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and excellent charge-transport capabili-
ties.[1–5] These exceptional properties have 
also made perovskites suitable for applying 
to light-emitting diodes (LEDs).[6] Since 
the first demonstration of hybrid organic–
inorganic CH3NH3PbBr3 perovskite LED 
(PeLED) in 2014,[7] PeLEDs have rapidly 
attracted a great deal of attention from both 
academic and industrial researchers.[8–10] So 
far, the highest external quantum efficiency 
(EQE) for hybrid organic–inorganic PeLED 
can reach 11%.[11] However, hybrid organic–
inorganic perovskite materials suffer from 
the stability issue, which is a hurdle for the 
widespread use. Alternatively, all-inorganic 
perovskites (e.g., CsPbX3, X = I, Br, and Cl 
or mixed halide) possess superior thermal 
stability than their hybrid counterparts.[12–14] 
Besides, all-inorganic perovskites can 
exhibit high photoluminescence quantum 
yield (PLQY, e.g., > 90% in solution) and 
narrow emissions (e.g., full width at half-

maximum (FWHM) < 30 nm), and are compatible with the solu-
tion processing technology, which triggers intense interest in 
applying all-inorganic perovskites to develop LEDs since the first 
report of all-inorganic PeLED with a maximum EQE of 0.12% by 

Adopting proper electron transport layers (ETLs) is essential to high-perfor-
mance all-inorganic perovskite light-emitting diodes (PeLEDs). However, the 
effect of ETLs has not been comprehensively investigated in all-inorganic 
nanocrystal PeLEDs, while 2,2′,2′′-(1,3,5-benzenetriyl) tris-[1-phenyl-1H-ben-
zimidazole] (TPBi) is the most common ETL. Herein, a novel strategy is 
proposed to enhance the efficiency of nanocrystal PeLEDs. Tris(8-hydroxyqui-
noline) aluminum (Alq3) is incorporated into TPBi to form a new ETL TPBi/
Alq3/TPBi, simultaneously enabling charge balance and confinement. The 
green PeLED with new ETL exhibits a maximum external quantum efficiency 
(EQE) of 1.43%, current efficiency of 4.69 cd A−1, and power efficiency of 
1.84 lm W−1, which are 191%, 192%, and 211% higher than those of PeLEDs 
with conventional ETL TPBi, respectively. Significantly, the EQE is 36-fold 
higher than that of PeLED with high electron mobility ETL. Impressively, the 
full width at half-maximum of electroluminescence emission is 16 nm, which 
is the narrowest among CsPbBr3 PeLEDs. The findings may present a rational 
strategy to enhance the device engineering of all-inorganic PeLEDs.

Perovskite LEDs

Lead halide perovskites have recently emerged as a new family 
of optoelectronic materials for applications including solar cells, 
lasers, and photodetectors because of their impressive character-
istics including narrow emission, size-tunable optical bandgaps, 
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Zeng and co-workers in 2015.[15] Moreover, these characters make 
them even very promising for solution-processible lasers.[16–18]

Over the past two years, a large number of approaches have 
been reported to improve the performance of all-inorganic 
PeLEDs, such as using simple trimethylaluminum crosslinking 
technique to render the nanocrystal films insoluble,[19] pas-
sivating CsPbX3 quantum dots (QDs) with halide and mixed 
halide ion pairs via a two-step ligand exchange process,[20] 
forming phase-stable QD films to obtain device with low turn-
on voltage and tunable emission,[21] and balancing surface 
passivation and carrier injection via ligand density control.[22] 
To achieve the high performance, it is noted that most of the 
reports about all-inorganic PeLEDs are mainly focused on the 
improvement of emitting materials CsPbX3, and their perfor-
mance has been gradually improved.[19–25]

