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high photoluminescence (PL) quantum 
yield, narrow emission wavelength band-
width, size-controllable emission wave-
length, and easy material acquirement, as 
well as the solution-processed manufacture, 
make QLEDs a star, following the contempo-
rary organic light-emitting diodes.[1–3] How-
ever, the development of high-performance 
FQLEDs is much slower, lagging behind 
their counterparts on glass substrates. 
For example, the reported highest current 
efficiency (CE) of red FQLEDs is below 
17 cd A−1 and the maximum external 
quantum efficiency (EQE) is about 14%,[4,5] 
far behind 18% of the QLED on a glass 
substrate with similar inverted structure.[6] 
The main reasons can be attributed to the 
inferior mechanical performance of indium 
tin oxide (ITO) transparent conductive elec-
trodes (TCEs) on plastic substrates and the 
refractive-index mismatch-induced severe 
total internal reflection (TIR) light loss in 
the QLED stack.[7,8]

The brittle nature of ITO runs counter to good flexibility, 
and many efforts have been devoted to replace it with gra-
phene,[9] silver nanowires (AgNWs),[10,11] and poly(3,4-ethylen
edioxythiophene):poly(styrenesulfonate)[12,13] as flexible TCEs. 
On the other side, the refractive index of the commonly used 
plastic substrates (≈1.5) is much lower than ITO (1.8–2.1) in 
a standard substrate-emitting architecture, which goes against 
effective light extraction into the viewing domain, and it 
will consume ≈40% and ≈20% of the total-emitting light in 
the waveguide mode and substrate mode, respectively.[14,15] 
Numerous attempts have been made to enhance light outcou-
pling efficiency, such as using microlens arrays and scattering 
microspheres, to extract the trapped light in the substrate 
mode,[16,17] using photonic crystals or optical gratings,[18–20] 
high-index substrates,[21,22] low-index grids,[23] and structured 
TCEs,[7,24] to extract the waveguided light. However, all of 
these light extraction methods need complicated processing 
procedures.

Embedding AgNWs network into polymer substrate is an 
ideal strategy for solving the aforementioned issues. The robust 
composite can afford repeated bending even folding,[25–28] 
and the AgNWs as light-scattering centers can enhance the 
light outcoupling efficiency. Furthermore, the reduced light 
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Flexible Quantum Dot LEDs

1. Introduction

Flexible quantum dot light-emitting diodes (FQLEDs), as a newly 
emerging display and lighting technique, enables foldable, stretch-
able, and curved features for future novel optoelectronic applica-
tions. The amazing properties of quantum dots (QDs), such as 
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reflection interfaces by the openings-characterized AgNWs net-
work in the QLED stack are also helpful to diminish TIR com-
pared with high-refractive-index continuous ITO TCEs.[10,29] 
Thus, using flexible AgNWs TCEs to extract the trapped light 
in FQLEDs would be a practicable and effective way to improve 
the device performance. In addition, the all-solution processing 
technique for AgNWs TCEs fabrication further caters the cost-
effective goal for highly efficient FQLEDs fabrication.

Here, by utilizing AgNWs as flexible TCEs and the light 
extraction structure, we successfully demonstrate a highly effi-
cient red FQLED based on a standard inverted structure with 
the maximum EQE and CE reaching 24.1% and 19.5 cd A−1, 
respectively. The efficiency is improved 4.4 and 3 times for 
EQE and CE, respectively, compared with that of the reference 
QLED with glass/ITO TCEs and 1.7 times compared with that 
of the most efficient previous FQLED.[5] Also, it is competitive 
to the reported exceedingly efficient rigid QLEDs with a similar 
device structure.[30–32] The multi-aspect advantages of AgNWs 
TCEs for FQLEDs applications set an example for designing 
efficient QLEDs with commonly used device configuration and 
pave the way for future flexible display and lighting techniques.

2. Results and Discussion

Schematics in Figure 1a,b show the optical behaviors when 
light goes through the rigid glass/ITO and flexible polyimide 
(PI)/AgNWs substrate, respectively. Figure 1a shows that only 
small amount of light (incident angle smaller than the critical 
angle of glass/air interface) can couple out into the free space, 
but for the PI/AgNWs structure, the amount of the extracted 
light significantly increases because AgNWs can scatter most 
of the trapped light into air and the network with micron-scale 
openings (the size of the openings will be characterized later) 

reduces light reflection interfaces introduced by continuous 
ITO (Figure 1b). Thus, the PI/AgNWs TCEs can be practicable 
and effective to improve the light outcoupling efficiency in the 
FQLED stack.

