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Abstract: The emerging metal halide perovskite photodetectors (PDs) attract extensive 

attention for optical communications due to their excellent photoelectric properties and 

are considered promising alternatives for the next generation of PDs. Here, we 

demonstrate high-performance MAPbI3 PDs based on the p-i-n structure for optical 

communications. A twofold approach is implemented to enhance the photoelectric 

performance and stability of the device. First, we introduce Au nanoparticles to reduce 

grain boundaries and defects, and increase the crystallinity of perovskite. Second, we 

use n-propylammonium iodide as an efficient recrystallization agent to decrease 
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interface recombination and create a capping layer of a quasi-2D (PA)2PbI4 perovskite 

coating. This barrier layer also protects the underlying 3D perovskite film from 

degradation. The prepared PDs exhibit a high responsivity of 0.4 A W-1, a response time 

of 7.58 µs, and an on/off current ratio of 2.0 × 105. In addition, the modified PDs present 

outstanding long-term environmental stability (>100 days) without encapsulation under 

ambient conditions. Finally, the PDs are successfully integrated into a visible light 

communication system to transmit ASCII-encoded information as an optical signal 

receiver. The results open up the possibility of developing high-speed and stable metal 

halide perovskite PDs that have potential for applications in optical communications. 

 

Keywords : Halide perovskite; Gold nanoparticles; n-propylammonium iodide; 

photodetector; optical communication; high bit rate 

 

Introduction 

Photodetectors (PDs) are optoelectronic devices capable of converting light into 

electronic signals. They are key components for optical interconnection systems, 

including optical communications, image sensing, digital display, and environmental 

monitoring[1-5]. For visible light communications (VLCs), PDs are required to exhibit 

high responsivity, fast photoelectric response, and high stability.[6-8] With the rapid 

development of intelligent technology infusion, VLCs have received widespread 

attention for their attractive characteristics of fast data transmission speed and high 

bandwidth. However, conventional PDs for VLCs still have many shortcomings such 

as limited bandwidth, low absorption coefficient, lack of on-chip integration and 

complex manufacturing [2, 9]. Furthermore, commercial PDs rely on high-quality active 

semiconductor layers, requiring precise control of material growth, high-temperature 

integration techniques, and high manufacturing costs[10-13]. In order to exploit the next 

generation of optoelectronic devices, there is an urgent need to find cost-effective and 

energy self-sufficient PDs to replace conventional inorganic semiconductor-based PDs.  

In recent years, solution-processable metal halide perovskites have become one of 

the most promising candidate materials for optoelectronic devices in the semiconductor 

family due to a long charge carriers diffusion length, large adsorption coefficient, low 

density of trap states, tunable band gap and low/mild-temperature material 

processability[14-15]. Halide perovskites have acquired great success in the field of PDs, 

and have given rise to extensive researches in the field of photodetection[16-18]. They 

also became important materials for optical imaging and optical communications[19-21]. 

However, emerging lead halide perovskite optoelectronic devices still face significant 

challenges due to their instability to moisture, heat, and ultraviolet irradiation. 

Therefore, to date, there are few reports on PDs-based perovskite that simultaneously 

possess high responsivity, fast response, and sufficient stability, and these are critical 

parameters for PD applications in optical communication systems. According to 
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previous reports, the optoelectronic performance of PDs, especially their response 

speed, is closely related to the structure of PDs and the material properties of the optical 

absorption layer[22-24]. A number of emerging high-speed perovskite heterojunction p-i-

n devices such as PEDOT:PSS/MAPbI3/PCBM/C60 heterojunction[25], 

MoS2/(PEA)2SnI4 heterojunction[26], and (PEA)2(MA)2Pb3I10/AuAgNPrisma@SiO2
[27] 

PDs have shown great development potential in optical communication. The structure 

of perovskite PDs are generally divided into two types: p-i-n diode and metal-

semiconductor-metal (MSM) planar structure. Due to the use of an efficient charge 

barrier layer, PDs based on the p-i-n diode structure exhibit significantly reduced dark 

current; hence, their sensitivity and response speed are greatly improved compared to 

MSM counterparts. For example, Cen et al. reported PDs based on polycrystalline 

perovskite film with p-i-n structure exhibiting an ultralow dark current of 10 pA and 

response speed as fast as 28 μs[2]. Finally, the PDs were successfully integrated into the 

visible light communication system as an optical receiver for transmitting text, 

displaying bitrates of up to 100 kbps. In addition, for p-i-n type perovskite PDs, the 

charge selective layer can effectively passivate of defects, and the response time of the 

device can be improved down to the nanosecond level due to the internal electric field, 

showing enormous potential in the field of optical communication applications. 