Apart from the optimizations of emitting materials CsPbX3, 
the innovation of device engineering is an alternative and even 
more critical way to boost the performance of nanocrystal all-
inorganic PeLEDs.[26] However, the effort in device engineering 
lags far behind relative to the improvement of emitting mate-
rials. For example, Rogach and co-workers introduced a thin film 
of perfluorinated ionomer sandwiched between the hole trans-
port layer (HTL) and perovskite emissive layer (EML) to improve 
the hole injection of CsPbBr3 PeLEDs, achieving an EQE of 
0.06%.[27] Besides, they used an insulating material polyhedral 
oligomeric silsesquioxane as a solution additive or an additional 
hole-blocking layer to improve the performance of CsPbBr3 
PeLEDs, achieving an EQE of 0.35%.[28] Therefore, it has been 
a major challenge to develop high-efficiency nanocrystal all-
inorganic PeLEDs via the enhancement of device engineering, 
although the reported methods can improve the efficiency.

In nanocrystal all-inorganic PeLEDs, adopting suitable elec-
tron transport layers (ETLs) is essential to realizing high per-
formance. This is because the charge transport, charge leakage, 
and charge balance can be largely affected by ETLs. However, 
the effect of ETLs has not yet been comprehensively investi-
gated. So far, 2,2′,2′′-(1,3,5-benzenetriyl) tris-[1-phenyl-1H-ben-
zimidazole] (TPBi) is the most widely used ETL in all-inorganic 
PeLEDs,[15,19–25,27–29] and there is no report for any other ETL 
that can outperform TPBi in all-inorganic PeLEDs.

In this paper, a novel strategy has been proposed to enhance 
the device engineering of nanocrystal all-inorganic PeLEDs 
employing tris(8-hydroxyquinoline) aluminum (Alq3) into 
TPBi to form a new TPBi/Alq3/TPBi ETL, which enables the 
charge balance and charge confinement simultaneously. The 
green PeLED with the new ETL TPBi/Alq3/TPBi can exhibit a 
maximum EQE, current efficiency (CE), and power efficiency 
(PE) of 1.43%, 4.69 cd A−1, and 1.84 lm W−1, respectively, which 
are correspondingly 191%, 192%, and 211% higher than those 
of the PeLED with the conventional ETL TPBi. Importantly, 
the efficiency of green PeLED with the new ETL is 36 times 
higher than that of PeLED with high electron mobility based 
ETL, further indicating the advantage of this novel strategy. 
Simultaneously, the FWHM of the electroluminescence (EL) 
emission is only 16 nm, which is the narrowest value among 
CsPbBr3 PeLEDs. The findings may present a rational strategy 
to enhance the device engineering of all-inorganic PeLEDs.

To appropriately explore the effect of ETLs in nanocrystal all-
inorganic PeLEDs, several tactics have been employed. First, it 

is necessary to guarantee that there are enough holes that can 
bound with electrons to form excitons, otherwise lack of holes 
will have a negative influence on device performance.[30] There-
fore, we employed poly(9-vinlycarbazole) (PVK) as the HTL, 
of which the highest occupied molecular orbital (HOMO) is 
5.6 eV,[28] located between the hole injection layer poly(ethylen
edioxythiophene):polystyrene sulfonate (PEDOT:PSS) and EML 
CsPbBr3, which can reduce the hole injection barrier. Besides, 
the lowest unoccupied molecular orbital of PVK is 2.2 eV, much 
higher than the conduction band of CsPbBr3 (3.8 eV), which 
can effectively confine electrons in the active layer.[28] As a 
result, more holes and electrons can be expected to recombine 
in the EML. Then, three typical electron transport materials 
Alq3, TPBi, and 4,7-diphenyl-1,10-phenanthroline (Bphen) have 
been first selected as the ETLs of green PeLEDs. The reason 
why they have been chosen is that they have different electron 
mobility and HOMO, readily to investigate the effects of ETL 
on charge transport and charge confinement. Particularly, since 
TPBi is the most popular ETL in all-inorganic PeLEDs, the com-
parison between TPBi and other ETLs is significant to optimize 
ETLs. Besides, due to the excellent properties, Alq3 has been 
heavily explored in organic light-emitting diode (OLED),[31–34] 
and other applications such as nonvolatile random access 
memory,[35] magnetoresistance applications,[36] quantum optics 
devices,[37] and molecular spintronics devices.[38] However, Alq3 
has not yet been explored in all-inorganic PeLEDs to date. In 
addition, we fixed the ETL thickness at 35 nm, since additional 
reductions in efficiency could occur when the thickness of the 
ETL is too thin (e.g., <25 nm) due to exciton quenching at the 
metal cathode.[39] Finally, to greatly enhance the efficiency of 
nanocrystal all-inorganic green PeLEDs, a new ETL TPBi/Alq3/
TPBi has been proposed.

