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A multifunctional display based  
on photo-responsive perovskite 
light-emitting diodes

Chunxiong Bao    1,2,7, Zhongcheng Yuan    1,3,7, Wenxiao Niu2, Jie Yang4, 
Zijian Wang2, Tao Yu    2, Jianpu Wang    4,5 & Feng Gao    1,6 

Current display screens are typically only used for information display, but 
can have a range of different sensors integrated into them for functions 
such as touch control, ambient light sensing and fingerprint sensing. 
Photo-responsive light-emitting diodes (LEDs), which can display 
information and respond to light excitation, could be used to develop future 
ultra-thin and large screen-to-body ratio screens. However, photo-response 
is difficult to achieve with conventional display technologies. Here, we 
report a multifunctional display that uses photo-responsive metal halide 
perovskite LEDs as pixels. The perovskite LED display can be simultaneously 
used as a touch screen, ambient light sensor and image sensor (including 
for fingerprint drawing) without integrating any additional sensors. The 
light-to-electricity conversion efficiency of the pixels also allow the display 
to act as a photovoltaic device that can charge the equipment.

Display screens are an essential component of many modern electronic 
devices, including smart phones, smart watches, laptops and tablets. 
Conventional displays—including liquid crystal displays and organic 
light-emitting diode (LED) displays—can only perform a single func-
tion of information display. Therefore, additional sensors have to be 
integrated into displays for functions such as touch control, ambient 
light sensing and fingerprint sensing (Fig. 1a). However, these additional 
sensors increase cost and complexity, limiting the development of 
ultra-thin and large screen-to-body ratio screens.

A promising strategy to advance display technology is to develop 
photo-responsive LEDs, which could be used to incorporate the func-
tions of different sensors into the pixels of a display. However, this 
is challenging for market-dominating display techniques (such as 
liquid crystal and organic LED displays) due to the absence and/or 
weakness of sensing function in the display pixels1,2. LEDs based on cad-
mium selenide nanocrystals can offer photosensitivity, but their weak 

photo-response, which results from the intrinsic trade-off between 
light absorption and charge transport in nanocrystals, limits their 
development and application potential3.

Perovskite LEDs (PeLEDs) are promising emitters for high quality  
displays due to their high colour purity, high efficiency, high bright-
ness, and compatibility with both solution and vacuum deposition 
processes4–7. In addition, they can exhibit high optical absorption 
and outstanding carrier transport, making them promising mate-
rials for the development of photo-responsive LEDs that could  
be used as pixels in multifunctional displays. For example, highly 
efficient perovskite solar cells have been shown to efficiently emit  
light on the application of forward bias8–16, and highly efficient  
PeLEDs have been used to efficiently detect light17. However, these 
systems used perovskite devices in the near-infrared range as light 
emitters or detectors, which are not relevant for practical display 
applications.
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emission. On light excitation in detectors or solar cells, photogenerated 
carriers are separated under the built-in and/or external electrical 
field and then collected by electrodes. Due to the different working 
mechanisms of LEDs and detectors and/or solar cells, it is necessary 
to design suitable device structures and energy level alignment for 
realizing both functions in the same device (that is, photo-responsive 
PeLEDs shown in Fig. 1c,d). To make sure that the carriers can be effec-
tively injected (or extracted) in the LED (or detector and/or solar cell) 
model, we optimize the charge transport layers, avoiding high energy 
barrier between the perovskite and charge transport layers (Fig. 1d). For 
example, for red emitting devices we use zinc oxide (ZnO) nanoparticles 
and poly(9,9-dioctylfluorene-co-N-(4-butylphenyl)diphenylamine) 
(TFB) as the electron and hole transport materials, respectively, both 
of which have been demonstrated as effective charge transport layers 
in high-performance perovskite solar cells and LEDs18–20.

In this Article, we report efficient PeLEDs that emit in the visible 
region and have excellent photoresponsivity. The combination of bright 
emission and high photo-response make PeLEDs promising candidates 
for the development of multifunctional displays (Fig. 1b). We use this 
approach to create a multifunctional display that can be used as a touch 
screen, ambient light sensor and image sensor (including fingerprint draw-
ing, which indicates promise as a fingerprint sensor). We also show that 
display can be used for photoplethysmography (PPG), and that it can be 
used to covert ambient light into electricity and charge a supercapacitor.