The flexible PI/AgNWs TCEs fabrication process is shown 
in Figure S1 (Supporting Information), and the obtained PI/
AgNWs TCEs possessed a sheet resistance (Rs) of 9.3 Ω sq−1 
and diffusive transmittance of 88.6% at the wavelength 
of 628 nm. Figure 1c shows the scanning electron micro-
scope (SEM) image of AgNWs embedded in the flexible PI 
substrate with the homogenous distribution. SEM cross-
sectional image of PI/AgNWs TCEs is further characterized 
and shown in Figure S2 (Supporting Information), clearly 
demonstrating the structure of AgNWs and the smooth sur-
face morphology of PI/AgNWs TCEs. From the SEM image 
in Figure 1c, we can also acquire the density of AgNWs of 
about 32 within the area of 6 × 6 µm2. Figure S3 (Supporting 
Information) shows the statistical length of the openings 
ranging from 694.7 nm to 4.47 µm and the mean length of 
2.02 µm. Considering the openings as standard circles, the 
opening size of AgNWs can be estimated as 3.20 µm2. This 
opening size is large enough to guarantee the transmission 
of the scattered light or originally incident light through 
PI/AgNWs TCEs.

To test the adhesion stability of this flexible TCE, SEM and 
Rs measurements were conducted before and after bending or 
peeling (Figure S4, Supporting Information). As the AgNWs 
are well embedded in PI substrate, the adhesion stability of 
the PI/AgNWs is very good within the bending and peeling off 
processes. Compared with the original PI/AgNWs morphology 
in Figure 1c, Figure S4a,b (Supporting Information) shows no 
obvious damage or cracks after 20 000 bending cycles under a 
bending angle of 120° and after peeling off for 10 times, respec-
tively. Figure S4c (Supporting Information) shows the bending 
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Figure 1. Optical behaviors in glass/ITO and PI/AgNWs substrates and the corresponding QLED configuration. a,b) Light behavior across glass/ITO 
and PI/AgNWs substrates, respectively. c) SEM image of PI/AgNWs film. d) Schematic diagram of the FQLED configuration. e) Energy level diagram 
of QLEDs.
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photograph of PI/AgNWs with motion controlled by the linear 
motion actuator. Figure S4d (Supporting Information) shows 
that the normalized Rs of the PI/AgNWs only changes 3.2% 
after 20 000 bending cycles under a bending angle of 120°. 
Figure S4e (Supporting Information) also gives the change 
ratio of normalized Rs over the bending angles from 0° to 180° 
and demonstrates that Rs of PI/AgNWs increases less than 1% 
all through the bending test. Figure S4f (Supporting Informa-
tion) shows that the Rs of PI/AgNWs remained similar to its 
original value of 9.3 Ω sq−1 over the 3M tapes peeling process. 
The superior morphological and electromechanical stability of 
PI/AgNWs demonstrates the great potential as effective flexible 
TCEs, which preserve electrical contact in light-emitting devices 
even under extreme bending stress.

Here, the PI/AgNWs were used as bottom TCEs to fabri-
cate FQLEDs and the device structure was PI/AgNWs/ZnO/
QDs/4,4′-N,N′-dicarbazole-biphenyl (CBP)/MoO3/Al, in which 
CdSe/CdS/ZnS QDs were used as the red emission material, 
as schematically shown in Figure 1d. The corresponding energy 
level diagram of QLEDs is shown in Figure 1e. It is clearly 
showed that the work function of AgNWs cathode is lower than 
ITO cathode, indicating more effective electron injection from 
the AgNWs electrode. Unfortunately, excess electron injection 
in this kind of device structure tends to break charge injection 
balance and lower QLED efficiency, and further evidence will 
be presented later.

