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A single device with a variety of capabilities is highly attractive for the 
increasing demands of complex and multifunctional optoelectronics. A hybrid 
heterojunction formed between CsPbBr3 halide perovskite and chalcogenide 
quantum dots is demonstrated. The heterojunction served as an asymmetric 
active layer allows not only charge separation/exciton dissociation in a 
benign process, but also carrier injection/recombination with the suppres-
sion of bulk and interfacial nonradiative recombination. An individual device 
incorporating such a heterojunction is therefore implemented with an integra-
tion of proof-of-concept functions, including a voltage controllable multicolor 
light-emitting diode, an exceptionally high photovoltage energy-harvesting 
device, and an ultrafast photosensitive detector. The figures of merit of the 
light-emitting diode remarkably surpass those of the corresponding single-
active-layer device, particularly in terms of its bright electroluminescence and 
superior long-term stability. The asymmetric active layer concept provides a 
feasible route to design efficient multifunctional and monofunctional devices 
in the future.
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product size. Putting together miniatur-
ized devices with a variety of capabilities 
in tight spaces is a typical approach.[1] 
For example, wearables, such as smart-
watches, heads-up displays, powering bat-
teries, sensors, and so on, can be enabled 
with full functionality and portability in a 
smaller footprint via device integration/
miniaturization.

The monolithic integration of two or 
three of the optoelectronic components 
into a chip/system can advance inspiring 
and promising applications. For example, 
on-chip integration of transistor, light 
emitters, and photodiodes opens an 
avenue for developing a variety of appli-
cations, such as smart lighting, on-chip 
optical interconnect, optical wireless com-
munication, and optoisolators.[2–4] Organic 
light emitting diodes (OLEDs) integrated 
with photovoltaic device in a tandem 
structure provides a new application of 

portable display and ecofriendly devices.[5,6] Although the pur-
suit of optoelectronic integration leads to an increase in device 
functionality and an improvement in performance, the manu-
facturing for a series of monofunctional components and then 
integrating them into a system will definitely increase fabrica-
tion complexity as well as product costs.[7] Therefore, to achieve 
an individual component that equipped with multiple functions 
is highly desirable, which can simplify the fabrication process, 
reduce manufacturing costs, boost the integration level, and 
expand possible application fields.

Although optoelectronic devices share almost the same 
material requirements of high carrier lifetime, long diffusion 
length, tolerance to defect density, and low nonrecombina-
tion,[8,9] the task of to endow multifunctionality within a single-
device structure has always been challenging. In optoelectronic 
devices, the processes of sourcing and detecting light are con-
verse. The charge extraction and charge injection take place at 
the same interface. For example, a solar cell converting light 
into electricity requires efficient carrier separation and collec-
tion,[10] while a light-emitting diode (LED) prefers energetic 
carrier injection and radiative recombination.[11] It is difficult 
for the conventional design for the device with a single active 
layer to achieve efficient charge extraction and charge injection 
simultaneously, as the structure is presupposed to facilitate 
only one directional transport. In order to realize independent 

Multifunctional Optoelectronic Devices

1. Introduction

As monofunctional devices mature and approach their funda-
mental limits, a pivotal question now is how to develop tech-
nologies enabled with increasing functionality and reduced 
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control over the carrier injection and extraction processes, the 
device should incorporate the active layer with an asymmetric 
energy band structure. Using the heterojunction, which is 
formed between any two semiconductors, is the approach that 
first comes to mind in addressing the above issues. However, 
previous attempts to use of the heterojunction have mainly 
focused on either improving charge extraction in solar cells or 
enhancing radiative recombination in LEDs.[12] Most recently, 
Oh et al. reported double-heterojunction nanorods containing 
a type I straddling band offset and a type II staggered band 
offset.[13] Their device structure endows the device with the 
capacity to be as a dual-functioning display.

The recent development of halide perovskite and colloidal 
quantum dots opens feasible routes to separate the charge injec-
tion and carrier extraction processes by forming a heterojunction 
active layer, as both materials show high quantum yield for photo- 
and electroluminescence and their bandgap can be continu-
ously tuned by modifying the chemical composition and particle 
size.[14–17] Here we demonstrate an individual device with a het-
erojunction active layer in a p–i–n configuration. The heterojunc-
tion formed between the inorganic halide perovskite (CsPbBr3) 
and chalcogenide quantum dots (CdSe/ZnS QDs) enables effi-
cient electron–hole recombination and carrier extraction under 
different operation conditions. As a result, the single device can 
operate as a voltage controllable multicolor LED, an efficient 
solar cell, and a sensitive photodetector. In addition, the hetero-
junction device is accompanied with several key advantages that 
overweigh the single-active-layer counterparts, including bright 
electroluminescence, superior long-term  stability, a remarkably 

high photovoltage, ultrafast on-off switching, simultaneous light 
detection, and light emission, etc.