Moreover, to better improve the responsivity and stability of perovskite device, the use 

of metal ions and Au nanoparticles as additives or passivators has been successfully 

demonstrated [28-30]. It led to a positive effect on the grain size, crystal morphology, 

crystallinity, and recrystallization of perovskite, which can reduce the surface defect 

density of crystal formation and improve its photoelectric performance[31-32]. For 

example, Liu et al. introduced Cu+ into the perovskite film to improve the responsivity 

and photoresponse rate[33]. The optimal perovskite PDs were successfully integrated 

into a home-made VLC system as a light signal receiver for transmitting text and audio 

signals, exhibiting a promising application prospect. Although the photoelectric 

performance of the device can be optimized in different ways, simultaneously 

developing perovskite PDs that exhibit excellent photoelectric detection, fast response 

time and environmental stability remains a challenge in the field of optical 

communication. 

Here we present high-performance PDs processed from MAPbI3 perovskite film 

with a p-i-n structure. To boost the photoelectric properties and stability of the device, 

we propose a binary strategy that significantly improves the crystallization quality of 

perovskite films: (i) introducing Au nanoparticles (Au_NPs) to decrease grain 

boundaries and defects states density, and increase crystallinity of films, (ii) using n-

propylamine hydroiodide (PAI) as a post-treatment compound to reduce interface 

recombination, and form a quasi-2D (PA)2PbI4 perovskite capping layer on the surface 

of the film notably to improve stability. The PDs have outstanding optoelectronic 

performance such as high responsivity and specific detectivity, fast response speed, and 

a wide range of spectral response. The photoelectric properties measured in this study 

are also the best reported among similar MAPbI3 perovskite structure PDs. Moreover, 
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the device demonstrated excellent ambient stability, with only a slight reduction of the 

photoresponsivity after 100 days of storage under ambient conditions. Finally, we 

integrated the optimized device as an optical signal receiver into an optical 

communication system, for effective text transmission and demonstrating a promising 

application prospect. 

 

Results and discussion 

 
Figure 1. (a) PDs structure diagram based on MAPbI3 perovskite. The inset shows the optical 

images of the device (b) The logarithmic current-voltage curves of the PVK-Au_NPs-PAI-PDs 

under dark and various light wavelengths (14.77 mW cm-2). (c) The responsivity of three different 

device structures under different light wavelengths irradiation with a light intensity of 0.98 μW cm-

2. (d) The function of device-related photocurrent and light wavelength at 2 V bias. (e) Photocurrent 

versus time curves of all devices at 2 V bias and light intensity of 14.77 mW cm-2 at 532 nm. (f) 

Graph of the change of photocurrent with the light power density of all devices at a 2 V bias. 

 

The schematic structure of the PDs is shown in Figure 1a. The p-type polymer 

poly (bis (4-phenyl)(2,4, 6-trimethylphenyl) amine) (PTAA) was used as the hole 

transport layer. The MAPbI3 perovskite was prepared from a precursor solution. The 

molecules[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and bathocuproine 

(BCP) acted as the electron transport layer and hole-blocking layer, respectively. The 

detailed preparation process of perovskite PDs is shown in Figure S1. To satisfy PD 

requirements for photoelectric applications, we implemented a twofold approach that 

significantly enhanced the crystalline quality of the perovskite films: (i) we embedded 

Au_NPs into the film to reduce grain boundaries and defects and increase 

(re)crystallization, and (ii) we applied the PAI in isopropyl alcohol (IPA) solution for 

surface treatment of the perovskite layer to recrystallize the grain boundaries and inhibit 
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defects to reduce recombination. The PDs of MAPbI3 perovskite treated with Au_NPs 

and PAI are denoted as PVK-Au_NPs-PAI-PDs. To optimize the device performance, 

we regulated the sputtering time of Au_NPs and the concentration of PAI. The results 

show that the device performance reached its optimal level when the sputtering time of 

Au_NPs was 15 s, and the PAI concentration was 4 mg mL-1. The details of PD 

manufacturing process optimization can be found in the supporting information (Note 

1, Figures S2, S3 and S4). The thickness of the optimized perovskite film was 

measured at approximately 270 nm on the scanning electron microscopy (SEM) cross-

sectional views (see Figure S4, Supporting Information).  