Taking the above factors into account, here we present 
a systematic investigation on the effect of ETL in all-inor-
ganic PeLEDs. As shown in Figure 1, the structure of green 
PeLEDs is indium tin oxide (ITO)/PEDOT:PSS (40 nm)/PVK 
(10 nm)/CsPbBr3 (20 nm, 10 mg mL−1, 2000 rpm, 45 s)/ETLs 
(35 nm)/Cs2CO3 (1 nm)/Al (100 nm), where ITO is the anode, 
PEDOT:PSS is the hole injection layer, PVK is the HTL, Cs2CO3 
is the electron injection layer, Al is the cathode, and ETLs are 
Alq3, TPBi, and Bphen for Devices G1, G2, and G3, respec-
tively. The PLQY of CsPbBr3 is as high as 90%. The absorp-
tion and steady-state PL characteristics of CsPbBr3 in hexane at 
room temperature are shown in Figure S1 (Supporting Infor-
mation), the scanning transmission electron microscopy image 
of CsPbBr3 is displayed in Figure S2 (Supporting Information), 
and the cross-sectional scanning electron microscope image of 
the PeLED is depicted in Figure S3 (Supporting Information).

As shown in Figure 2 and Table S1 (Supporting Information), 
the maximum EQE of Device G2 is 0.75%, which is higher than 
those of Devices G1 (0.73%) and G3 (0.04%). Similarly, the 
maximum CE of Device G2 is 2.44 cd A−1, higher than those 
of Devices G1 (2.36 cd A−1) and G3 (0.15 cd A−1). Besides, the 
maximum PE of Device G2 is 0.87 lm W−1, higher than those of 
Devices G1 (0.84 lm W−1) and G3 (0.05 lm W−1). Since all layers 
in these PeLEDs are similar except for the ETL, the EL proper-
ties suggest that TPBi is more favorable to ensure the high effi-
ciency. Furthermore, compared to the EL spectra of Devices G2 
and G3, the spectrum of Device G1 is much broader, as shown 
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in Figure 2d. In addition, the emission peak of Device G1 is 
518 nm, which is different with those of Devices G2 (516 nm) 
and G3 (516 nm). Therefore, the spectrum of Device G1 cannot 
be attributed to the only CsPbBr3 emission.

The underlying physical mechanisms behind the phenom-
enon that Devices G1, G2 and G3 show different efficiencies 
and EL spectra can be explained as follows. For ETLs, electron 
mobility, hole confining capability, and electron injection 

Adv. Optical Mater. 2018, 6, 1800220

Figure 1. a) The schematic structure of PeLEDs based on CsPbBr3. b) The chemical structure of ETLs. c) The proposed energy levels of the PeLEDs 
based on CsPbBr3.

Figure 2. a) EQE as a function of the current density for Devices G1, G2, and G3. b) CE of Devices G1, G2, and G3. c) PE of Devices G1, G2, and G3. 
d) EL spectra of Devices G1, G2, and G3 at 8.5 V.
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efficiency play critical roles in LEDs.[40] When contacting 
with the typical electron injection layer Cs2CO3 or LiF, it has 
been well demonstrated that all of Alq3, TPBi, and Bphen can 
show high electron injection efficiency.[40,41] Thus, the elec-
tron injection efficiency has little influence on these PeLEDs. 
On the other hand, the electron mobility of Alq3, TPBi, and 
Bphen are 1.4 × 10−6, 3.3 × 10−5, and 3.9 × 10−4 cm2 V−1 s−1, 
respectively.[41] Hence, the electron mobility of Alq3 is almost 
equal to the hole mobility of PVK (1.0 × 10−6 cm2 V−1 s−1),[22] 
while the electron mobility of TPBi and Bphen is much higher 
than the hole mobility of PVK. In LEDs, the EQE is defined as 
follows[42]

