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Perovskite-based photodetector for real-time
and quantitative monitoring of sports motion

Yuming Hu,1,2,8 Tingqing Wu,1,2,8 Jiabing Zhang,3 Wei Sun,4 Mengfei Lv,5 Hongfei Xie,1,2 Tangyue Xue,6

Teng Han,4 Chunbao Li,7,* Meng Su,1,2,9,* and Yanlin Song1,2,*

SUMMARY

Reliable monitoring the movement amplitude and dynamics during sports exercise is significant for
improving training results and preventing training wound. Here, we present a printed perovskite-based
photodetector for real-time and quantitative monitoring of sports motion. The ordered nucleation and
growth of perovskite crystals are regulated by the 4-acetamidothiophenol (AMTP) at the interface, which
promotes the size of perovskite crystals into themicrometer. Benefiting from the uniformity of the AMTP-
regulated MAPbI3, the as-prepared photodetector gives great photocurrent response under indoor light
or outdoor light. During the exercise, real-time monitoring sports motion is achieved through detecting
the illumination changing of photodetectors attaching on the wrist and ankles. Moreover, twelve kinds
of common sports can be quantitatively analyzed with the detection of illumination changing on the
photodetector. Such photodetector provides an efficient measurement method of wearable electronics
for sports monitoring.

INTRODUCTION

Tracking and monitoring of whole-body motions during sports have important applications in posture analysis, sport training effect, rehabil-

itation evaluation, human-computer interaction, and virtual reality.1–10 Especially after COVID-19, if the body starts high-intensity or high-vol-

ume sport exercise too early after infection, important organs such as the heart and lungs will be damaged, and the body may be re-infected

with the novel coronavirus. It is significant tomonitor the sportsmotions in daily life. Commonly, high-speed camera is adopted formonitoring

sports motions. The key information is analyzed and extracted from a large number of images, which hasmany disadvantages and limitations.

While a large number of photos and videos must be analyzed, higher requirements on computer hardware are essential with huge energy

consumption. It is unimaginable for people to use the high-grade camera for analyzing daily sports motions. Recently, wearable sensors

have been investigated to monitor sports motions via recording the strain change of skins.11–15 These strain sensors must be closely adhered

on the skin to keep records trusted and accurate, which makes the sporter uncomfortable in training.

Photovoltaic sensors can easily achieve the senseless interaction in multi-dimensional space by transferring the optical signals to electric

signals. Compared with traditional contact sensors, the non-contact interaction based on light and shadow of photovoltaic devices can effec-

tively avoid the uncomfortable problemof wearable sensors. The non-contact photovoltaic devices can effectively reduce the risk of pathogen

transmission to avoid health and safety concerns. Recently, metal halide perovskite has been widely used in photovoltaic device due to its low

manufacturing cost, wide optical absorption range, adjustable band gap, and high carrier mobility.16–29 With the continuous improvement of

the performance of perovskite photovoltaic devices, more andmore research has paid attention to the field of wearable devices.11–13 Thus, it

is feasible to achieve real-time and quantitative monitoring of sports motion via recording the illumination change around the sporter via the

photodetectors. However, it remains a challenge to obtain high-quality, stable perovskite crystals, which limits its practical application in

photovoltaic devices. What’s worse, some organic volatile components inevitably escape from perovskite polycrystalline films during thermal

annealing. Part of Pb2+ is dissociated in the grain boundaries and surfaces of perovskite films, resulting in the degradation of device perfor-

mance. Therefore, different methods (such as crystal regulation, surface passivation, interface modification, etc.) have been proposed to

reduce the density of defect states in perovskite polycrystalline films.30–43 However, perovskite polycrystalline films with low defect density
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atmicron scale are still difficult to be prepared. High density of defect state will result in low photocurrent of perovskite film under indoor light,

which limits its performance in portable illumination monitoring.44–46

Herein, we present a polymer-regulated perovskite photodetector for real-time and quantitative monitoring of sports motion. During the

crystallization process of perovskite, 4-acetamidothiophenol (AMTP) molecules will provide sites for homogeneous nucleation and assist the

formation of large grains. Moreover, AMTP molecules are demonstrated in the degradation of grain boundaries and the enhancement of

carrier mass in perovskite films. The AMTP-regulated perovskite photodetector gives photocurrent response under indoor light or outdoor

light. During the exercise, real-time monitoring sports motion is achieved through detecting the illumination changing of photodetectors.