2. Results and Discussion

2.1. Heterojunction Properties of CsPbBr3/CdSe Active Layer

The device fabrication process is a combination of solution-pro-
cessing and vacuum evaporation techniques (see Experimental 
Section). As shown in Figure 1A, the device is generally based 
on a p–i–n configuration, with the active layer sandwiched 
between a p-type hole transport layer (HTL) and an n-type elec-
tron transport layer (ETL) layer. The active layer is made with 
a CsPbBr3/CdSe heterojunction that works as either a light 
emission layer or a light absorbing layer. Here the inorganic 
perovskite is the protonated salt of aminovaleric acid bromide 
(AVAB)-doped CsPbBr3 (CsPbBr3 hereafter) and the CdSe 
quantum dots are red emissive CdSe/ZnS colloidal quantum 
dots (CdSe hereafter). The p-type layer is magnesium-doped 
nickel oxide, while magnesium-doped zinc oxide serves as the 
n-type layer.[18] Additionally, an ultrathin poly(4-vinylpyridine) 
(PVP) insulating layer between the p-type NiMgOx and CsPbBr3 
is used to suppress interfacial nonradiative recombination.[19] 
The cross-sectional scanning electron microscope (SEM) image 
in Figure 1B shows that the CsPbBr3 and CdSe have a thickness 
of 90 nm and 20–30 nm, respectively.

The energy level of the CsPbBr3 and CdSe was determined 
with ultraviolet photoelectron spectroscopy (UPS) and UV−vis 
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Figure 1. A) Schematic of the heterojunction device; B) cross-sectional SEM image; C) energy band structure; D) photoluminescence and absorb-
ance of the CsPbBr3/CdSe heterojunction. Insets are the photograph of the CsPbBr3, CdSe, and CsPbBr3/CdSe films under a 365 nm ultraviolet lamp;  
E) dark current–voltage curves of the devices with a CsPbBr3/CdSe heterojunction active layer or a CsPbBr3 single active layer; F) time-resolved photo-
luminescence of the CsPbBr3 and CsPbBr3/CdSe films. The excitation wavelength is 358 nm, the photoluminescence is monitored at a wavelength of 
524 nm. The inset is the schematic of the electron transfer process.
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absorption experiments. The valence band (VB) relative to the 
vacuum was measured to be -5.56 eV for CsPbBr3 and -6.0 eV 
for CdSe, for which the conduction band (CB) is determined to 
be -3.18 and -4.03 eV, respectively (Figure S1, Supporting Infor-
mation). Figure 1C presents the schematic of the energy level 
diagram of our heterojunction device. When CsPbBr3 and CdSe 
are stacked together, they form a type II heterojunction with an 
anisotropic staggered offset, which has been shown to allow 
efficient photoinduced charge separation[20,21] and improved 
light amplification.[22] Meanwhile, CsPbBr3 shows a prominent 
excitonic absorption edge near 2.38 eV (Figure 1D). The exci-
tonic absorption feature suggests good luminescent properties 
of the AVAB-doped CsPbBr3, as can be seen from the bright 
green emission of the CsPbBr3 film under a 365 nm ultraviolet 
lamp. When stacked with CdSe, the hybrid film looks orange, 
which is the result of the color mixing of green (CsPbPb3) and 
red (CdSe) emission. The corresponding hybrid film exhibits 
two photoluminescence (PL) peaks featured at 520 and 628 nm 
(Figure 1D), resulting from the photoemission of CsPbBr3 and 
CdSe, respectively.