The photo-response of the device was studied to evaluate its optoelectronic 

performance. The logarithmic current-voltage curves of the PDs at different incident 

wavelengths in Figure 1b demonstrate a wide spectral response range. The maximum 

photocurrent was found at a wavelength of 532 nm. Next, we further investigated the 

photoelectric performance to evaluate the detectability of the modified device. Under 

illumination, the built-in electric field can extract the photogenerated electron-hole 

pairs, resulting in significantly improved conductance. Figure 1b shows the 

logarithmic I-V curves of the PDs obtained in the dark and under light illumination at 

various wavelengths. It should be noted that although the p-i-n photodiode structure is 

adopted, rectifier characteristics of the device are not obvious, which can be attributed 

to the addition of gold particles that increases the conductivity of the perovskite and 

weakens the rectification phenomenon.[28, 31]. The dark current value of the PDs was 1.0 

× 10-9 A at a 2 V bias voltage, while, at the light intensity of 14.77 mW cm-2, the 

photocurrent increased up to 1.4 ×  10-5 A at 532 nm. Figure 1c shows the 

photoresponsivity (R) of the pristine as well as the modified devices under different 

light wavelengths irradiation (0.98 μW cm-2 light intensity and a 2 V bias voltage). R is 

calculated according to relationship :[1, 32-35] 

                       𝑅 =  
𝐼𝑙𝑖𝑔ℎ𝑡−𝐼𝑑𝑎𝑟𝑘

𝑃𝑆
                              (1) 

where Ilight is the photocurrent, Idark is the dark current, S is the effective light 

illumination area of the photodetector, and P is the light power density. In Figure 1c, 

the PDs showed a higher photoresponse in the UV-vis region than in the near-infrared 

region. The R-value of PVK-Au_NPs-PAI-PDs was 0.1 A W-1, 0.4 A W-1, and 0.03 A 

W-1 at 375 nm, 532 nm, and 808 nm, respectively. Furthermore, the R value of PVK-

Au_NPs-PAI-PDs was obviously increased compared with the PVK- PDs and PVK-

Au_NPs- PDs. The R values was increased by four times compared to the PVK-PDs at 

a light wavelength of 532 nm (Figure S5a, Supporting Information). It must be 

mentioned here that the values of responsivity share a decaying trend with increasing 

light intensity and finally maintain steady levels, which is probably caused by the 



Please cite this paper as: T. Wang, D. Zheng, K. Vegso, G. Baillard, P. Nadazdy, N. Mrkyvkova, P. Siffalovic, Y. Chen, L. 

Coolen, Th. Pauporte, F. Feng, A Dual Strategy to Enhance the Photoelectric Performance of Perovskite-Based 

Photodetectors for Application in Optical Communications. Chem. Eng. J. 488 (2024) 151068. 

https://doi.org/10.1016/j.cej.2024.151068. 

6 

 

intensified carrier recombination rate due to the increased concentration of 

photocarriers recombination probability at higher light illumination intensity, as well as 

the presence of defect trap states between the Fermi level and the conduction band edge, 

which is consistent with previous reports[2, 23, 33].  

The specific detectivity, D*, is a figure of merit calculated according to the equation 

[1,19]: 

𝐷∗ =
𝑅

√
2𝑞𝐼𝑑𝑎𝑟𝑘

𝑆

      (2) 

where q is the elementary charge. Figure S5a (Supporting Information) shows that D* 

follows the same trend as R and that the PVK+Au_NPs+PAI-PDs exhibited the best 

specific detectivity. 

We explored the sequential optical switching by measuring the I-t curves of both 

pristine and modified PDs. Only a few switching cycles are shown in Figure 1e for 

reasons of clarity. The on-off switching of the device can be repeated over multiple 

cycles, demonstrating an effective and stable sequential optical response. Compared to 

the PVK-PDs, the photocurrent was increased by more than 10 times (14.2 μA) at a 532 

nm, a light intensity of 14.77 mW cm-2 and a 2 V bias. Furthermore, the Ilight/Idark current 

ratios of all devices were characterized at different voltages (Figure S5b, Supporting 

Information). The highest Ilight/Idark ratio of up to 2.0 × 105 was achieved for PVK-

Au_NPs-PAI-PDs at an illumination intensity of 14.77 mW cm-2, which is comparable 

to published 3D PDs-based perovskite (Table 1). Figure 1f exhibits the relationship 

between light intensity and photocurrent for the device. The devices exhibit a wide 

dynamic range of optical responses between 0.98 μW cm-2 and 14.77 mW cm-2 

(corresponding to a Linear Dynamic Range (LDR) higher than 51 dB as detailed in the 

Supporting Information). 