Electroluminescence performance of 
photo-responsive PeLEDs
Light emission (for LEDs) and light absorption (for detectors and solar 
cells) are reciprocity processes. On charge injection under the forward 
bias in LEDs, electrons and holes recombine radiatively, generating light 
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Fig. 1 | Concept of the multifunctional display, device structure and 
electroluminescence performance of photo-responsive PeLEDs.  
a, Illustration of conversional display screens integrated with additional 
functional sensors and the concept of the multifunctional display screen.  
b, Illustration of functions realized by the multifunctional display. c, Schematic 

structure of the photo-responsive PeLEDs. ETL, electron transport layer; HTL, 
hole transport layer. d, The energy level alignment of the photo-responsive 
PeLEDs. e, J–V curve of the red PeLED. f, EQE and L–J curves of the red PeLED.  
g, Frequency response of the PeLEDs with different device working areas.
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Among different perovskite emitters, we choose three-dimensional 
(3D) perovskites as the active layers since low-dimensional perovskites 
(2D or perovskite quantum dots) possess high exciton binding energy, 
limiting efficient charge separation and hence the light-to-electricity 
conversion efficiency21. Accordingly, we use 3D CsPbI3−xBrx as active 
layers for red multifunctional devices. The same as normal PeLEDs, 
additive engineering plays an important role for optimizing the perfor-
mance of photo-responsive PeLEDs. We optimize the electrolumines-
cent performance of the red PeLEDs by employing 5-ammonium valeric 
acid iodide (5-AVAI) as a processing additive in the CsPbI3−xBrx emitters. 
The incorporation of 30% 5-AVAI helps to deliver an optimized external 
quantum efficiency (EQE) approaching 10% (Supplementary Fig. 1), 
where the electroluminescence intensity angular distribution follows 
a Lambertian profile (Supplementary Fig. 2). The device performance 
agrees well with the results of the photoluminescence quantum effi-
ciency (PLQE) measurements, where the perovskite emitter processed 
with 30% 5-AVAI presents the highest PLQE (Supplementary Fig. 3), 
suggesting that using 5-AVAI in the perovskite emitters facilitates  
low defect densities, leading to improved LED performance.

On the basis of the current density–voltage (J–V) curve, EQE and 
luminance–current density (L–J) curves in Fig. 1e,f, a peak EQE of 9.7% 
(average value 8.41 ± 1.15%, Supplementary Fig. 4a) is obtained at a 
current density of roughly 400 mA cm−2, along with luminance of 
2,400 cd m−2 at this operating point. The device reaches a maximum 
luminance of roughly 4,700 cd m−2 at a high current density of roughly 
715 mA cm−2, where an EQE value of roughly 7.4% is maintained, dem-
onstrating low efficiency roll-off. In addition, our device demonstrates 
decent stability, with an operational lifetime (T80, duration of a device 
degrading to 80% of its initial brightness) of 18.5 hours at an initial 
luminance of around 100 cd m−2 (Supplementary Fig. 4b) and a stable 
electroluminescence peak position during the entire stability test 
(Supplementary Fig. 4c).

Switching speed is an important factor to consider when using 
PeLED pixels in displays. We show the frequency-dependent normal-
ized electroluminescence intensities in Fig. 1g. The device with an 
active area of 7.25 mm2 shows a −3 dB frequency up to 1.3 MHz, which 
is sufficient for low-speed data transmitting. The speed of our LED 
increases with decreasing device area, showing a −3 dB frequency of 
22 MHz for the device with an area of 0.2 mm2. Supplementary Fig. 5 
shows waveforms of the electroluminescence signals of the device 
driven by a square-wave voltage with frequencies of 100 Hz and 22 MHz. 
The evident area-dependent speed of our devices indicates that the 
speed of our devices is mainly limited by the resistance–capacitance 
constant at present area ranges. A higher switching speed is expected 
by further reducing the device area, considering a much smaller area 
of pixels in practical normal-size displays (<5,000 μm2).