The electrical properties of the diodes were characterized 
by the current (I)–voltage (V) measurement under dark con-
ditions. The device with a CsPbBr3 single active layer is given 
as a reference. As shown in Figure 1E, both of the devices 
demonstrate a good diode-rectifying behavior. As estimated 
from the two-diode model fitting of the dark IV,[23] the het-
erojunction device exhibits a four orders lower recombina-
tion (jo2 = 7.3 × 10−11 mA cm−2) than that of the device with 
a CsPbBr3 single layer (jo2 = 4.7 × 10−7 mA cm−2). The details 
of the simulation data and experimental data are provided in 
Figure S2 (Supporting Information). The reduced recombina-
tion for the heterojunction device compared with the CsPbBr3 
device is reasonably attributed to the interface modification 
by the introduction of the additional CdSe layer. The interface 
modification was further confirmed by the measurement of the 
PL intensity and lifetime. As shown in Figure S3 (Supporting 
Information), both of the PL intensity and lifetime largely 
increase when CdSe is inserted between the CsPbBr3 and 
ZnMgO. As the quantum dots are capped with organic ligands, 
the deposition of the CdSe on the top of CsPbBr3 can passi-
vate the surface defects, which is also implied by the narrow 
bandwidth electroluminescence spectrum of the heterojunc-
tion device (18.8 nm) compared with that of the CsPbBr3 device 
(20.4 nm). Indeed, the CsPbBr3/Zn(Mg)O interface represents 
one of the decay pathways for the carrier.[24,25] In comparison, 
the CdSe/Zn(Mg)O interface has been demonstrated to facili-
tate the interfacial charge-transfer processes, which are respon-
sible for both injecting/extracting electrons and enhancing the 
emission performance and stability of emitters.[26]

To shed light on the carrier transfer behavior at the CsPbBr3/
CdSe interface, time-resolved photoluminescence (TRPL) was 
used to characterize the photoluminescence decay via a time-
correlated single photon counting (TCSPC) system. A compar-
ison of the photoluminescence intensity decay as a function of 
time for the CsPbBr3 and CdSe/CsPbBr3 films monitored at a 
wavelength of 524 nm is given in Figure 1F. The photolumi-
nescence decay curves were fitted to a bi-exponential function 
with different time constants of decay (τ1, τ2) in the range of 
a few ns. As summarized in Table 1, the CdSe/CsPbBr3 film 

has a shorter carrier lifetime (8 ns) in comparison with that of 
the CsPbBr3 (9.8 ns), suggesting electron transfer (ET) from 
the CsPbBr3 to CdSe in the heterojunction. The ET is primarily 
assisted by the 0.85 eV potential difference between the CBs 
of the CsPbBr3 and CdSe. Most recently, ET from the CsPbBr3 
to CdSe has also been observed using the transient absorption 
and photoluminescence spectroscopies.[27] The transfer of the 
electrons leaves alone the holes staying in the CsPbBr3 due to 
the 0.44 eV potential barrier between the VBs of the CsPbBr3 
and CdSe (inset of Figure 1F). The charge transport behavior 
in CdSe is almost the same as in CsPbBr3, where holes transfer 
from the CdSe to CsPbBr3 and electrons stay in the CdSe. As 
the carrier lifetime in CdSe is longer (20 ns) than that in the 
CsPbBr3, the transferred electrons will not disappear immedi-
ately. Instead, they will contribute to the conductivity enhance-
ment of the CdSe or recombine with holes to generate light. 
Simply estimated from the difference of the PL intensity curves 
in Figure 1F, the potential-driven transfer process occurs 
2–3 ns after the excitation, which is fast and in the time range 
of the carrier lifetime. In other words, the heterojunction itself 
provides a way for the electrons/holes to separate, and these 
separated electrons/holes enhance the conductivity of the het-
erojunction. Unlike the conventional device, this charge separa-
tion takes place within the active layer. The charge separation 
and charge injection are then separated independently, which is 
considered as key features for obtain high performance of light 
harvesting/detecting devices and LEDs.

2.2. Voltage Controllable Multicolor Electroluminescence

At forward bias, the device operates as a LED. As both the 
CsPbBr3 and CdSe are efficient luminescence materials, elec-
troluminescence can take place in either the CsPbBr3 or CdSe, 
depending on the spatial distribution of the recombination 
zone. As shown in Figure 2, at a low bias, the device has a red 
emission at a central wavelength of 628 nm and a bandwidth 
of 35 nm. When the bias increases to 2.04 V, green emission 
appears. The green emission wavelength is centered at the 
520 nm, with a bandwidth of 19 nm. The continual increase of 
the applied voltage is accompanied by an increase of the relative 
intensity of the green emission. Accordingly, the representative 
features of the chromaticity coordinates (CIE 1931) vary system-
atically from (0.6788, 0.3149) to (0.1817, 0.6873) (Figure 3A), 
and correspondingly, the color changes gradually from red to 
orange to yellow, and eventually to green (see inset of Figure 2). 
The photographs corresponding different applied voltages are 
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Table 1. Carrier lifetimes extracted by fitting to the TRPL decay curves 
using a biexponential decay function. The average carrier lifetime (τave) 
is calculated from the time constants τ1 and τ2. a1 and a2 are the pre-
exponential factors for τ1 and τ2, respectively.