Accordingly, twelve kinds of common sports can be quantitatively analyzedwith the detection of illumination changing on the photodetector.

Such photodetector provides a novel measurement method of wearable electronics for sports monitoring.

RESULT AND DISCUSSION

Design of wearable MAPbI3-based photodetector for real-time and quantitative monitoring of sports motion

Figure 1 schematically demonstrates the application and structure design of wearable perovskite-based photodetector. Figure 1A shows the

application scenario of perovskite-based wearable photodetector. The perovskite-based photodetectors are attached on the wrist or ankle.

Due to the difference in the amplitude of limb oscillation during sports exercise, the illumination changes in the relative position of the de-

tector, which leads to the corresponding resistance response of photodetector.We exploit the excellent photoelectric response of the perov-

skite material to realize real-time and quantitative motion monitoring of sports motion. When the detecting illumination intensity changes

from strong light (outdoor light) to weak light (indoor light), the motion monitoring can still be achieved (Figure 1B). Figure 1C demonstrates

the structure of a perovskite-based photodetector for sports motion monitoring. The patterned gold electrodes are deposited on the pre-

stretched polyimide (PI) substrate. The perovskite photoactive layer is spin-coated on the aforementioned substrate by using theMAPbI3 pre-

cursor solution modulated with 4-acetamidothiophenol (AMTP) molecules. During the crystallization and nucleation of MAPbI3 wet films, -SH

and -CONH- groups in AMTP molecules can be paired with uncoordinated Pb2+ to form complexes, which can effectively reduce the defect

Figure 1. Design of wearable perovskite-based photodetector for real-time and quantitative monitoring of sports motion

(A) Schematic illustration of the perovskite-based photodetector attached on the wrist (upper right) or ankle (lower right) for motion monitoring.

(B) Perovskite-based photodetector can detect the illumination changing caused by actions under outdoor light or indoor light.

(C) Structure diagram of the polymer-regulated perovskite photodetector.
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density on the surface and grain boundary of the MAPbI3 film. Compared with the nucleation rate of the control MAPbI3-DMSO complexes,

AMTP-based complexes have a faster nucleation supersaturation rate. This can achieve rapid nucleation and promote the formation of large

perovskite grains. Thus, the preparation of perovskite-based photodetector is completed (left). A schematic diagram of perovskite crystalli-

zation induced by molecule AMTP is shown on the right.

Characterization of crystal morphologies and optical properties

In order to investigate the effect of AMTPmolecules on perovskite, we prepare theMAPbI3 film (Control) and 4-acetamidothiophenol-doped

perovskite films (AMTP-MAPbI3) with different concentrations of AMTP molecules. Figures 2A–2D show the surface and cross-sectional mor-

phologies of scanning electron microscopy (SEM) images at four different proportions. It is found that the control sample presents the small

grain size. Correspondingly, multilayer grain arrangement occurred at the vertical growth interface (Figure 2A). When 0.01wt % AMTP was

added, the grain size increased significantly. At the same time, the vertical grain growth also changed from multilayer to single layer. It is

attributed to the special groups of -CONH- and -SH groups in AMTP molecules. Both -CONH- and -SH groups in AMTP molecules can co-

ordinate with uncoordinated Pb2+ to form complexes, which effectively reduce the defect density in MAPbI3 and provide conditions for the

growth of large grains. When the concentration of AMTP was increased to 0.02wt %, the grain size of perovskite further increased (>1 mm)

(Figure 2C). It can be seen from Figure S11 that 0.02wt % AMTP-MAPbI3 films with larger MAPbI3 grain size have lower surface roughness

than the control film. Compared with the addition of 0.01wt % AMTP molecules, the transverse grain size is more uniform, and the binding

at the grain boundary is closer, and the consistent morphology is displayed at the cross section. When the concentration of AMTPmolecules

increased to 0.03wt %, the grain size of MAPbI3 decreased significantly, the local defects increased significantly, and the longitudinal crystal-

lization also showed a trend from single layer to multilayer (Figure 2D). This phenomenon indicates that the addition of AMTP can effectively

reduce the defect density in MAPbI3, increase the grain size and improve the uniformity of the film at an appropriate concentration range.