 

 

 

Figure 2. (a) Transfer-matrix simulation of light harvesting efficiency for MAPbI3 and 
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MAPbI3+Au_NPs (Au_NPs volume fraction 0.07%) devices. (b) Average thermal conductivity of 

MAPbI3 and MAPbI3+Au_NPs films. 

 

The measured results confirm that the inclusion of Au_NPs and PAI post-treatment 

of MAPbI3 perovskite film significantly improves the photoelectric properties. First, 

for the effect of Au_NPs in the perovskite layer, many reports suggest that it can form 

localized surface plasmon resonance (LSPR) and higher light absorption caused by 

light scattering in the perovskite layer, so it can improve the photocurrent of the device 
[36]. To elucidate this point, the light absorption properties of the film with Au_NPs 

added were calculated using the transfer matrix method. The average diameter of 

Au_NPs was 14 nm, as shown in Figure S2b. To calculate the light-harvesting 

efficiency (LHE), we used the transfer-matrix formalism in an effective medium to 

describe the pristine PD and the PD containing Au_NPs (see Figure S6, Supporting 

Information) [37]. As shown in Figure 2a, the results indicate that the LHE spectra of 

the two samples were similar, with an absorption edge around 780 nm. The film with 

added Au_NPs exhibited only a slight increase of the absorption at about 640 nm. In 

addition, due to the low Au_NP volume fraction considered, no significant plasmonic 

absorption peak was observed due to the LSPR effect.  

Despite the fact that the Au_NPs have almost no significant effect on the optical 

properties of the perovskite layer, they promote better crystallization and reduce defects 

at grain boundaries, as will be shown below. We studied the thermal conductivity of the 

pristine and the Au_NPs-added films to elucidate how the introduction of Au_NPs is 

conducive to better crystallization. As shown in Figure 2b, the thermal conductivity of 

the Au_NPs optimized perovskite film was about 52 % higher compared to the pure 

perovskite film (see Table S1 in the Supporting Information). The results indicate that 

the presence of Au_NPs may lead to more uniform heating of perovskite film during 

the annealing, thereby helping to improve the crystallinity[38]. Figure S7 (Supporting 

Information) shows the Au 4f, I 3d and Pb 4f X-ray photoelectron spectroscopy (XPS) 

spectra of the perovskite film with and without Au_NPs. The characteristic peak Au 4f 

and a slight shift to higher binding energy in peak positions of I 3d and Pb 4f can be 

obviously observed in the MAPbI3+Au_NPs film. Moreover, two small satellite Pb 4f 

peaks at 136.7 and 141.5 eV around the main ones, corresponding to Pb°, become more 

obvious after Au doping. XPS spectra indicate a change in chemical valence condition 

for Pb[31]. 
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Figure 3. Distribution of main elements determined by GD-OES in (a) pure PVK, (b) 

PVK+Au_NPs, and (c) PVK+Au_NPs+PAI samples. GIWAXS patterns of (d) pure PVK, (e) 

PVK+Au_NPs, and (f) PVK+Au_NPs+PAI samples. 

 

To understand the effect of Au_NPs and PAI treatment on the perovskite film 

formation process, we analyzed the depth profile of the elements in perovskite layers. 

The element concentrations are reported versus the glow discharge-optical emission 

spectroscopy (GD-OES) Ar plasma sputtering times in Figure 3a-c [4, 39-40]. We 

measured the depth-resolved element distribution for the pure perovskite, 

PVK+Au_NPs, and PVK+Au_NPs+PAI films. For reference purposes, the green line 

represents the substrate. It shows that the substrate was sputtered after about 13-15 s. 

The time to detect the perovskite layer from the top to the bottom laid between 0 and 

12-15 s. The Au distribution in the perovskite film helped us to analyze the 

recrystallization effect. Au_NPs was observed on the upper part of the perovskite film 

in Figure 3b. It is consistent with our previous work, the detection of changes in the 

distribution of major elements in the film enabled us to better understand the quality 

improvement of films [34, 40-41]. In addition, we can conclude that throughout the entire 

film preparation process, Au_NPs has a positive impact on the surface morphology of 

the film, as evidenced by the SEM results (Figure S8, Supporting Information). After 

PAI post-treatment (Figure 3c), the broadening of the Au distribution (see Figure 3c) 

indicates that the Au_NPs are more evenly dispersed throughout the perovskite layer. 