Film, monitoring wavelength τ1[ns](a1%) τ2[ns](a2%) τave[ns]

CsPbBr3524 nm 3.24 (69.6%) 24.8 (30.4%) 9.8

CsPbBr3/CdSe,524 nm 2.95 (72.3%) 21 (27.7%) 8.0

CdSe,630 nm 17.5 (90.6%) 50 (9.4%) 20.5

CsPbBr3/CdSe,630 nm 16.7 (90%) 50 (10%) 20.0
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given in Figure S4 (Supporting Information). A video recorded 
to show the voltage-controllable multicolor electroluminescence 
is provided in movie S1 (Supporting Information).

In order to get insight into the color-tunable property, the 
quantum yield of the active layers has been measured under 
a light intensity of 40 µW cm−2 (excited at 350 nm). Within 
the device, it was found that the quantum yield of the CsPbBr3 
(14%) is smaller than that of the CdSe (34%). Therefore, the 
color change cannot be simply related to the different quantum 
yields of perovskite and CdSe layers. The luminescence of the 
heterojunction device under a 385 nm excitation at different 
bias was furthered measured, as shown in Figure 3B. At zero 
bias, only the photoexcitation contributes to the luminescence. 
The green emission is weaker than the red emission, which is 
in good agreement with the results of the quantum yield. When 
a positive bias is applied and gradually increases to 3, 4, and 
then 5 V, the luminescence intensity of the green emission is 

increased by a factor of 7, 41, and 144, respectively. In compar-
ison, the intensity of the red emission is only increased by a 
factor of 1.15, 1.7, and 2.6, respectively. The significant increase 
of the green emission suggests that it is the electrical injection, 
instead of the different quantum yield of emission layers, domi-
nating the color change of the device. The electrically induced 
color change from red to green is then reasonably related to the 
main recombination zone shifts from the CdSe to the CsPbBr3.

We notice that the turn-on voltages for the red (1.77 V) and 
green (2.0 V) emission are smaller than the bandgap voltage 
(the bandgap energy divided by the electron charge) of the CdSe 
(1.97 V) and CsPbBr3 (2.38 V), and also lower than the turn-on 
voltages of the single-active-layer devices. The turn-on voltage of 
the CdSe LED is 1.95 V, and the turn-on voltage of the CsPbBr3 
LED is 2.26 V. The sub-bandgap turn-on voltage is possibly 
attributed to either the Auger-assisted charge up-conversion 
process occurring at the CsPbBr3/CdSe interface,[28,29] or the 
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Figure 2. Voltage controllable multicolor electroluminescence. The electroluminescence spectrum is normalized to the dominated emission. The 
insets show the corresponding emission color. The LED was measured under constant current injection. The applied voltage showing here is related 
to different current density applied to the device.
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Boltzmann distribution of the carriers that a certain number 
of carriers have sufficient energy to generate bandgap photons 
even if the voltage is slightly below the bandgap voltage. We 
know that the Auger-assisted process requires a high charge 
density. In our device, this prerequisite is fulfilled by the stag-
gered offset between the CsPbBr3/CdSe. The Auger process is 
illustrated in Figure 3C. When applying a positive voltage, holes 
are injected into the CsPbBr3 from the NiMgOx while electrons 
are injected into the CdSe from the ZnMgO, and then both 
groups move toward the CsPbBr3/CdSe interface. Because of 
the band offset, holes accumulate at the interface near the 
side of the CsPbBr3 and electrons accumulate at the interface 
near the side of the CdSe. The accumulated electrons and 
holes form interfacial charge transfer (CT) excitons or exciplex 
states.[28,30] Once the excitons or exciplex states recombine, the 
energy relaxed from the recombination is possibly transferred 
to the proximal holes (electrons) through an Auger process, 
and the holes (electrons) that have gained sufficient energy will 
be injected into the other side to recombine with the electrons 
(holes), respectively. Therefore, the required turn-on voltage 
is smaller than the bandgap voltage. When the bias is large 
enough that the electrons/holes gain enough energy to over-
come the barrier, the direct injection then dominates the charge 
transfer process.