rqEQE outη γ=  (1)

where ηout is the outcoupling factor, r is the fraction of excitons 
that can potentially radiatively decay, q is the PLQY of emit-
ters, and γ is the charge balance (γ ≤ 1). Generally, the internal 
operation of LEDs does not influence ηout, while r and q would 
be set with emitters. Hence, from the perspective of device 
engineering, the EQE is the most sensitive to γ. In terms of 
charge mobility, Device G3 should exhibit the lowest efficiency 
since its charge balance is the worst among these devices (i.e., 
the electron mobility of Bphen is 2 orders of magnitude higher 
than the hole mobility of PVK), while Device G1 should exhibit 
the highest efficiency since the electron mobility of Alq3 is 
almost equal to the hole mobility of PVK. As expected, Device 
G3 exhibits the poorest efficiency. However, the highest EQE is 
achieved in Device G2 instead of Device G1, although the elec-
tron mobility of TPBi is much higher than the hole mobility of 
PVK. Therefore, aside from the charge mobility, other proper-
ties of ETLs should also greatly affect the resulting PeLEDs.

In the case of hole confining, the HOMO of Alq3 is 5.9 eV, 
which is higher than the valance band (VB) of CsPbBr3.[40] On 
the other hand, the HOMO of TPBi (6.2 eV) and Bphen (6.4 eV) 
is lower than the VB of CsPbBr3.[43] As a result, the Alq3 ETL is 
unable to confine the holes in the CsPbBr3 EML, leading to the 
hole leakage, while TPBi and Bphen are more favorable to con-
fine the holes. Since Alq3 is a well-known emitter in OLEDs,[44] 
the leaked holes from the CsPbBr3 EML can meet electrons in 
the Alq3 ETL to generate excitons and then the excitons can 
recombine for the Alq3 emission, as shown in Figure 3a. Due to 
the participation of Alq3 emission, it is no wonder that the EL 
spectrum of Device G1 is much wider than those of Devices G2 
and G3. These analyses can be further verified by comparing 
the EL spectrum of Device G1 and Alq3 emission, as shown in 
Figure S4 (Supporting Information). Therefore, the charge con-
fining capability of ETLs is significant in PeLEDs.