The distribution of Au after PAI post-treatment becomes more uniform because PAI 

solution promotes a recrystallization effect on the whole film, which is not limited to 

the surface but affect the entire film, and the degree of recrystallization decreases from 

top to bottom. At the same time, when PAI solution also has a certain solubility to 

perovskite film, Au enriched in the upper layer will move more deeply into the film 

with a downward permeation. Moreover, the gold curve’s peak right-shift, indicating 

that the capping layer formed by the recrystallization of PAI effectively covers most of 
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the gold particles (see Note 3 and Figure S8, Supporting Information). The crystal 

structure and texture of perovskite were further studied with grazing-incidence wide-

angle X-ray scattering (GIWAXS), as shown in Figure 3d-f. MAPbI3 perovskite 

crystallizes in the tetragonal space group (I4/mcm). Using lattice parameters indices 

determined through X-ray diffraction to index GIWAXS patterns[42-43]. The azimuthal 

spread of the 110/002 diffraction spot of the 3D perovskite confirms a uniaxial texture. 

The same is applicable for 2D PAI-based perovskite, based on the similar azimuthal 

spread of the 020 diffraction spot, it confirms the uniaxial texture parallel to the (010) 

lattice plane of the substrate (Figure 3f). Furthermore, from the position of 020 

diffraction (qz = 0.58 Å-1) of the 2D perovskite, we can assume that the (PA)2PbI4 (n=1) 

2D perovskite layer was formed after PAI treatment. This is further corroborated by a 

distinct shoulder in the absorption spectrum (at ca. 500 nm) matching the absorption 

peak of (PA)2PbI4 (n=1) 2D perovskite (Figure S9a, Supporting Information). The 

small diffraction spot at qz = 0.66 Å-1 can be assigned to the decomposition of 2D to 0D 

crystals[44]. The introduction of Au_NPs into the perovskite layer during 

recrystallization with PAI also had no detrimental effect on the crystalline texture since 

the GIWAXS pattern remained unchanged (Figure 3e). This indicates that Au_NPs may 

have undergone segregation at the grain boundaries. The enhanced perovskite structure 

can serve as an efficient charge transport channel, achieving high-efficiency charge 

transport and extraction, which is helpful in improving the photoelectric performance 

of the PDs. 

 

 

 

Figure 4. (a) Schematic diagram of the experimental equipment for measuring the PDs 

photoresponse speed. (b-d) The temporal optical response of the PDs under the irradiation of square 

wave light signal of different frequencies. (e) The relationship between photoresponse and input 
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frequency is normalized to estimate the 3 dB cut-off frequency of the PDs. (f) A single light response 

curve at 65 kHz. 

 

Perovskite optoelectronic devices have potential application prospects in the field 

of optical communication, especially in optical signal receivers with high-speed 

photoelectric response in the visible range. Therefore, the response time of PVK-

Au_NPs-PAI-PDs at different optical signal frequencies was studied. The light beam 

from a 532 nm laser was modulated by an optical chopper controlled by a function 

generator to produce a square wave optical signal (Figure 4a). Figure 4b-c and Figure 

S10 show that the device signal was stable and reproducible over a wide range of 

frequencies. By using the relationship between normalized photoresponse and 

modulation frequency (Figure 4e), the 3 dB cut-off frequency (f-3dB) was determined at 

65 kHz, almost of the same order of magnitude as the reported photodiode of MAPbI3, 

which is sufficient for efficient data receiver application [33]. On the single 

photoresponse curve of 65 kHz (Figure 4f), the response time of the device τrise and τfall 

are determined at 11.32 and 7.58 µs, respectively. In general, the responsivity and 

photoresponse speed of our device are better than the reported values from previous 

works, as summarized in Table 1. This excellent performance is mainly related to the 

combination of enhanced charge transport and inhibition recombination in our devices. 
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Table 1. Comparison of the performance parameters of 3D metal lead halide perovskite-based PDs. 

Device structure 
R [A W-1]  

(Bias, wavelength, irradiance) 
D* [Jones] Photocurrent 

Rising/ 

falling time 
On/off 

cut-off 

frequency 
Wavelength 

Stability 

test time 
Ref. 