Photo-response performance of 
photo-responsive PeLEDs
In addition to the potential application as light-emitting pixels for 
displays, our devices show remarkable photo-response as solar cells 
and photodetectors. The optimized red-emissive PeLEDs (incorporated 
with 30% 5-AVAI) show a power conversion efficiency of 5.34% under 
the air mass (AM) 1.5 G conditions and 12.6% under indoor light (white 
LED, 4,000 K, 1,000 lux), respectively (Fig. 2a,b), where the photo
voltaic performance of devices based on perovskite layers with different 
additive amounts can be found in Supplementary Fig. 6. The higher 
efficiency under indoor light benefits from the good match between 
the response spectra of our devices and the emission spectrum of  
commercial white LEDs (Supplementary Fig. 7).

Excellent photo-response of the devices also indicates a potential 
optical sensing application of the devices. Due to the effective defect 
passivation of the perovskite layer, the optimized device shows a peak 
photoresponsivity of 0.23 A W−1 at 475 nm (Fig. 2c) and a remarkable 
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Fig. 2 | Photo-response performance and response speed of PeLEDs. a,b, J–V 
curves of our photo-responsive PeLED working as a photovoltaic device under 
illumination of an AM 1.5 G solar simulator (a) and a white LED (b) (4,000 K, 
1,000 lux), respectively. c, Photoresponsivity (R), specific detectivity (D*) and 

noise equivalent power (NEP) spectra of the PeLED working at the photodetector 
mode. d, TPC curves of perovskite diodes with different device working areas 
as photodetectors. e, Frequency response of the 0.06 mm2 perovskite device 
working at the photodetector mode. The inset shows the TPC curve of the device.
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low dark current noise of roughly 10 fA Hz−0.5 (Supplementary Fig. 8). 
Further calculations indicate that our PeLED shows a low noise equiva-
lent power and high peak specific detectivity (D*) of 44 fW Hz−0.5 and 
6.08 × 1012 Jones (Fig. 2c), respectively, which are among the most 
sensitive perovskite photodiodes (Supplementary Table 1)22–28.

Response speed is one of the most important parameters for an 
optical signal detecting device. Figure 2d shows the transient photo-
current (TPC) curves of the devices with different device areas when 
working at the photodetector mode. We notice that the device work-
ing area has a direct impact on the response time, as widely reported 
in literature17,24,26,29. This suggests that the response speed of our 
devices operating in the photodetector mode is also constrained by 
the resistance–capacitance constant. For devices with an area above 
0.12 mm2, the response time is apparently determined by the falling 
time. By fitting the TPC curves with a single exponential function, 
we obtain a decreasing falling time from 520 ns for the 7.25 mm2 area 
device to 7.5 ns for the 0.12 mm2 area device (Supplementary Fig. 9). 
When the device area further decreases to 0.06 mm2, the raising time 

is comparable to the falling time, and the TPC curve shows a pulse fea-
ture with a full-width at half-maximum of around 3.8 ns (inset in Fig. 2e). 
The response curve at the frequency domain (Fig. 2e) is obtained by 
performing the fast Fourier transform to the TPC curve. A −3 dB fre-
quency of 142 MHz can be achieved with a 0.06 mm2 device, indicat-
ing that our devices are among the fastest photodetectors based on 
solution-processed semiconductors (Supplementary Table 1)28–31.

Proof-of-concept multifunctional displays
Encouraged by the excellent performance for light emission and detec-
tion, we now demonstrate the potential application of our devices in 
a multifunctional display using a proof-of-concept device. The 1,024 
pixels proof-of-concept display (Supplementary Fig. 10), where the 
pixel area (0.2 × 0.3 mm2) is defined by the overlap between the indium 
tin oxide (ITO) and Au electrodes, is fabricated following the same 
procedures as the PeLED demonstrated above. We can control the on 
and off state of every pixel using shift registers for information display. 
In addition to red PeLEDs, which are the focus of this work, we also 
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fabricate green and blue PeLEDs using FAPbBr3 and CsPbBr3−xClx as emit-
ters, respectively; both green and blue devices show bright emission 
and at the same time decent photo-response (Supplementary Fig. 11 and 
Supplementary Table 2). In Fig. 3a, we show the electroluminescence  
spectra of our red, green and blue emitting PeLEDs. Even though the  
colour rendition needs to be further improved for practical appli-
cations, simultaneous decent photo-response and bright emission  
indicate the potential of using PeLEDs in future photo-responsive full- 
colour displays. Digital photographs of our proof-of-concept devices 
displaying the logo of Linköping University (LiU) in red, green and blue 
colours are shown in Fig. 3b, with the corresponding video shown in the  
Supplementary Video. The demonstration indicates that our devices  
are sufficient in brightness and operation speed for a practical small- 
area passive-matrix display.