Considering the thickness of ZnO layer would greatly affect 
the performance of QLEDs due to ZnO-induced quantum 
dot quenching at the ZnO/QDs interface and ZnO-controlled 
electron injection into QDs.[33,34] We compared the perfor-
mance of QLEDs with the ZnO thickness of 80, 100, 120, and 
150 nm, and the related characteristics of QLEDs are shown 
in Figure S5a,b (Supporting Information). It shows that the 

well-optimized thickness is 100 nm, which is also confirmed 
by the same result of glass/ITO-based QLEDs (Figure S5c,d, 
Supporting Information). Finally, we adopted the structure of 
PI/AgNWs (80 µm)/ZnO (100 nm)/QDs (10 nm)/CBP (60 nm)/
MoO3 (10 nm)/Al (100 nm) for FQLED fabrication. Also, the 
glass (1.1 mm)/ITO (100 nm)-based rigid QLED with the same 
device structure was fabricated as a reference.

Performance characteristics of both flexible and rigid 
QLEDs are shown in Figure 2a–d. Figure 2a shows that the 
FQLED has much higher luminance than the reference under 
all measured current densities, and the turn on voltage (Von) 
of the FQLED is 1.95 V, lower than 2.1 V for the reference. 
The leakage current in our FQLED is effectively reduced to 
the same order of magnitude as the reference (plotted by the 
dashed black rectangle in Figure 2a), which can be attributed 
to the low root-mean-square (RMS) roughness of PI/AgNWs 
substrate (3.27 nm) that ensured smoother PI/AgNWs/ZnO 
film (1.49 nm) (Figure S6a,b, Supporting Information). As a 
reference, surface morphology of glass/ITO and glass/ITO/
ZnO is also shown in Figure S6c,d (Supporting Information). 
The RMS roughness of glass/ITO and glass/ITO/ZnO is 3.22 
and 1.46 nm, respectively, correspondingly a little lower than 
that of PI/AgNWs and PI/AgNWs/ZnO. But the roughness 
difference between PI/AgNWs/ZnO and glass/ITO/ZnO is 
negligible, ensuring the similar leakage current of these two 
QLEDs. Thus, FQLEDs with good performance are practically 
permitted. The inset is a picture of a 3 mm × 3 mm emitting 
FQLED with uniform and bright red emission at a Commis-
sion Internationale d’Eclairage (CIE) coordinate of (0.689, 
0.311). Figure 2b,c shows that both EQE and CE of the FQLED 
are much higher than that of the reference. Specifically, the 
maximum CE and EQE of the FQLED are 19.5 cd A−1 and 
24.1% respectively, but is only 6.5 cd A−1 and 5.5%, respectively, 
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Figure 2. Device performance comparison for glass/ITO- and PI/AgNWs-based QLEDs. a) Current density and luminance versus bias voltage 
characteristics for both QLEDs (the dashed rectangle points out the leakage current density). The inset is a photograph of the operating device. 
b,c) EQE and CE versus luminance characteristics for both QLEDs, respectively. d) EL spectra of AgNWs- and ITO-based QLEDs at 23 mA cm−2. 
e) Current density versus bias voltage characteristics for electron-only devices of the two QLEDs. f) TEM section images of the two QLEDs.
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for the reference, showing a 4.4 and 3 times improvement in 
EQE and CE by replacing glass/ITO with PI/AgNWs TCEs, 
respectively. Moreover, the FQLED shows excellent flexibility 
and still exhibits uniform emission even when bended at the 
curved radius of 2 mm (Figure S7, Supporting Information). 
The efficiency superiority is observed in all fabricated FQLEDs 
as shown in Figure S8 (Supporting Information). It clearly 
shows that when ZnO thickness increases, the Von of the ref-
erence increases but the Von of FQLEDs remains the same of 
1.95 V. Figure 2d shows the electroluminescence (EL) spectra 
of the FQLED are much stronger in contrast with the reference 
at the same current density of 23 mA cm−2, coincident with the 
luminance difference in Figure 2a. All these results are impres-
sive since the performance of FQLEDs is lower for quite a long 
time compared with the glass/ITO-based QLEDs.[35]