However, when the AMTP above a critical concentration was added, excessive AMTP molecules accumulated in MAPbI3 as impurities,

affecting the ordered growth of crystals. Figure S6 shows the thickness comparison between 0.02wt % AMTP-MAPbI3 film and the control.

Figure 2. Characterization of crystallinity and optical properties of AMTP-regulated MAPbI3
(A) Surface and cross-sectional SEM images of the MAPbI3 films. Scale bars, 500 nm.

(B) Surface and cross-sectional morphologies SEM images of the 0.01wt % AMTP-MAPbI3 films. Scale bars, 500 nm.

(C) Surface and cross-sectional morphologies SEM images of the 0.02wt % AMTP-MAPbI3 films. Scale bars, 500 nm.

(D) Surface and cross-sectional morphologies SEM images of the 0.03 wt % AMTP-MAPbI3 films. Scale bars, 500 nm.

(E) Fourier transform infrared spectra of MAPbI3, AMTP and AMTP-MAPbI3.

(F) XRD characterization of MAPbI3 and AMTP-MAPbI3 films with different doping concentrations.

(G) PL characterization of MAPbI3 and AMTP-MAPbI3 films with different doping concentrations.

(H) TRPL characterization of MAPbI3 and AMTP-MAPbI3 films with different doping concentrations.
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In order to further explore the influence of AMTP on the crystal structure of MAPbI3, we also conducted a series of characterization. Figure 2E

shows the Fourier transform infrared spectral (FTIR) characterization of MAPbI3, AMTP molecules, and 0.02wt % AMTP-doped MAPbI3. N-H,

S-H, and C=O groups stretching vibration peaks located at 3301.8 cm�1, 2551.2 cm�1 and 1896.4 cm�1 on AMTP could also be found on

AMTP-MAPbI3, while they were not found in MAPbI3. AMTP molecules have been successfully involved in the formation of perovskite films.

To illustrate the effect of AMTP on crystal morphology, Figure 2F shows the XRD characterization of perovskite films doped with four different

concentrations of AMTPmolecules. The perovskite film dopedwith AMTP had higher and sharper (110) and (220) diffraction peaks, indicating

its role in improving crystallinity and adjusting grain size. In addition, the doping concentration of 0.02wt % exhibited the highest diffraction

peak, while the diffraction peak of 0.03wt % was lower than that of 0.01wt %. The results were consistent with SEM characterization, and

0.02wt %was determined to be themost appropriate doping concentration. Furthermore, photoluminescence (PL) and time-resolved photo-

luminescence (TRPL) were performed (Figures 2G and 2H). AMTP-MAPbI3 showed a stronger PL peak than the control, and the emission peak

of AMTP-MAPbI3 blueshifted by 3 nm (Figure 2G). In previous studies, it was found that spontaneous recombination between trap states

would lead to the redshift of emission peak, while passivation of trap states would lead to the blueshift of emission peak.10 The interaction

between AMTP andMAPbI3 passivated the defects at grain boundaries and reduced the non-radiative recombination of carriers. This passiv-

ation was achieved by the S atoms occupying the vacancy I in AMTPmolecules to form amore tightly bonded Pb-S lattice structure. Thus, the

photogenerated carrier lifetime of MAPbI3 increased from 14.06 ns to 32.32 ns (Figure 2H), which further confirmed the role of AMTP mole-

cules in the degradation of grain boundaries and the enhancement of carrier lifetime in MAPbI3 films. Details of the TRPL characterization of

MAPbI3 and AMTP-MAPbI3 films with different doping concentrations are supplemented in Table S1.