The touch screen function is realized by mapping the photocurrent 
response of the pixels on the touch action, where the light can be either 
from the external light (for example, room light) or from adjacent pixels 
that work under the LED mode (useful for applications in darkness). By 
scanning the photocurrent of each pixel and monitoring the photo
current variations, we can locate the accurate touch position (Fig. 3c). We 
exemplify the touch function of our proof-of concept display by covering 
the bottom left corner with a finger under the room light (inset shown 
in Fig. 3d). We detect much lower photocurrent from the pixels within 
the touch area as compared to those outside the touch area (Fig. 3d). 
Accordingly, with this practical proof-of-concept display, we can achieve 
accurate touch control for information input. Different information 
(here we use characters 1 and 2 as examples) can be input by touching 
different positions of the display (Fig. 3e and Supplementary Video).

We demonstrate that our photo-responsive perovskite display 
can also be used as a self-illuminated image sensor (Fig. 4a). The light 
emitted from the pixel working under the LED mode is reflected by 

the imaging object and then detected by another (neighbouring) 
pixel working under the photodetector mode, generating different 
photocurrent depending on the image of the object surface. As such, 
we can reproduce the surface image of the object by collecting the  
photocurrent of each pixel through pixel-by-pixel scanning (Fig. 4b). 
The imaging function of our display makes it promising for the applica-
tion of screen-based scanner, where full-colour imaging can be readily 
realized based on a full-colour photo-responsive display.

Our multifunctional display also opens up new possibilities for 
on-screen multi-point fingerprint recognition. Fingerprint recogni-
tion is one of the most popular security and access control strategies 
in modern electronics. Traditionally, a fingerprint can only be input 
within a specific area of the screen where the fingerprint sensor is 
positioned. Multi-point fingerprint recognition solutions have now 
received increasing attention due to their attractive user experience, 
such as encryption, unlocking for different specific apps and joint 
signature with fingerprints. The photo-responsive PeLED display is 
promising for fingerprint sensing on the full area of the display. Since 
the resolution of our proof-of-concept display is not high enough for 
real fingerprint, we make use of enlarged fingerprint drawing printed 
on a piece of white paper with black ink (shown in the inset of Fig. 4c). 
A clear image (Fig. 4c) of the enlarged fingerprint drawing can be  
collected by placing the paper onto our proof-of concept display. The 
result indicates the great potential of using our multifunctional display 
for future on-screen multi-point fingerprint recognition on increasing 
the display resolution.

In addition, the high brightness of our device at the LED mode and 
high photosensitivity at the detector mode allow us to use the proof-of 
concept display to monitor PPG of human bodies, which is of critical 
importance in medical and health monitoring. We show the PPG signal 
captured by our proof-of-concept display that uses 10 × 10 pixels as 
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LEDs and another 10 × 10 pixels in the adjacent area as photodetectors 
(Supplementary Fig. 12). For comparison, we simultaneously record 
PPG signals captured by a commercial PPG sensor based on a III-V LED 
and Si photodetector. We observe similar PPG signals obtained by our 
display compared to the commercial one, indicating that our display 
shows a decent signal to noise ratio for monitoring the PPG signals.

Finally, benefiting from the decent light-to-electricity conversion 
efficiencies of our red-emissive LEDs, we can make use of these devices 
to provide electricity for themselves. We show the charging curve of a 
supercapacitor using the devices as solar cells under the solar simula-
tor (AM 1.5 G conditions) in Fig. 4d. We observe continuously increased 
voltage to roughly 1.7 V after 1,500 s charging of the supercapacitor, 
indicating a successful charging process. Subsequently, we can drive 
our devices in the LED mode with the electricity stored in the super
capacitor, where we observe strong red emission from the devices and 
decreased voltage of the charged supercapacitor (Fig. 4e). The photo-
voltaic charging function of the display would enhance the stand-by 
time of consumer electronic products, especially for some low power 
consumption products, such as smart watches and smart rings.