Since both the flexible and reference QLEDs were fabricated 
with the same structure except from the TCEs, the electrical 
and optical properties of the two device types were compared to 
investigate TCE-induced differences and reveal the mechanism 
for the efficiency improvement. We fabricated electron-only 
devices with the structure of PI/AgNWs (or glass/ITO)/ZnO 
(100 nm)/QDs (10 nm)/Al (100 nm) to compare the electron 
injection difference. Figure 2e shows that the current density of 
PI/AgNWs-based device is higher than the reference, which can 
be also observed in other electron-only devices with different 
ZnO thicknesses (Figure S9, Supporting Information). This 
result means that PI/AgNWs electrode can inject and trans-
port carriers much more efficiently than glass/ITO electrode, 
probably due to the lower work function of AgNWs than that of 
ITO as the cathode in spite of the relatively discrete distribution 
of AgNWs network.[36] It has been widely studied that QLEDs 
with the structure of glass/ITO/ZnO/QDs/CBP/cathodes suffer 
poor efficiency due to the imbalanced charge injection resulting 

from the larger electron mobility than hole and much suitable 
energy level alignment between ZnO and QDs.[37,38] Based on 
the electrical property analysis, PI/AgNWs TCEs seem to have 
negative effect on the performance improvement for QLEDs. 
However, the unexpectedly positive experimental results indi-
cate that light outcoupling enhancement by PI/AgNWs TCEs 
dominates the FQLED performance improvement. The thick-
ness variation–induced performance difference in QLEDs can 
be ruled out, which is proved by careful measurement of each 
functional layer thickness through the cross-sectional scanning 
using high-resolution transmission electron microscope (HR-
TEM). Figure 2f shows that there is no obvious layer thickness 
difference between the two QLEDs. Especially, the ZnO and 
QDs layers have the same thickness of 100 and 10 nm, respec-
tively, in both QLEDs. Therefore, further experiments and 
simulations of optical phenomena in the related devices were 
performed to unravel the mechanism of light extraction for the 
performance improvement in FQLEDs.

Both the diffusive transmission and haze spectra of PI/
AgNWs and glass/ITO are shown in Figure 3a, which clearly 
demonstrates that the PI/AgNWs TCE has higher transmittance 
and haze than glass/ITO after 600 nm. The higher haze guar-
antees intensive light scattering which results in the enhanced 
emission intensity and superior angular color stability in emit-
ting devices.[29,39–41] As a demonstration, we measured the 
angular-dependent EL spectra of the FQLED and the reference 
(Figure 3b,c), which show that the EL intensities of both QLEDs 
decrease with the increase of viewing angle, but the FQLED 
has relatively stronger emission intensity at the same viewing 
angle (Figure S10, Supporting Information). This result is also 
proved by the PL spectra of QDs emission in PI/AgNWs/ZnO/
QDs and glass/ITO/ZnO/QDs films, where the emission in 
PI/AgNWs/ZnO/QDs is much stronger (Figure 3d). Besides, 
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Figure 3. Optical properties of glass/ITO- and PI/AgNWs-based QLEDs. a) Diffusive transmittance spectra of PI/AgNWs and glass/ITO as well as the 
corresponding haze spectra. Angular-dependent EL spectra of QLEDs based on b) PI/AgNWs and c) glass/ITO. d) PL spectra of PI/AgNWs/ZnO/QDs 
and glass/ITO/ZnO/QDs obtained with an integrating sphere. e) Normalized radiant intensity with different viewing angles. f) CIE color coordinates 
versus the viewing angle.
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the angular-dependent emission characteristics in Figure 3e 
also show that the FQLED has stronger side radiation than the 
reference with an approximate Lambertian intensity distribu-
tion. The enhanced emission is attractive as the emission sta-
bility at large viewing angle is essential for QLEDs in display 
and lighting applications. Further, the CIE coordinates versus 
viewing angle characteristics in Figure 3f also show the superior 
color stability of the FQLED than that of the reference, especially 
at large viewing angles.