Characterization of optoelectronic performances of the AMTP-MAPbI3 based photosensors

In order to verify the photoelectric properties of MAPbI3 films regulated by AMTP molecule, photodetectors with PI/AMTP-MAPbI3 planar

structure were prepared successfully. Under continuous indoor light irradiation (light intensity about 500 Lux), the control and AMTP-

MAPbI3 based photoelectric detection were covered for 10 s at an interval of 20 s, to compare the influence of AMTP molecule on the switch

response (Figure 3A). It can be found that theAMTP-MAPbI3 basedphotodetector displayed about 110 times the ratio of light to dark current,

while the control only showed about 40 times. AMTP-MAPbI3 based photodetectors have better light response. Figure 3B shows the current

response of AMTP-MAPbI3 based photodetectors under dark light and different illuminance (500, 1000, 2000, and 4000 Lux). AMTP-MAPbI3
based photodetectors displayed outstanding current response under indoor light (about 500 Lux) and outdoor light (about 4000 Lux). In dark

environment, the AMTP-MAPbI3 photodetector exhibits an excellent dark current response of 2.531012 (Figure S8). At the same time, with the

increase of illumination intensity, the response current also raised accordingly, which laid a good foundation for the subsequent sportsmotion

monitoring. Further testing found that the AMTP-MAPbI3 photodetector showed a high responsivity of 6.01 A/W at 450 nm laser with a de-

tectivity of 1.6031013 Jones (Figure S9). The inset shows an as-prepared AMTP-MAPbI3 photodetector, which consists of four finger areas and

sends electrical signals through an electrode path at the bottom. The AMTP-MAPbI3 based photodetector was connected to a computer to

Figure 3. Characterization of optoelectronic performances of the AMTP-MAPbI3 based photodetectors

(A) I-T response of the control and AMTP- MAPbI3 based photodetectors in the dark condition and under 500 Lux light illumination.

(B) I-V curves of the AMTP-MAPbI3 based photodetector in the dark condition and under different (500, 1000, 2000, 4000 Lux) illuminance. The inset shows an as-

prepared AMTP- MAPbI3 photodetector. Scale bars, 1 cm.

(C) Current response of AMTP-MAPbI3 based photodetectors at 30 consecutive switches.

(D) Current response of AMTP-MAPbI3 based photosensors under different (500, 1000, 2000, 4000 Lux) illumination.

(E) Response time and decay time of the AMTP-MAPbI3 based photosensors.

(F) Current response of the AMTP based photodetector during a quick sport motion.
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further verify its interactive capabilities, and a Python program was developed to continuously capture and analyze the sensor data stream.

Figure 3C shows the current response changes of the AMTP-MAPbI3 based photodetector during 30 times of occlusion and irradiation at the

light intensity of 500 Lux. Figure S10 shows the on-off intensity of the AMTP-MAPbI3 photodetector after 300 consecutive switches at the light

intensity of 500 Lux. The AMTP-MAPbI3 based photodetector demonstrated satisfied stability in recognizing continuousmotion, as shown by

the smooth change of low resistance when irradiated and high resistance when blocked. Figure 3D shows the current response of the AMTP-

MAPbI3 based photodetector when the ambient light changes from 500 Lux to 4000 Lux in the process of continuous occlusion and irradi-

ation. The current response of AMTP-MAPbI3 based photodetectors is similar in response to the same action and under the same ambient

light condition. With the increase of external light intensity, the variation of current of AMTP-MAPbI3 based photodetector also increased.