(Vertical) 

Ag/BCP/PCBM/MAPbI3:CuSCN/IT

O 

0.37 (0 V, 685 nm, --) 1.06× 1012 2.4 mA 5.02/5.50 µs ---- 

 

50 kHz 350-750 nm ˃3000 s 33 

(Vertical) 

Ag/P3HT/MAPbI3/PCBM/ 

TiO2/MAPbBr3/P3HT/NiOx/ITO 

0.046(0.7 V, 710 nm, 0.01 W cm-

2) 
1.75× 1010 2 mA ---- 7.8 × 107 

 

33 kHz 300-800 nm ---- 47 

(Lateral) 

In/GaN-Cs2AgBiBr6/Ag 

1.46 (0 V, 265 nm, 0.005 mW 

cm-2) 
9.4× 1012 10-4 A 3.4/8.4 ms 104 ---- 265 nm ˃100days 35 

(Vertical) 

Au/PEDOT:PSS/ 

MAPbI3 film/PCBM/Al 

0.314 (0 V, 670 nm, 1 mW cm-2) ---- ---- 4.0 /3.3 μs 104 

 

30 kHz 400-750 nm ---- 48 

(Lateral) 

Au/2D FAPbI3/Au 
3.27 (9 V, 645 nm,18 nW cm-2) 1.35× 1012 800 nA 0.3/0.5 ms ---- ---- <815 nm ˃1400 s 49 

(Lateral) 

Au/MAPbI3 arrays/Au 
0.1 (10 V, 650 nm,100 μW cm-2) 1.02 ×1012 20 nA 

0.3 ms/0.4 

ms 
300 ---- <800 nm 4 weeks 50 

(Vertical) 

Al/BCP/C60/PCBM/ 

MAPbI3 Poly/PEDOT:PSS/ITO 

0.21 (-2 V, white light, 

143 μW cm-2) 
7.4× 1012 

 

---- 

 

120 ns ---- 

 

3500 Hz <800 nm 45 days 25 

(Vertical) 

Au/PTAA/ MAPbI3/ 

Au nanosquares/Au 

---- 7.13× 1011 58 nA ---- ---- 

 

---- 600-900 nm ˃120 h 51 

(Lateral) 

Au/ C8BTBT-MAPbI3/Au 

24.8 (10 V, 532 nm, 0.37 mW 

cm-2) 
7.7× 1012 28.7 μA 4.0/5.8 ms 2.4 × 104 ---- 300-850 nm ˃20 days 52 

(Lateral) 

Si/SiO2/Au/MAPbI3/Au/SiO2/Si 

0.018(-2 V, 970 nm, 0.05 mW 

cm-2) 
1.8× 1012 8 nA ---- 298 ---- 

400-1200 

nm 
---- 53 

(Vertical) 

ITO/PTAA:F4-TCNQ/ MAPbI3：

Au_NPs/PCBM/BCP/Au 

0.4 (2 V, 532 nm, 0.98 μW cm-2) 3.6× 1011 14 μA 11.3/7.5 µs 2.0 × 105 

 

65 kHz 405-808 nm ˃100 days 
This 

work 
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The environmental stability of PDs based on 3D perovskite is a key issue that 

needs to be addressed. We examined the long-term stability of the PDs' photoelectric 

performance (Figure S11). The unencapsulated samples were stored at ambient 

conditions. The photocurrent of the MAPbI3 PDs exhibited very low stability, 

decreasing from 1.4 μA to 0.001 μA within 5 days. The degradation trend of 

PVK+Au_NPs-PDs was almost the same as that of PVK-PDs. In contrast, the 

photocurrent of PVK+Au_NPs+PAI-PDs remained almost the same over 100 days, 

decreasing from 14 μA to only 12.5 μA. Compared with PVK-PDs, the modified 

PVK+Au_NPs+PAI-PDs exhibit outstanding environmental stability due to the PAI 

post-treatment of the perovskite film, which is due to the formation of a quasi-2D 

perovskite capping layer on the MAPbI3 perovskite layer top surface. The quasi-2D 

(PA)2PbI4 (n=1) perovskite capping layer forms a protective barrier, which protects the 

underlying 3D MAPbI3 perovskite film from degradation and reduces charge 

recombination, enhancing the photoelectric performance of the device. Thus, PDs with 

high photoresponsivity and better ambient stability can provide significant advantages 

for the widespread applications of optical communications and imaging sensors[1, 47, 54]. 

To show that the modified-PDs structure can produce better photoelectric 

performance, we studied the energy band structure of the device (Figures 5a,b). 