To elucidate the light outcoupling enhancement mecha-
nism of PI/AgNWs TCEs in FQLEDs, emission behaviors of 
FQLEDs and the reference were analyzed using the COMSOL 
Multiphysics finite element analysis software (see Experimental 
Section for details of Theoretical Modeling).[42–44] For simplicity, 
the simulated QLED model consists of a seven-layer structure 
with the optically thick PI and glass substrates, as illustrated in 
Figure S11a (Supporting Information). The refractive indices of 
each material used in this simulation were measured by ellip-
someter or referred from the existing data, which are shown in 
Figure S12 (Supporting Information). The randomly oriented 
electric dipole locates at the center of QDs layer and has two 
horizontal (in-plane) and one vertical (normal to the substrate) 
components, which are named the horizontal transverse mag-
netic (TMh), the horizontal transverse electric (TEh), and the 
vertical transverse magnetic (TMv) mode, respectively.[15,45]

Figure 4 presents the simulated optical power intensity 
distribution of QLEDs for TMh, TEh, and TMv modes. The 
dashed circles delineate the air mode, substrate mode, and 
waveguide mode according to the structure-dependent optical 
behaviors. That is, only the light at the incident angle smaller 
than the critical angle of PI/air or glass/air interface can emit 
into the viewing air domain, which is calculated to be the 
same of ≈42° with the measured nPI ≈ 1.52 and nglass ≈ 1.50. 

As the waveguide mode and substrate mode are separated by 
the substrate/electrode interface, the distinction of the two 
modes only depends on the geometric position of the inter-
face if ignoring the extending of waveguided light into the 
substrate (Figure S11b, Supporting Information).[42] Figure 
4a,b shows the similar intensity distribution of the reference 
due to the rotational symmetry of TMh and TEh components, 
whereas difference appears in PI/AgNWs-based QLEDs due to 
the irregular distribution of AgNWs as shown in Figure 4c,d, 
which are also observed in Figure 4e,f. Comparing the vertical 
dipole emission field intensity with the horizontal dipole in 
both FQLED and the reference, one magnitude less intensity of 
the vertical dipole is observed, coincident with the pioneering 
work by Slootsky and Forrest.[42]

Integration of time-averaged power outflow was performed 
to calculate the optical power of each mode in the corre-
sponding dipole component for both FQLED and the reference. 
Figure 5a,b shows that the waveguided light is the most note-
worthy obstacle impeding the efficiency enhancement in glass/
ITO-based QLEDs, which is due to the obvious refractive-index 
mismatch between ITO (nITO = 1.76) and glass (nglass = 1.50). 
This phenomenon is particularly severe in TMv mode for the 
trapping of radiated photons in the high-refractive-index mate-
rial stack (Figure 5c). With regard to PI/AgNWs TCEs, the wave-
guide mode was greatly suppressed, enhancing the proportion 
of the light emission into the air mode, and the reduction of 
the waveguided light in the TMv mode is especially remark-
able. In general, waveguided light couples out into the substrate 
mode,[42,43] as demonstrated by the TMv mode here, while for 
the horizontal dipoles in FQLEDs, the case becomes different. 
The light distribution difference here depends on dipole 
orientations. In addition, it can be attributed to the introduction 
of the AgNWs network which enhances the light scattering in 
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Figure 4. Simulated optical power intensity distribution of a) TMh and b) TEh mode for QLED with glass/ITO. Simulated optical power intensity 
distribution of c) TMh and d) TEh mode for QLED with PI/AgNWs. e,f) Simulated optical power intensity distribution of TMv mode for QLED with 
glass/ITO and PI/AgNWs, respectively.
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both the substrate mode and the waveguide mode, and reduces 
light reflection interfaces for TIR suppression compared to 
continuous ITO. Overall, the optical power intensity of the TMh, 
TEh, and TMv modes in QLEDs clearly manifests the working 
mechanism of the enhanced light outcoupling efficiency by PI/
AgNWs TCEs. Vividly, the light extraction by AgNWs is sche-
matically illustrated in Figure S13 (Supporting Information). 
For glass/ITO-based QLEDs, L1, L2, and L3 at large incident 
angles are all trapped by TIR and only light at smaller incident 
angles than the critical angle at glass/air substrate (L4) can 
couple out (Figure S13a, Supporting Information). As for PI/
AgNWs-based QLEDs, only small amount of light at large inci-
dent angles (R1) is trapped, while light also at large incident 
angles (R2) can be redirected towards outcoupling into air by 
AgNWs. Besides, light originally trapped in the substrate mode 
(R3) also couples out by redirecting the reflected light at PI/air 
interface. And undoubtedly, light with small incident angles 
(R4) couples out easily (Figure S13b, Supporting Information).

