU), and laptop, is displayed in Figure 5a. After
passing through the lens unit, the incident light gradually sweeps
the letters on the metal mask. At the same time, the SMU receives
the photocurrent generated by the corresponding pixels in the
detector array. The computer records the current value received
by the SMU and draws pictures in turn. The resulting image is
then colored according to the size of the current value, as shown
in Figure 5b. These devices are particularly well-suited for appli-
cations such as irregularly shaped and wearable devices due to
their ability to be easily processed, excellent flexibility, and per-
formance.

3. Conclusion

In summary, the utilization of amorphous Rubrene films endows
perovskite-based optoelectronic devices with water resistance and
flexibility. This is mainly due to the high density and hydropho-
bicity of Rubrene films, which can prevent water molecules
from entering the device interior and damaging perovskite films.
PL spectra confirms that various perovskite films protected by
Rubrene maintain their crystalline structure integrity even af-
ter prolonged immersion in water for 6000 min. Subsequently,
CsPDbBr, perovskite films are selected as the primary focus for re-
search, and a Rubrene/CsPbBr,/ZnO heterostructu\re device is
fabricated on a flexible ITO/PET substrate. It is verified through
systematic stability testing and characterization of optoelectronic
performance that the Rubrene film not only enhances device sta-
bility but also contributes to their excellent optoelectronic pho-
todetection capabilities. In addition, the potential application of
such devices has been demonstrated by constructing an imag-
ing array. This is because the absence of a packaging layer allows
for the direct construction of complex electrode structures on the
heterojunction surface. As a result, flexible devices can be quickly
constructed, making them suitable for complex scenarios. There-
fore, this amorphous organic film, which can serve as both a pro-
tective layer and a hole transport layer, provides a meaningful ref-
erence pathway for the construction of more stable and efficient
perovskite optoelectronic devices.

4. Experimental Section

Growth of Metal Halide Perovskite Films: MAPbBr;, (PEA),PbBry,
CsPbBr;, and FAPbI; powders were purchased from Xi’an Yuri Solar Co.,
Ltd. PVK films were prepared by PLD technique, using a solid-state Nd:
YAG laser (4 =355 nm, Nimma-900, Beamtech Optronics Co., Ltd.). The
laser energy and repetition rate were fixed at 50 m) and 1 Hz, respectively.
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During the deposition, the chamber vacuum was pumped down to 5 X
107> Pa and the substrate temperature was kept at 170 °C. The distance
between target-substrate was 6.5 cm. Due to the significant negative im-
pact of iodine on the high vacuum of PLD systems, the single-source vapor
deposition (SSVD) method was employed to fabricate FAPbI; films. The
chamber was pumped down to a base pressure of less than 1x 1073 Pa.
The current applied to the tungsten wire was 25.2 A, and the deposition
rate of the film was 0.3 As™'.

SPPD Fabrication: ZnO films and PVK films were deposited on
ITO/PET substrates with a metal mask via the PLD technique. Rubrene
powder was purchased from Aladdin Co., Ltd. and thermally evaporated
on the top of CsPbBr; film. Au electrode arrays were also deposited by
thermal evaporation on the top of Rubrene films. The thickness of the films
was monitored by deposition controller (SQC310, Filtech Inc.).

Characterization: The surface morphology was examined using a field-
emission scanning electron microscope (FESEM, $4800, Hitachi Ltd.) and
an atomic force microscope (Shimadzu Co.). The phase purity and crys-
tallinity of the films were examined by an X-ray diffractometer (SmartLab,
Rigaku Co.) with Cu Ka radiation (4 =0.154 nm). The steady-state PL spec-
trum measurement was performed at room temperature by exciting the
sample with a He-Cd laser (4 = 325 nm, Kimmon Koha Co.). A manual
probe station equipped with a Source Meter (Keithley 2400), a picoam-
meter (Keithley 6487), a parameter analyzer (Keithley 4200-SCS), and a
semiconductor laser (A = 465 nm) was employed to record the photore-
sponse characteristics of the SPPDs. A homemade test system, containing
a chopper (SR 540, SRS Inc.) and an oscilloscope (Tektronix MSO 3054)
was used to investigate the response time. The imaging sensing perfor-
mance was tested in a homemade probe station.
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