The luminance–current relation is a good indicator for 
revealing the charge injection dynamics. The current yield is 

plotted versus the applying bias, as shown in Figure 3D,E. Here 
the current yield is defined by the EL peak intensity divided by 
the current density (current yield = EL peak/current density). As 
can be seen from Figure 3D, in the low voltage regime, the red 
emission peak intensity increases superlinearly with the current 
density, while in the voltage regime above the bandgap voltage, 
there is an approximately linear relationship between the lumi-
nance and the current density. As the Auger process requires 
three carriers, the result suggests that the Auger-assisted charge 
up-conversion process is made responsible for the sub-bandgap 
turn-on voltage. However, for the green emission (Figure 3E), 
the superlinear region extends to a high voltage of 3.3 V, which 
is larger than the energy bandgap of CsPbBr3. In addition to 
the Auger process, the saturation of nonradiative defects with 
increasing carrier density, which results from the increase of 
the applying voltage, may also contribute to the suplinear rela-
tionship of the luminance–current in the low bias regime. 
Apparently, for the green emission at the voltage larger than 
the value related to the energy bandgap of CsPbBr3, the carrier 
saturation effect may play an important role in the super-linear 
behavior of the luminance versus current.

The emission color with respect to the applied voltage can 
be controlled by the structure engineering (Figure 3F). The 
turning-point voltage corresponding to the equal intensity of 
red and green emission moves to a high value when a PVP layer 
is introduced at the NiMgOx/CsPbBr3 interface, and increases 
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Figure 3. A) The corresponding CIE 1931 coordinates of the heterojunction device at different biases. The CIE coordinates of the CsPbBr3 and CdSe 
single-active-layer devices are also provided for reference; B) the luminescence intensity of the heterojunction device as a function of the applying 
voltage. The device was excited by a 385 nm UV light during the measurement. C) The schematic of the device operation under forward bias. the 
Auger-assisted charge up-conversion process is described in steps 2, 3, and 4 (the red indicated lines); D) the current yield of the red emission as a 
function of the voltage; E) the current yield of the green emission as a function of the voltage; F) the red/green emission ratio of the device with dif-
ferent device structures.
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to an even higher value when an additional poly(methyl meth-
acrylate) (PMMA) layer is introduced at the CdSe/ZnMgO inter-
face. The change of the turning-point voltage may be ascribed 
to the redistribution of the carriers when an interface layer is 
used. This hypothesis is based on two factors: first, the number 
of injected electrons is larger than that of injected holes due 
to the imbalanced energy barrier. Second, hole prefers to inject 
into CdSe to recombine with electron at low bias region. This is 
true as the red emission is first observed during the increasing 
of the applying voltage. So, when a PVP interlayer is inserted 
between the HTL and CsPbBr3, at the same voltage, the number 
of holes left inside CsPbBr3 is reduced and therefore the green 
emission decreases. When a PMMA layer is further introduced 
between ETL/CdSe, the number of the electrons supplying to 
the active layer is reduced due to the PMMA barrier. Because of 
the dominated recombination process taking places in CdSe at 
low bias region, the electrons injected into CsPbBr3 is reduced, 
resulting in a decrease of green emission. The rational con-
trol of the device structure, therefore, provides a fine adjust-
ment of the electroluminescence. Of interest is that, although 
the turning-point voltage can vary with different structures, 
the turn-on voltages of all devices are very similar. The onset 
of light emission for these devices is all ≈1.8 V. This further 
confirms the Auger-assisted charge transfer process occurring 
at the CsPbBr3/CdSe interface.