We also calculated the total optical power distribution of 
light coupling to the various modes (Figure 5d). Evidently, PI/
AgNWs extract a large amount of light from the waveguide 
mode and substrate mode to the viewing air mode and finally 
gives ≈2.6 times improvement in light outcoupling efficiency, in 
contrast to the glass/ITO structure in the reference. Combined 
with the experimental results, we find there exists a relatively 
higher EQE improvement (4.4 times) of the FQLED than the 
simulated improved value (2.6 times). The higher improve-
ment value might result from the distribution discrepancy 
between the actual AgNWs network stack and the Monte–Carlo 

simulation–generated penetrated-network model; better results 
can be further achieved if AgNWs network structure is carefully 
studied and designed. Figure 6 presents the CE evolution of red 
FQLEDs with both vacuum and solution-processed TCEs during 
the past one decade,[4,5,11,33,46–48] which clearly demonstrates that 
our FQLED with solution-processed AgNWs TCEs outperforms 
the state-of-the-art FQLEDs and reaches a new efficiency level, 
encouraging the development of flexible light-emitting devices.

Adv. Optical Mater. 2018, 1800347

Figure 5. a–c) Optical power intensity in TMh mode, TEh mode, and TMv mode, respectively. d) Calculated light proportion of QLEDs with glass/ITO 
and PI/AgNWs, respectively.

Figure 6. Evolution of CE for red FQLEDs.[4,5,11,33,46–48]
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3. Conclusion

In summary, we demonstrate a highly efficient FQLED with 
a standard inverted device structure by using PI/AgNWs as 
flexible TCEs as well as the light extraction medium. Sys-
tematically experimental and theoretical study in light extrac-
tion mechanism shows that the AgNWs network scatters and 
redirects light originally trapped in the substrate mode and 
the waveguide mode to the air mode. Besides, the AgNWs 
network as a discrete film reduces light reflection interfaces 
compared with the continuous ITO and suppresses the light 
trapping in high-refractive-index ITO layer. As a result, the  
PI/AgNWs-based FQLED exhibits the 4.4 and 3 times higher 
EQE and CE than the glass/ITO-based QLED, respectively, 
with the record-breaking EQE of 24.1% and CE of 19.5 cd 
A−1 in the red FQLEDs field. Moreover, the emission of the 
FQLED shows superior color stability and stronger emission 
intensity over the viewing angles, which is beneficial for the 
display and lighting applications. These achievements reveal 
a great potential of PI/AgNWs TCEs to improve the perfor-
mance of FQLEDs with a simple device structure and indi-
cate that further performance boost can be realized by proper 
QLED structure optimization.

4. Experimental Section
Materials: CdSe/CdS/ZnS QDs was purchased from Poly 

OptoElectronics Co., Ltd; zinc acetate dihydrate (Zn(CH3COO)2·2H2O, 
≥98%) from Sigma-Aldrich; tetramethylammonium hydroxide (TMAH, 
98%) from Alfa Aesar; ethyl acetate (EA, 99%) from Sinopharm; 
n-octane (99%) from Acros; ethanol (99.8%) from Sigma-Aldrich; 
dimethyl sulfoxide (DMSO, 99.5%) from Kermel; 4,4′-N,N′-
dicarbazole-biphenyl (CBP, 98%) from Lumtec; and MoO3 (99.99%) 
from Lumtec.

Synthesis of ZnO Nanoparticles: Zn(CH3COO)2·2H2O (0.672 g) was 
dissolved in DMSO (30 mL) and TMAH (1.02 g) was dissolved in 
ethanol (10 mL), then mixed them together and stirred for 24 h under 
ambient conditions. EA was added with the ratio of 2:1 (EA:mixture) in 
the reaction mixture, then centrifuged and redispersed the precipitate 
in ethanol at a concentration of 50 mg mL−1 with the addition of 
2-ethanolamine (160:1, volume ratio). ZnO particles were filtered with a 
polytetrafluoroethylene filter before use.

Fabrication of PI/AgNWs: AgNWs were synthesized according to 
the reported procedure.[49] AgNWs in ethanol was blade-coated on 
the cleaned glass substrate and annealed at 140 °C for 10 min. Then 
PI solution was blade-coated on glass/AgNWs substrate and cured 
in muffle furnace with the gradually increasing temperature method. 
Finally, the embedded PI/AgNWs film was peeled off from the glass 
substrate.