Conclusions
We have reported a multifunctional display based on photo-responsive 
PeLEDs. The display can work as a touch screen, ambient light sensor  
and image sensor (including fingerprint drawing, which indicates pro
mise as a fingerprint sensor). Such integration of different functions 
could be used to simplify the structure and decrease the cost of display 
modules, and could allow ultra-thin and light-weight displays to be 
created. Moreover, the high photoresponsivity of the pixels makes the 
display screen a potential platform for human–machine interactions. 
For example, we show that the screens can be used as a scanner, a PPG 
sensor and to charge a supercapacitor. Our results illustrate the unique 
advantages of PeLEDs for display applications and offer a promising 
route for the development of ultra-thin, multifunctional displays.

Methods
Materials
Formamidinium bromide (FABr), formamidinium iodide and 5-AVAI 
were purchased from Greatcell Solar Materials Ltd. TFB was purchased 
from American Dye Source Inc. Caesium bromide (CsBr, 99.99%), lead 
iodide (PbI2, 99.99%), lead bromide (PbBr2, 99.99%) and lead chlo-
ride (PbCl2, 99.99%) were purchased from Alfa Aesar. 4,7,10-trioxa-
1,13-tridecanediamin (TTDDA), 2,2′-(ethylenedioxy)diethylamine 
(EDEA), polyvinyl pyrrolidine (average molecular weight ~55,000), 
zinc acetate hydrate (ZnAc2·2H2O, 99.99%) and all the solvents used  
for device fabrication were purchased from Sigma Aldrich.

Red emitting perovskite precursor
Perovskite precursor solution was prepared by mixing PbI2 
(0.125 M), CsBr (0.25 M), formamidinium iodide (0.25 M) in N,N- 
dimethylmethanamide (DMF) and stirred at 60 °C for 1 h. Different 
amounts of 5-AVAI (0–0.038 M) were further introduced as process-
ing additives. We also incorporated a certain amount of ZnAc2·H2O 
(0.125 M) to modulate perovskite films growing process32–35.

Green emitting perovskite precursor
We prepare perovskite precursor solution by mixing 0.4 M PbBr2, 
0.06 M CsBr and 0.54 M FABr in DMF, followed by stirring at 60 °C for 
2 h. 0.03 M EDEA was further introduced as processing additive.

Blue emitting perovskite precursors
We prepared perovskite precursor solution for blue PeLEDs follow-
ing one of our previous publications36. CsBr:FABr:PbBr2:PbCl2 with a  
molar ratio of 1.2:0.3:0.475:0.525 were mixed and dissolved in dimethyl 
sulfoxide. The precursor concentration of Pb2+ is fixed at 0.15 M and an 
extra 0.015 M TTDDA was introduced as processing additive.

Device fabrication
Prepatterned ITO substrates were cleaned with detergent, rinsed 
with deionized water and dried with air flow, followed by 15 min of 
ultraviolet-ozone treatment. ZnO nanocrystals were synthesized and 
dispersed in ethanol following a previous publication37. For red and 
green emitting device fabrication, the ZnO layer was prepared by 
spin-coating on the cleaned ITO glass at 4,000 rpm before transferring 
to a nitrogen filled glovebox. The perovskite precursor solutions were 
coated on top of ZnO layers at 4,000 rpm for 30 s, and then annealed 
on a hot plate for 10 min at 120 °C for the red emitting device and 
80 °C for the green emitting device. After cooling down, a TFB layer 
(12 mg ml−1 in chlorobenzene) was further coated as the hole trans-
port layer at a spin-coating speed of 4,000 rpm. The devices were 
finished by evaporating MoOx (7 nm) and Au (50 nm) as electrodes 
in a thermal evaporator under a chamber pressure of 2 × 10−4 Pa. 
For the blue emitting device, a poly(triaryl amine) (PTAA) layer was 
first prepared by spin-coating the solution (2 mg ml−1 in toluene) on 
the cleaned ITO glass, followed by annealing at 100 °C for 10 min. A 
(2-(9H-carbazol-9-yl)ethyl)phosphonic acid layer was then coated 
on the PTAA layer by spin-coating its solution (6 mg ml−1 in acetone), 
followed by spin-coating a polyvinyl pyrrolidine layer (from 2 mg ml−1 
solution in isopropanol) to improve the wetting with the perovskite pre-
cursor. The CsPb(Br1−xClx)3 perovskite layer was coated by spin-coating 
the precursor solution at 4,000 rpm for 30 s. The perovskite layer was 
finally obtained by annealing at 80 °C for 10 min after a vapour assist 
treating with DMF36. The devices were finished by evaporating TPBi 
(50 nm), LiF (1.5 nm) and Al (100 nm) under a chamber pressure of 
2 × 10−4 Pa. The pixel sizes of all individual devices were 7.25 mm2, and 
the sizes of the pixels in displays were 0.2 × 0.3 mm2. All the pixel sizes 
were defined by the overlap of the ITO and metal electrodes that can 
be controlled by using patterned ITO class and an evaporation shadow 
mask for the metal electrode.