As shown in Figure 4A,B, the heterojunction device exhibits 
a high maximum brightness of over 21 900 cd m−2, a peak cur-
rent efficiency of 13.4 cd A−1, and an external quantum effi-
ciency of 7.5% at 274 cd m−2 with bias of 2.42 V. However, the 
counterpart with a CsPbBr3 single active layer fabricated under 
the same conditions and structure exhibits a weak luminance 
of 100 cd m−2 and a low external quantum efficiency of 0.1%  
(Figure S5, Supporting Information). The significant improve-
ment in the performance can be ascribed to the following facts: 1)  
As discussed above, the separation of the CsPbBr3 from the 
ZnMgO can prevent the accumulation of the carriers that lead 
to defect-related significant nonradiative recombination, owing 
to the fact that, as has been reported, the CdSe/Zn(Mg)O inter-
face facilitates the interfacial charge transfer processes.[26] Fur-
thermore, the charge transfer at the CsPbBr3/CdSe interface is 
a benign process, as both active layers have long carrier life-
times. 2) The heterojunction separates the electrons (in CdSe) 

from the holes (in CsPbBr3) during their transport. The spatial 
confinement of electrons and holes helps to reduce the nonra-
diative recombination. 3) In the CsPbBr3 single-layer device, 
the recombination zone is close to the HTL/CsPbBr3 interface 
due to the imbalanced holes and electrons injection barrier.[31] 
However, in the heterojunction device, the electroluminescence 
recombination zone is controlled so as to keep it away from 
the HTL/CsPbBr3 and CdSe/ETL interfaces. This is because the 
electrons and holes are separated and spatially confined in the 
CdSe and CsPbBr3 respectively, at the beginning. Then, they 
have to overcome the barrier and inject into the opposite side. 
The carriers that diffuse across the interface become minority 
carriers in the other side; they then recombine with majority 
carriers, dying out with distance (Figure S6, Supporting Infor-
mation). As the injected minority carriers accumulate at the 
CsPbBr3/CdSe interface, the main recombination zone is kept 
away from the HTL/CsPbBr3 and the CdSe/ETL interfaces.

In addition to the good performance, the heterojunction 
device demonstrates constant light emission during mul-
tiple measurement and superior stability when exposed to 
the ambient conditions. Figure S7 (Supporting Information) 
shows the electroluminescence intensity variation of the green 
(520 nm) and red emission (628 nm) measured at a current 
density of 100 mA cm−2. The heterojunction device shows a sig-
nificant performance enhancement after 2 days’ exposure to the 
ambient condition, and still exhibits bright electroluminescence 
after 1080 hours (insets of Figure S7, Supporting Information), 
with the degradation of 27% and 12% for the green and red 
emission, respectively. In comparison, the emission of the 
CsPbBr3 single-layer device decays rapidly after several rounds 
of measurement. The poor stability of the CsPbBr3 device was 
reported to be the reason of the ion migration, including the 
electrical induced ion migration and intrinsic ion migration 
due to the low activation energy for the halide ions.[32–34] For the 
LED under positive bias, high electrical field causes severe ionic 
migration towards the ZnMgO ETL, inducing charge accumu-
lation at the interface and thus the exciton quenching. When 
CdSe is introduced between the CsPbBr3 and ZnMgO, it can 
act as a blocking layer to retard the ionic migration and miti-
gate the charge accumulation. In addition, it can also passivate 
the surface of CsPbBr3 to reduce the trap states. The improve-
ment of the heterojunction device stability may arise from the 
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Figure 4. A) Luminance and current density at different applied voltages; B) current efficiency and external quantum efficiency (EQE) at different 
applied voltages.
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retardation of the diffusion of ions/molecules within CsPbBr3 
by the introduction of CdSe, and of course, the control of the 
recombination zone away from the interfaces and the use of 
inorganic charge injection layers.

2.3. Light Harvesting and Light Detection

In addition to multicolor LEDs, the heterojunction device 
can operate as a light-harvesting/detection unit (Figure 5A). 
As shown in Figure 5B, under the AM1.5 illumination, the 
device exhibits an extremely high open-circuit voltage (Voc) of 
1.73 V. As a comparison, the CsPbBr3 single-layer device has 
a Voc of only 1.4 V. Since the built-in potential between the 
p-type NiMgO and the n-type ZnMgO is only 1.9 eV, the high 
Voc represents a very low loss-in potential of only 150 mV. It 
is worth remembering that the low loss-in-potential can be 
ascribed to the low leakage current, which results from the 
separation of the CsPbBr3 from the ZnMgO, as well as the effi-
cient and benign ET process within the CsPbBr3/CdSe active 
layer. The low fill factor (FF) may be related to the energy band 
mismatch between the CdSe and the ZnMgO (Figure 5A). 
The barrier between them retards the electron transport. 
This is confirmed by the FF improvement when an ultrathin 
phenyl-C61-butyric acid methyl ester layer (PCBM, ≈20 nm) 
is introduced at the interface of the CdSe/ZnMgO to promote 
the electron injection. The device with a PCBM layer exhibits 
a Voc of 1.69 V, a short-circuit current (Jsc) of 3.4 mA cm−2, an 