This indicates that the AMTP-MAPbI3 based photodetector can sense the changes of irradiated light, and has the basis of quantitativemotion

recognition. Figure S7 further shows that after 500 bends with a curvature radius of 7 mm, the performance of the MAPbI3 photodetector

decayed almost completely, while the current response of AMTP-MAPbI3 photodetector remained above 91% of its initial state. Figure 3E

shows the response time and attenuation time of the AMTP-MAPbI3 based photodetector when it faces motion recognition. When a

quick gesture was made, the resistance response rose rapidly within 12 ms and fell rapidly within 18 ms. Movements with a completion

time of more than 80 ms can be successfully recognized by the AMTP-MAPbI3 based photodetector when performing a continuous gesture

wave (Figure 3F). The fast response capability of the detector was demonstrated with different frequency gestures from low speed to high

speed (Video S1). Such recognition speed can match almost all the movements of the human body, and real-time motion monitoring can

be achieved.

Real-time and quantitative motion monitoring based on AMTP-MAPbI3 based photodetector

To demonstrate real-time, quantitative motion monitoring, the AMTP-MAPbI3 based photodetectors were attached on one’s wrist and

ankle to analyze resistance responses to twelve common motions. A white light source is fixed 1.5 m away, and the illumination on the

photodetector was 500 Lux by controlling the intensity of the light source. The AMTP- MAPbI3 based photodetector on the wrist was

used to monitor changes in electrical resistance during six different actions (push-up, clap up, golf, badminton swing, hook, clean,

and jerk) (Figures 4A and 4C). The relative position of the AMTP-MAPbI3 based photodetector at the wrist will also change due to

the different amplitude, speed, and angle of the arm raised under different motions. When the relative position of the AMTP-MAPbI3
based photodetector changes, the light and shadow information perceived by the detector will also change, so as to output a section

of resistance response with characteristic information in real time. The corresponding resistance response can then be recorded through

continuous action input. Accordingly, the motion state can also be identified by the specific resistance response waveform. Because the

Figure 4. Real-time and quantitative motion monitoring based on AMTP-MAPbI3 photodetector The distinct electronic signals of two positions and

twelve sports motions

(A) The real-time monitoring of resistance changes of six kinds of sports motion of the same position (wrist).

(B) The real-time monitoring of resistance changes of six kinds of sports motion of the same position (ankle).

(C) Photos of AMTP-MAPbI3 based photodetector attached at the wrist and photographs of six kinds of sports motion.

(D) Photos of AMTP-MAPbI3 based photodetector attached at the ankle and photographs of six kinds of sports motion.
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change of action frequency does not affect the waveform of resistance response, it only changes the frequency of resistance response

peak. Therefore, the real-time and quantitative monitoring of motion attitude can be attached based on the rapid response of resistance.

As another demonstration, the AMTP-MAPbI3 based photodetector on the ankle was also investigated to monitor different actions (right-

footed pass, juggle, jog, jumping rope skip, high knee lift) (Figures 4B and 4D). Four other actions and their resistive responses are also

shown (Figures S1–S4). The photodetector can produce different characteristic resistance response peaks for different motions. For simi-

larly expressed motion, AMTP-MAPbI3 can show significantly different characteristic resistance responses based on different motion fre-

quencies, intervals, and limb amplitudes (Figures S3 and S5). The overall shape of the response peaks is significantly different due to the

special light and shadow information generated by the ankle. This way of changing the wearing position can effectively broaden the

application scenarios of the AMTP-MAPbI3 based photodetectors and improve the detection capability.

Conclusion

In conclusion, we have demonstrated the sports motion monitoring strategy via the detection of illumination changing around the sporter.

A photodetector response to the changing of indoor light or outdoor light is achieved via the uniform polymer-regulated perovskite crys-

tal. We have experimentally optimized the doping content of AMTP at the interface to reduce the defect density and improve the size of

perovskite crystals. After investigating the photoresponse ability of an as-prepared photodetector, the photocurrent can reach 3.27 3

10�10 An under indoor ambient light of about 500 Lux, and corresponding on-off ratio exceeds 114 times. We also show proof-of-concept

monitoring of sports motion via detecting the illumination changing around the photodetector on the sporter and demonstrate the capa-

bilities of accurate analysis of common sports. This photodetector provides a novel measurement platform of wearable electronics for

sports monitoring, which demonstrates an idea for creating future robots’ sense of touch and perception of surrounding environmental

risks.