Device characterization
The J–V curves, EQE and luminance of PeLEDs were measured on a 
home-built LED testing platform, where a spectrometer (QE Pro, Ocean 
Optics) coupled with an integrating sphere (FOIS-1) and a source meter 
(Keithley 2400) were used to measure device emission and electric data 
at different scanning voltages in a glovebox. The PLQE was measured 
using an integrating sphere and a spectrometer to collect the excitation 
and photoluminescence spectra, with a 450 nm continuous wave laser 
used as the excitation, adjusted using a motor-controlled neutral filter. 
The emission angular distribution was measured using a Si photodiode 
positioned at a fixed distance to the device; the relative angle was 
controlled using a motor-controlled rotation stage. The solar cell per-
formance was measured using the source meter (Keithley 2400) under 
an AM 1.5 G solar simulator or a commercial LED lamp. The irradiance 
of the LED lamp on the device was calibrated by integrating the spec-
trum collected by the spectrometer. The light-to-current conversion 
EQE of the devices were measured using a solar cell spectral response 
measurement system (QE-R3011, Enli Technology) at 0 V bias. The dark 
current noise of the devices was measured using a lock-in amplifier 
(SR830, Stanford Research System) coupled with a low noise preampli-
fier (SR570, Stanford Research System). TPC curves of the devices were 
recorded by an oscilloscope with an input impedance of 50 Ω when 
the devices were excited by a pulse laser (337 nm, pulse width ~3.8 ns).

Multifunctional display demonstration
Passive-matrix LED displays were fabricated based on PeLED arrays 
with 32 × 32 pixels. The active area of every pixel was 0.2 × 0.3 mm2. The 
ITO and Au electrodes were connected to the data output pins of shift 
registers in the control unit (Supplementary Fig. 13) to determine the 
electric potential (5 to 0 V) of the electrodes. Data were written to the 
shift registers by an open-source electronics platform (Arduino UNO), 
which was connected to a computer through the communication port. 
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To measure the photovoltage of the pixels, we used switch arrays to 
select the pixel and used the analogue read pin of the Arduino UNO to 
read the photovoltage. The touch screen function of the display was 
realized through monitoring the photovoltage change of the pixels 
and performing the corresponding response of the display according 
to the touch position. To perform the imaging function of the display,  
we made one pixel work at the LED mode as light source and the  
adjacent pixel as photodetector to sense the light reflected by the 
surface of the object above the screen. The image of the object surface 
was obtained by scanning the light and sensing pixels simultaneously 
and recording the corresponding photocurrent of the photodetectors. 
The patterns of a heart shape and fingerprint drawing were printed on 
white paper with black ink. The size of the patterns is about 1.3 × 1.6 cm2. 
PPG was performed by setting a 10 × 10 pixel area as LED and the adja-
cent 10 × 10 pixel area as photodetector. Current of the photodetec-
tors was monitored by an oscilloscope after amplification by the low 
noise preamplifier. To demonstrate the energy conversion function of 
the display, we used the PeLEDs to charge a 0.5 F supercapacitor and 
monitor the voltage change of the supercapacitor using the source 
meter. After the voltage reached 2.0 V, the devices were powered by 
the supercapacitor to work as LEDs.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.
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