a FF of 0.72, and thus a power conversion efficiency (PCE) of 
4.2%. Although the device is not among the highest efficiencies 
reported for the CsPbBr3-based solar cells, the result is extremely 
encouraging considering the ultrathin thickness of the absorbing 
layer (110–120 nm) and the electrical properties, such as the Voc 
and FF, are high enough for such wide bandgap solar cells. The 
high Voc and FF, in turn, suggest an efficient charge separation 
and collection process in the heterojunction device.

Figure 5C shows the photosensitivity at different biases, 
characterized by means of the light/dark current ratio, with 
an incident white light intensity of 0.8 mW cm−2. Compared 
with the CsPbBr3 single-layer device, the heterojunction device 
exhibits higher photosensitivity in both photoconductive 
mode (reverse bias region) and photovoltaic mode (positive  
bias region). Particularly, near the zero bias, the on/off ratio 
can be as high as 104–105. Additionally, build-in voltage is 
extremely high, which is in good agreement with the result of 
J–V measurement under 1-sunlight intensity. It is interesting 
to note that, unlike the CsPbBr3 single-layer device, the hetero-
junction device also shows photosensitivity at a bias region 
between 1.5 and 2.1 V. As an example, the photoresponse of 
the device operated at the bias of 1.8 V is given in Figure S8 
(Supporting Information). And in this bias region, the device 
can also emit light (Figure S8, Supporting Information), which 
means that the heterojunction device could act as an LED and 
a photosensor simultaneously. However, in this regime, both 
of the LED and photosensor are inefficient, which limits their 
practical applications.

Adv. Funct. Mater. 2019, 1807894

Figure 5. A) The schematic of the device operation at a light-harvesting (LH)/light detection (LD) mode; B) J–V curve of the devices with active layers and 
structures; C) light/dark current ratio for the CsPbBr3 single-layer device and the heterojunction devices. The incident white light intensity is 0. 8 mW cm−2; 
D) photoresponse to different light intensities; E) Photocurrent in response to illumination by a blue LED source (400 nm) driven by a chopper. Response 
time is defined as the time between 10% and 90% of the maximum photocurrent; F) the responsivity of the device under a bias of -0.5 V.
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The temporal photoresponse of the heterojunction device 
was measured under illumination at 450 nm. The light inten-
sity was attenuated by different neutral filters (Figure 5D). 
The device can detect extremely weak light up to 2.9 µW cm−2, 
exhibits good on-off switching, and preserves over multiple 
cycles, all of which indicate the robustness and credibility of 
our photodetector. The response speed was investigated under 
a 405 nm pulsed light from an LED. From the transient photo-
current response (Figure 5E), the rise and fall times are calcu-
lated to be 3.4 and 5.4 µs, respectively. The ultrafast response 
is as a result of the high electrical field and the ultrafast charge 
separation by the type II heterojunction structure. The respon-
sivity of the device to different input light wavelengths was 
measured and is shown in Figure 5F. The device exhibits a 
responsivity of 6–10 mA W−1 below 525 nm wavelength light. 
At the wavelength of ≈550–650 nm, the device also has a weak 
photoelectric response due to the absorption of the CdSe 
(Figure S9, Supporting Information), suggesting the CdSe acts 
as the active layer instead of the functional interfacial layer in 
the device.

3. Conclusion

Unlike the previously conceived heterojunction that is widely 
formed between the charge transport layers and the active layer, 
the heterojunction demonstrated here is inside the active layer. 
This double active layer can not only provide a path for charge 
separation or exciton dissociation in an efficient and benign 
process, but also enhances the charge injection and recombina-
tion due to the following facts: 1) Spatially confining electrons 
and holes in separated active layers to suppress the nonradiative 
recombination; 2) Separating the CsPbBr3 from the ZnMgO 
to prevent the accumulation of the carriers that lead to defect-
related significant nonradiative recombination; 3) Controlling 
the recombination zone away from the interfaces; 4) providing 
barriers for the accumulation of the electrons and holes within 
the active layer to promote the Auger-assisted charge injection 
process.