QLEDs Fabrication: For FQLEDs fabrication, the patterned PI/AgNWs 
substrates were cleaned and fixed on a glass substrate. Then, ZnO in 
ethanol (50 mg mL−1) was spin-coated on PI/AgNWs substrate and 
baked at 150 °C for 20 min. After this deposition, CdSe/CdS/ZnS QDs 
in octane (5 mg mL−1) was spin-coated on the ZnO film and baked 
at 100 °C for 5 min. Finally, CBP, MoO3, and Al were deposited in a 
vacuum chamber under the pressure of 4 × 10−4 Pa. And for QLEDs 
on glass/ITO, all the film deposition processes were the same as the 
FQLEDs.

Characterizations: HR-TEM images were obtained using Titan G2 
60-300 Probe Cs Corrector HRSTEM operated at the accelerating 
voltage of 300 kV. Diffuse transmission and specular transmission 
spectra of PI/AgNWs and glass/ITO were measured with an integrated 

sphere (SHIMADZU UV-2550) and the haze spectra were defined as 
(Tt −Ts)/Tt × 100% from transmittance spectra. Rs was measured using 
the four-point probe method. PL spectrum was obtained by Edinburgh 
FLS920 fluorescence spectrometer. Atomic force microscope images 
were measured by Veeco Dimension 3100 NanoScope in a tapping 
mode with Bruker RTESPA-300 probes. The layer thicknesses of QLEDs 
were measured by Bruker DektakXT profilometer and further confirmed 
by transmission electron microscope (TEM). Refractive indices were 
measured by a dual rotating-compensator Mueller matrix ellipsometer 
(ME-L ellipsometer; Wuhan Eoptics Technology Co., Wuhan, China).[50,51] 
QLED characteristics like EL spectra, luminance, and current were 
directly obtained by PhotoResearch spectroradiometer (PR655) and 
Keithley 2400 source measurement unit, which was connected through 
a software. The EQE calculation method of QLEDs is shown in the 
Supporting Information.

Theoretical Modeling: Simulation was performed with COMSOL 
Multiphysics finite element analysis software. The geometry domain 
consists of a seven-layer stack as the QLED structure. Due to the limit 
of computer memory, a hemispherical simulation domain was chosen. 
The diameter of the model domain was 10 µm (few ten times longer 
than that of the simulation wavelength to reveal the wave-behavior of 
different modes in the propagated distance) and the height was 1.5 µm 
allowing sufficient room for the scattering of light. The simulations 
were performed at the emitting center wavelength of λ = 628 nm. 
Electric point dipole with the amplitude of 1 A m of TE and TM modes 
was placed at the middle of QDs layer to model the emitter in QLEDs. 
All domain boundaries except the bottom of the Al electrode were 
surrounded by scattering boundary condition (SBC) to absorb the 
outgoing light. As the layers were very thin, swept mesh was used for 
all domains except a small boxed region enclosing the dipole source 
where free triangular mesh was applied. The subdomains of the model 
were meshed with the linear element size below λ/5n, producing  
3–5 million mesh elements for the entire domain. Convergence test 
had been performed to ensure the necessary mesh density. Maxwell’s 
equations were calculated in the frequency domain to simulate the 
field distribution. The full electromagnetic fields in the model were 
solved directly with the direct solver (MUMPS) or suggested solver 
(GMRES) using a workstation with two Intel (R) Xeon (R) processors 
(E5-2667v4) and 128 GB of memory. The total emitted power was 
measured by a reference with the refractive indexes of all materials set 
to 1 for the free propagation of electric point dipole field. The power 
emitted from air mode, substrate mode, and waveguide mode were 
the integration of power flow (Poynting vector) through the related 
boundaries.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure S1. Flexible PI/AgNWs film fabrication process. a) Blade-coating AgNWs solution on 

a glass substrate and annealed. b) Blade-coating PI solution on the glass/AgNWs film. c) 

Peeling off the PI/AgNWs film after solidification. d) Schematic diagram of a curved flexible 

PI/AgNWs film. 