Limitations of the study

Except for photodetectors, the data processing and communication electronicsmust be integratedwith the battery as one part to achieve the

wearable applications. Benefiting from their excellent photoelectric characteristics, perovskite-based solar cells have attracted great atten-

tion. In the future, all-in-one perovskite-based wearable devices can be further investigated to monitor sports motions without batteries.
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Meng Su

(sumeng1988@iccas.ac.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data: All data reported in this paper will be shared by the lead contact upon request.
� Code: This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This work did not need any unique experimental model.

METHOD DETAILS

Experimental procedures

Solution preparation

214.65 mg MAI and 622.35 mg PbI2 were dissolved in a mixed solvent of 900 mL DMF and 100 mL DMSO. The above solution was sealed and

stirred on a hot table at 55�C for 2 h to obtain the methylammonium lead lodide (MAPbI3) solution. 5 mg AMTP was dissolved in 1 mL DMSO

and then stirred on a hot table at 60�C for 2 h to prepare the AMTP solution. AMTP solutions of 16, 32 and 48 mL were added to MAPbI3 so-

lution respectively to obtain AMTP-MAPbI3 mixed solution of 0.01wt%, 0.02wt% and 0.03wt%. Themixed solutionwas heated on a hot stage

at 60�C and stirred for 2 h to fully mix the AMTP molecules with MAPbI3 precursor solution to obtain AMTP doped MAPbI3 solution.

Fabrication of the detector substrate

A 1.53 1.5 cm2 cross finger electrode was fabricated on the polyimide (PI) film by an etching process. Select a 23 2 cm2 glass substrate, wipe

it gently with alcohol, and blow dry with nitrogen gas. 300 mL polydimethylsiloxane (PDMS) were dripped onto the treated glass substrate and

rotated for 30 s at a rotational speed of 2000 rpm to obtain evenly spread PDMS film. The PI film with a gold electrode was gently attached to

the surface of the wet PDMS, and was heated on a hot table at 80�C for 4 h. When the PDMS fully solidified, the detector substrate was

completed.

Preparation of the detector

40 mL of AMTP-doped perovskite precursor solution was dropped onto the detector substrate then was spin-coated at 4000 rpm for 30 s.

250 mL of anti-solvent chlorobenzene was added after 7 s of the spin coating process. Subsequently, the prepared wet film was heated at

100�C for 10min to obtain AMTP-MAPbI3 film. 200 mL PDMSwas dripped onto AMTP-MAPbI3 film and spun at 2000 rpm for 30 s as the encap-

sulation layer. Finally, the sample was heated on a hot table at 60�C for 2 h. The AMTP-MAPbI3 based photodetector was obtained by peeling

the PI base from the glass plate with a blade.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

MAI Xi’an p-OLED CAS: 14965-49-2

Lead (II) iodide (PbI2) Xi’an p-OLED CAS: 10101-63-0

N, N-dimethylformamide (DMF) Sigma-Aldrich CAS: 68-12-2

Dimethyl sulfoxide (DMSO) Sigma-Aldrich CAS: 67-68-5

Chlorobenzene (CB) Aladdin CAS: 108-90-7

4-Acetamidothiophenol (AMTP) Aladdin CAS: 1126-81-4
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Film characterizations

The morphology of films was measured by SEM (HITACHI, S-4800, Japan) at an accelerating voltage of 5.0 kV. The ultraviolet-visible (UV-Vis)

spectra were recorded by SHIMADZU, UV-2600. The photoluminescence (PL) spectra and time-resolved photoluminescence (TRPL) spectra at

the peak emission of 650–900 nm were measured by photoluminescence spectroscopy (Edinburgh Instruments Ltd., FLS980).

Detector characterizations

The current-time (I-T) curves and current-voltage (I-V) curves were characterized by a semiconductor tester (Keithley, 4200A-SCS). The light

intensity was measured by an illuminometer (Deli, DL333204). The flashlight (SKYFIRE, SF-656S) provided white light source.
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