Ultraviolet electron spectroscopy (UPS) was used to analyze the energy band 

arrangement using a monochromatic He excitation source at hν= 21.22 eV. The valence 

band maximum (EVBM) and the conduction band minimum (ECBM) energy levels of 

perovskite film are shown in Figure 5a. The work function was 4.7 eV, and the 

calculated difference between EF and EVBM was 0.7 eV. We measured the MAPbI3 band 

gap at 1.60 eV (Figure S3a). With the energy level matching in the device, as shown in 

Figure 5b, photogenerated carriers were quickly extracted to achieve high responsivity 

of devices. Figure 5c shows the time-resolved PL (TRPL) spectra based on the 

glass/perovskite structure, measured under 470 nm laser excitation. TRPL is an 

effective method for detecting the trap states in the perovskite[44, 55]. The increased 

lifetime for the modified perovskite structures indicates passivation of the grain 

boundaries of perovskite films, resulting in a reduced density of trapped states. In other 

words, using Au_NPs and PAI recrystallization process results in better crystal quality 

with fewer defects. Moreover, Au_NPs can increase the charge transfer pathway and 

suppress the photoinduced electron-hole pair recombination[56]. Accordingly, this was 

the primary mechanism for increasing the lifetime of the modified perovskite structure. 

This unique structure can not only reduce defects state density and grain boundaries of 

film but also reduce interface recombination, thereby increasing the photocurrent of the 

device. This was a key factor in the preparation of high-performance heterojunction 

PDs.  
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Figure 5. (a) UPS soectrum of PVK+Au_NPs+PAI film. Deduced work function and energy 

difference between the Fermi level (EF) and valence band maximum (EVBM) of perovskite. (b) 

Energy level diagram and hole-electron transfer in the device. (c) Time-resolved PL curve of pristine 

and modified perovskite films. 

 

We integrated the PDs as an optical signal receiver into a visible light 

communication system (Figure 6). The advantages of visible light communication are 

its low energy consumption, high-speed operation, and strong anti-interference 

ability[35, 47, 55]. Information transmission through high-speed optical pulse signals, 

combining lighting communication and control functions, has a wide range of 

applications in intelligent transportation, smart homes, high-speed audio transmission, 

and other fields[2-3, 45]. The visible light communication system is mainly composed of 

two parts: a transmitter and a receiver, where the transmitter is used to drives the LED, 

and the receiver processes the signal. The visible light communication system structure 

schematic diagram is shown in Figure 6a. The driver converts computer date into 

analog signals 1 and 0, corresponding to the high levels and low voltage levels, 

respectively. By modulating the light output of LED and illuminating PDs to generate 

high and low photocurrent. Next, convert it into a voltage signal and transmit it to 

another driver so that the voltage signal is converted into digital data. To better illustrate 

the data transmission process, the string "MAPbI3" is encoded by ASCII (American 

Standard Code for Information Interchange). The high light intensity is represented by 

"1", and the low light intensity is represented by "0". By transmitting the optical signal 

to PDs, electrical signals are read with high and low levels. Finally, the electrical signal 

is demodulated to a " MAPbI3" string (Figure 6b). Due to the fast response speed of 

PDs (Figure 4f), even if the coding frequency is changed, the encoding process is not 

affected (Figure S12, Supporting information). As shown in Figure 6c, the current 

signals that the device can receive modulated optical information at different bit rates, 

indicating that the system can transmit data at bit rates up to 200 kbps. Based on the 

actual response speed of the measured PDs, they are capable of transmitting a bit rate 

of 1 Mbps or higher. However, the bandwidth limitation of the preamplifier can affect 

the actual transmission rate of the device. In general, this study shows that our PDs can 

be used for optical communication. 
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Figure 6. (a) Visible light communication system structure schematic diagram. (b) Electrical signal 

waveform obtained from single-chip processor and PDs. (c) Digital data waveform received by 

devices with different transmission rates. 