 

Figure S2. SEM cross-section image of the PI/AgNWs. 



  

3 

 

 

Figure S3. Statistical results of the length of AgNWs openings (the length of the triangle 

opening is the triangular midline and the length of the polygon opening is the vertex 

connection). 

 

Figure S4. Adhesion stability characterization of PI/AgNWs. AFM images of PI/AgNWs a) 

before bending and b) after 100 times bending at the bending angle of 120°. Normalized Rs 

change ratio of PI/AgNWs with c) different bending cycles d) different bending angles. e) Rs 

of PI/AgNWs under peeling off processes.  
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Figure S5. Performance optimization with ZnO thickness of 80, 100, 120 and 150 nm. a, b) 

Current density and luminance changing along with bias voltage for PI/AgNWs and glass/ITO 

based QLEDs, respectively. c, d) CE versus luminance characteristics for PI/AgNWs and 

glass/ITO based QLEDs, respectively.  
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Figure S6. AFM images of a) PI/AgNWs, b) PI/AgNWs/ZnO, c) glass/ITO and d) 

glass/ITO/ZnO. 

 
 

Figure S7. Stability performance of flexible QLEDs at the bending radius of 2 mm. The 

insert shows the curving operating flexible QLED after 500 times bending. 
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Figure S8. Performance of glass/ITO and PI/AgNWs based QLEDs with different ZnO 

thicknesses. Current density and luminance versus voltage characteristics with the ZnO 

thickness of a) 80 nm, b)120 nm, c) 150 nm. CE versus Luminance characteristics with the 

ZnO thickness of d) 80 nm, e)120 nm, f) 150 nm.  

 

Figure S9. Current density characterization of electron-only devices. Current density versus 

bias voltage characteristics for glass/ITO and PI/AgNWs based electron-only devices with a) 

80 nm, b) 120 nm, c) 150 nm ZnO. 
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Figure S10. Peak EL intensity comparison. Angular dependent peak emission EL intensity of 

flexible and rigid QLEDs.  

 
 

Figure S11. Simulation models. a) Schematic structure of the glass/ITO and PI/AgNWs based 

QLEDs in simulation. b) Simulated power outflow through the surface of the simulation 

domain for horizontal and vertical dipole orientations projected onto a plane. The grey 

hemisphere is the geometric model taken from for COMSOL Multiphysics and the circles 

delineate (red) air mode, (blue) substrate mode, and (orange) waveguide mode. 
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Figure S12. Optical properties of materials used in QLEDs simulation. a, b) Refractive 

indices n and k measured by ellipsometer. c, d) Refractive indices n and k referenced from the 

Optical Materials Database of COMSOL Multiphysics (Al and Ag), the website of 

RefractiveIndex.INFO database https://refractiveindex.info/ (QD, MoO3) and literature 

10.1016/j.synthmet.2005.02.001 (CBP).   

 

Figure S13. Illumination of light distribution in QLEDs. Schematic diagram of light 

outcoupling of QLEDs a) with glass/ITO, b) with PI/AgNWs.  
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External quantum efficiency (EQE) calculation method of the QLEDs. 

EQE was calculated according to the formula below by assuming the emission pattern as 

Lambertian:
[1]

 

     
                         

                          
 

   

     

∫       

∫          
 

Where L is the luminance, J is the current density, F λ  is the EL spectrum, π is the 

circumference ratio, e is the elementary charge, Km is the maximum luminous efficacy, h is 

the Planck constant, c is the velocity of light,  λ is the wavelength, V λ  is the normalized 

photopic spectral response function. A piont that should be carefully noticed in EQE 

calculation is the emission pattern of the QLED, and it is improper to use the formula above 

for calculating EQE of the PI/AgNWs based QLED, because the emission intensity doesn’t 

obey Lambertian intensity distribution. In polar coordinates, EQE of QLEDs with any 

emission pattern can be calculated according to the following formula:
[2]

  

     
   

   
∬                 

Where, Ie (θ, λ) is the spectral radiant intensity at different viewing angle θ. As for EQE 

calculation of the FQLED, the correction coefficent of 1.46 needs to be multiplied by the EQE 

obtained in a Lambertian emission situation (known as 16.5%). Thus, the final maximum 

EQE is 24.1%.  
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