Since the charge leakage is detrimental to the perfor-
mance,[28] Device G1 exhibits lower efficiency than Device 
G2, although the electron mobility of TPBi is much higher 
than the hole mobility of PVK (Figure 3b). On the other hand, 
despite Bphen possesses excellent hole confining capability, 
excess electrons can reach the CsPbBr3 EML due to the high 
electron mobility and good electron injection efficiency of 
Bphen, leading to a very poor charge balance in Device G3, 
as shown in Figure 3c. Thus, according to Equation (1), it is 
reasonable that Device G3 exhibits a low efficiency. Although 
Device G2 exhibits the highest efficiency among the achieved 
devices due to the use of TPBi ETL, its charge balance is still 
not good enough (Figure 3b). To further enhance the charge 
balance, Alq3 has been inserted into TPBi to form a new ETL 
TPBi (15 nm)/Alq3 (10 nm)/TPBi (10 nm) to fabricate Device 
G4 (other layers are the same as those of Device G2). Since 
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Figure 3. The working mechanisms of PeLEDs based on CsPbBr3: a) Device G1, b) Device G2, c) Device G3, and d) Device G4. The red and black 
arrows represent the hole and electron transport, respectively.
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the electron mobility of Alq3 is lower than that of TPBi, the 
insertion of Alq3 can impede the electron transport, as shown 
in Figure 3d. In other words, the Alq3 reduces the number of 
electrons passing through it. As a result, a relatively appropriate 
number of electrons can reach the CsPbBr3 EML. Considering 
the electron mobility of Alq3 is almost equal to the hole mobility 
of PVK, the charge balance is more ideal in Device G4. On the 
other hand, TPBi can confine the hole transport. Therefore, 
the proposed strategy can simultaneously achieve the charge 
balance and charge confinement. To provide more direct evi-
dence to support these analyses, electron-only devices have 
been fabricated.[45] The architecture is ITO/zinc oxide (ZnO, 
40 nm)/CsPbBr3 (20 nm)/ETLs (35 nm)/Cs2CO3 (1 nm)/Al 
(100 nm), where ETLs are Alq3 (Device E1), TPBi (Device E2), 
Bphen (Device E3), and TPBi/Alq3/TPBi (Device E4). Due to 
the very deep VB of ZnO (≈7.6 eV),[26] holes cannot be injected 
from the ITO anode (4.7 eV).[39] As shown in Figure S5 (Sup-
porting Information), because of the high electron mobility 
and good electron injection efficiency of Bphen, it is reason-
able that Device E3 exhibits the highest current density among 
these devices. Besides, Device E1 shows the lowest current 
density owing to the low electron mobility of Alq3. Compared 
with Device E2, Device E4 exhibits lower current density due to 
the insertion of Alq3, which can slow down the electron trans-
port. Thus, the charge balance can be more ideal in Device G4. 
On the other hand, to further support the charge confinement 
of the new ETL TPBi/Alq3/TPBi, a PeLED with the ETL Alq3 
(10 nm)/TPBi (25 nm) is developed, where other layers are 
the same as those of Device G4. As shown in Figure S6 (Sup-
porting Information), this PeLED exhibits a broad EL spec-
trum, which is attributed to the participation of Alq3 emission 
since the ETL Alq3/TPBi cannot confine holes. Thus, the hole  

confinement is much better in Device G4 than using perov-
skite/Alq3/TPBi structure.

To further verify the above analyses, the EL performance of 
Device G4 has been measured. As shown in Figure 4, Device 
G4 exhibits a maximum EQE, CE, and PE of 1.43%, 4.69 cd A−1, 
and 1.84 lm W−1, respectively, which are 191%, 192%, and 
211% higher than those of Device G2 using the conventional 
ETL TPBi. Therefore, the proposed strategy can greatly enhance 
the efficiency of PeLEDs. Significantly, the EQE of Device G4 is 
36 times higher than that of Device G3 with the high electron  
mobility Bphen ETL, further indicating the advantage of the 
proposed strategy. Such a surprising phenomenon that the 
device with low electron transport shows strikingly higher 
efficiency than the device with good electron transport has 
not been observed previously, which offers a deep insight 
into the effect of ETLs in nanocrystal all-inorganic PeLEDs. 
Besides, the EQE of Device G4 is higher than or comparable 
to those of recently reported representative performance levels 
of CsPbBr3 PeLEDs (e.g., 1.37% for Cho’s device,[46] 1.49% for 
Zeng’s device,[47] and ≤0.93% for other devices[48–54]). In addi-
tion, the maximum luminance of Device G4 is 452 cd m−2, 
much higher than that of Device G2 with the conventional 
ETL TPBi (226 cd m−2; Figure S7, Supporting Information). 
Moreover, Device G4 shows a pure green emission with the 
Commission International de I'Eclairage (CIE) coordinates of 
(0.09, 0.76), as shown in Figure 4d. Impressively, the FWHM 
of the EL emission is only 16 nm, which is the narrowest 
value among all CsPbBr3 PeLEDs reported, to the best of our 
knowledge. The reproducibility of devices with different ETLs 
is very high. For example, over 80% of PeLEDs with the new 
ETL provide the EQE of >1.2%, as shown by the histograms of 
maximum EQE taken from 18 devices (Figure S8, Supporting 