In summary, with the heterojunction active layer, we have 
demonstrated that the individual device can serve as a voltage 
controllable multicolor LED, an efficient solar cell, and a sensi-
tive photodetector, which results from the anisotropic proper-
ties of the heterojunction active layer. The combination of one 
or two functions of them will lead to versatile applications. For 
example, the voltage controllable multicolor electrolumines-
cence property can be used to make field sequential displays 
and smart lighting. The emission and detection at different 
operation modes and different position can be employed to 
build on-chip optical interconnect. The proper design of light 
emission and light harvesting can find place in an ecofriendly 
applications.

Compared with the single-active-layer device, the hetero-
junction device exhibits key features of merit, including bright 
and stable electroluminescence, exceptionally high photo-
voltage, good and ultrafast on–off switching. Furthermore, the 
heterojunction device has simultaneous optical signal detec-
tion and light emission. These features of merit open up new 
approaches to future advanced applications.

4. Experimental Section
Materials: PbBr2, CsBr was purchased from Sigma Aldrich, AVABr 

was purchased from GreatCell Solar, [6,6]-phenyl-C61-butyric acidmethyl 
ester (PCBM) was purchased from Lumtec. CdSe QDs and ZnMgO 
nanoparticles were purchased from Poly Optoelectronics.

Device Fabrication: The ITO substrate was first patterned by laser 
scribing, and then cleaned with a detergent solution and rinsed. UV–
ozone treatment was conducted prior to the sputtering, and a 35 nm 
NiMgOx layer was then sputtered onto the cleaned ITO substrate, 
followed by a postannealing. The details of the NiMgOx growth 
procedure are described elsewhere.[18] If necessary, a 0.5 wt% PVP 
solution in DMSO was spin-coated onto the NiMgOx prior to the 
CsPbBr3 deposition and then annealed at 150 °C for 10 min. The AVABr-
doped CsPbBr3 was prepared from a precursor solution containing 0.5 m 
PbBr2 (99%, Sigma–Aldrich), 1.1 m CsBr (99.9%, Sigma–Aldrich), 0.05 m 
AVABr in 1 mL anhydrous DMSO:GBL (9:1, v/v). After a vigorous stirring 
at 45 °C for overnight, top transparent solution was decanted and 
filtered for using.[24] The perovskite solution was then spin coated onto 
the PVP at 800 rpm for 5 s and 3000 rpm for 30 s. After the spin coating, 
the substrate was immediately put on a hot plate preheated to 100 °C 
for 5 min. Then the CdSe QDs ware spin coated onto the CsPbBr3 from 
a 20 mg mL−1 solution in octane. After the drying of the CdSe QDs at 
100 °C for 5 min, ZnMgO (30 mg mL−1 in ethanol) was spin coated at 
3000 rpm to serve as the electron injection layer. Finally, the device was 
completed by thermal evaporation of a 100 nm Al cathode. The device 
area was defined to be 4 mm2.

Characterization: The optical measurements were carried out on 
an Ocean Optics spectrophotometer. X-ray diffraction patterns were 
measured using an X-ray diffractometer (Panalytical X’Pert Pro), using 
Cu Kα radiation (λ = 1.54050 Å). SEM images were obtained using an 
analytical field emission SEM (JEOL-7100F). Steady PL measurement 
was conducted with a home-made system, for which an LED of 
405 nm was used as the excitation light source and PR650 was used 
as the spectrophotometer. TRPL were carried out by an Edinburgh 
Instruments F1000. The excitation light has a wavelength of 358 nm. 
UPS measurements were conducted on a Kratos Axis Ultra DLD 
multitechnique surface analysis system using HeI (21.22 eV) radiation.

Current–voltage characteristics were measured under simulated 
AM1.5G sunlight at 100 mW cm−2 irradiance, generated by a 450W xenon 
lamp (Oriel, Sol2A) light source. The light intensity was calibrated using 
an NREL calibrated Si reference cell. Dark and light current–voltage was 
measured using an IV probe station equipped with a white light. The 
electroluminescence spectra were obtained with a PR-650 spectrometer 
and a Keithley 2400 power source. Constant current was applied to the 
device during the measurement. The photodetector performance was 
characterized using a home-built system consisting of two multiplexers, 
a preamplifier, a laptop computer, and the Labview program. The 
transient photoresponse was measured under 400 nm pulsed excitation. 
The responsivity of the device at different wavelength was measured 
with the home-built system, the incident light with different wavelengths 
were realized by the Edinburgh Instruments F1000 system.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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