 

Conclusions 

In summary, we have prepared high-quality MAPbI3 perovskite films using 

sputtered Au_NPs and PAI recrystallization, which decreased the grain boundaries and 

defects, and improved environmental stability. The device exhibited a high responsivity 

of 0.4 A W-1, an on/off current ratio of 2.0 × 105, and response times of 11.3 µs /7.58 

µs, which is a significant improvement of the performance over the pristine PDs. In 

addition, the modified PDs exhibited excellent environmental stability (100 days) under 

ambient conditions without encapsulation. Finally, the PDs were integrated into a 

visible light communication system and successfully served as optical signal receivers 

to transmit ASCII-encoded information. The research results indicate that stable and 

high-speed perovskite PDs with a p-i-n structure have great potential applications in the 

field of optical communications. 
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Experimental Section 

Materials 

Lead iodide (PbI2, 99.99%), methylamine iodide (MAI, 99.5%), propylammonium 

iodide (PAI, 99.5%) were purchased from Xi’an Polymer Light Technology Corp. [6,6]-

phenyl-C61-butyric acid methyl ester (PCBM, 99.9%) and bathocuproine (BCP, 99.5%) 

molecules were purchased from Advanced Election Technology Co., Ltd. Dimethyl 

sulfoxide (DMSO, GC, 99.9%), isopropanol (C3H8O, AR, 99%), chlorobenzene 

(C6H5Cl, AR, 99%) and methylbenzene (C7H8, AR, ≥ 99.5%) were purchased from 

Aladdin Chemical Reagent Co., Ltd. The ITO substrate was purchased from Liaoning 

Preferred New Energy Technology Co. Ltd.  

Device Fabrication  

First, the ITO substrates were cleaned by irradiation with UV ozone for 20 min. In a N2 

filled glovebox a PTAA:F4-TCNQ solution (14.4 mg PTAA and 1.6 mg F4-TCNQ in 2 

mL toluene) was spin-coated onto the ITO substrates at 3000 rpm for 30 s, and then 

annealed at 150 ℃ for 20 min. The MAPbI3 precursor solution was prepared by 

dissolving 668.5 mg PbI2 and 230.5 mg MAI in 1 mL DMSO. This solution was stirred 

at 60 ℃ for 2 h. The film was then prepared by spin-coating at 1000 rpm for 10 s and 

4000 rpm for 30 s, then 100 µL of chlorobenzene was dripped 30 s after the spin-coating 

began. The layer was annealed at 100 ℃ for 30 s. Next, Au_NPs were immediately 

sputtered on the surface of the perovskite layer using an ion sputter coater SuPro 

Instrument ISC150 operated at 10 W. The optimized sputtering time was 15s. Finally, 

the layers were annealed on a hotplate at 100 ℃ for 60 min. Subsequently, a PAI 

solution was spin-coated at 3000 rpm for 20 s. The PCBM was spin-coated at 2000 rpm 

for 30 s. The BCP was spin-coated at 4000 rpm for 30 s. Both were heated at 100 ℃ 

for 15 min. Finally, a Cr/Ag electrodes with a thickness of 10 nm/100 nm, respectively, 

were evaporated through a shadow mask using a high-vacuum e-beam evaporator. The 

full device preparation process is summarized in Figure S1 (Supporting Information).   

Characterizations and Measurements 

The morphology of perovskite films was examined using SEM (GeminiSEM 560, 2 kV 

acceleration voltage). XRD data were measured by a high-resolution diffractometer 

with Cu Kα source radiation (3 kW, 40 mA, λ = 0.154 nm). The UV-vis absorption 

spectra were obtained on a PerkinElmer spectrophotometer (LAMBDA). The PL 

spectra were acquired at 10 nW excitation power using a 488-nm long-pass filter. The 

time-resolved PL attenuation on the glass substrate was analyzed. The perovskite was 

excited with a 470 nm diode laser. The ultraviolet photoelectron spectrometer (UPS) 
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was measured by a ThermoFisher Nexsa using a monochromatic He excitation source 

at hν= 21.22 eV. The GIWAXS patterns were measured using a microfocus X-ray 

source (IμS, Incoatec, Germany) and a single-photon counting 2D X-ray detector 

(Pilatus 100 K, Dectris, Switzerland). For GD-OES characterizations, the argon plasma 

was generated by applying a power of 17W at an argon pressure of 420 Pa. The 

perovskite film was installed on the O-ring on one side of the plasma chamber to serve 

as the cathode. The photoelectric properties of the PDs were measured with a Keithley 

2614 B electrometer. PD measurements were carried out using a laser diode as a light 

source. 

Transfer-matrix simulation 

The optical modeling was carried out in the form of the transfer-matrix. The effective-

medium was approximated for the perovskite layer with Au_NPs, and the Maxwell-

Garnett equation was used to treat the effective index of the film medium. The dielectric 

constant of the gold was acquired by Johnson and Christy, while the refractive index of 

perovskite was obtained from the literature[58]. 
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