Adv. Optical Mater. 2018, 6, 1800220

Figure 4. EL performance of Device G4. a) EQE and CE. b) PE. c) Current density and luminance. d) EL spectrum at 8.5 V. Inset: a photograph of 
Device G4 under bias.
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Information). In addition, the device operational stability is 
a major issue in PeLED fields. However, only very few works 
reported it, even for all-inorganic PeLEDs. Hence, it is urged 
that some stability data should be revealed, which is beneficial 
to deeply comprehend PeLEDs. The stability of PeLEDs under 
continuous operation at a constant voltage of 9 V has been 
evaluated in ambient air at room temperature, and we define 
the half-lifetime (T50) as the time for the luminance decreasing 
to 50% of the starting luminance (L0). As shown in Figure S9 
(Supporting Information), the T50 of Device G4 is 460 s, which 
is similar to previous all-inorganic PeLEDs (e.g., 600 s at 5 V 
in nitrogen filled glovebox[27]) despite that our test conditions 
are much more severe. On the other hand, the T50 of Device 
G2 is only 150 s, which is 307% shorter than that of Device G4. 
Therefore, the better charge balance can enhance the stability, 
which is in agreement with the phenomenon reported in II–VI 
group metal chacogenide quantum-dot LEDs.[26]

Previously, Rogach and co-workers improved the devices effi-
ciency by sandwiching additional layer between the EML and 
charge transport layers.[27,28] Here, we have proposed another 
strategy to enhance the efficiency of all-inorganic nanocrystal 
PeLEDs, and the efficiency obtained here is much higher than 
that of their devices.[27,28] Besides, by stepwise optimizing the 
emitting materials CsPbBr3, Zeng and co-workers achieved a 
50-fold EQE improvement.[22] From the perspective of device 
engineering, we have demonstrated that large EQE enhance-
ment (36-fold) can also be achieved via adopting suitable ETLs. 
Therefore, the presented results may provide an alternative 
avenue to boost the efficiency of all-inorganic PeLEDs. Besides, 
since there is no report that ETL based on low electron mobility 
materials (<1.0 × 10−5 cm2 V−1 s−1) can outperform ETL with 
high electron mobility materials (>1.0 × 10−5 cm2 V−1 s−1) in 
all-inorganic PeLEDs, our strategy combining materials with 
low and high electron mobility can be an effective alternative. 
Hence, the findings may unlock a new opportunity that a class 
of materials with low electron mobility (<1.0 × 10−5 cm2 V−1 s−1) 
are promising to achieve highly efficient PeLEDs. Moreover, 
our idea can be further validated by applying to other emitters. 
For example, by using a typical deep-red organic emitter tris(1-
phenylisoquinolinolato-C2,N) iridium(III) [Ir(piq)3],[55,56] an 
OLED with the EML Ir(piq)3 (0.5 nm) is developed, where other 
layers are the same as those of Device G4 except for the EML. 
As shown in Figure S10 (Supporting Information), this OLED 
exhibits a maximum EQE of 3.24%, which is among the highest 
Ir(piq)3-based nondoped deep-red OLEDs. The CIE coordinates 
is (0.68, 0.32), which is very close to the National Television 
System Committee standard for red subpixels (0.67, 0.33).

In summary, a novel strategy has been proposed and imple-
mented to improve the device engineering of nanocrystal all-
inorganic PeLEDs by incorporating Alq3 into TPBi to form a 
new ETL TPBi/Alq3/TPBi, simultaneously achieving the charge 
balance and charge confinement. The green PeLED with the 
new ETL TPBi/Alq3/TPBi exhibits a maximum EQE, CE, and 
PE of 1.43%, 4.69 cd A−1, and 1.84 lm W−1, respectively, much 
higher than those of the PeLED with the most popular ETL 
TPBi. Remarkably, the efficiency is 36 times higher than that 
of PeLED using high electron mobility ETL. Also impressively, 
the FWHM of EL emission is only 16 nm, the narrowest value 
among all achieved CsPbBr3 PeLEDs reported to date. The find-

ings present a rational strategy for the device engineering of all-
inorganic PeLEDs.

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