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Inverted semitransparent perovskite nanocrystal
light-emitting diodes with a conjugated polymer
as an electron transport layery
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Perovskite nanocrystals have attracted much attention due to their unique optical and electronic pro-
perties. Much progress has also been made in the development of light-emitting diodes based on perovs-
kite nanocrystals in the past years. However, compared with the widely reported opaque perovskite nano-
crystal light-emitting diodes, semitransparent perovskite nanocrystal light-emitting diodes are rarely
studied, which affects the potential application of perovskite nanocrystals in the translucent display field in
the future. Here, polyl[(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)]
(PFN), a conjugated polymer, was used as an electron transport layer to fabricate the inverted opaque and
semitransparent perovskite light-emitting diodes. The maximum external quantum efficiency and lumi-
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nance were improved from 0.13% and 1041 cd m™2 to 2.07% and 12 540 cd m™2, respectively, through
device optimization in opaque light-emitting diodes. The corresponding semitransparent device also
demonstrated high transmittance (average 61% from 380 to 780 nm) and high brightness of 1619 and
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1. Introduction

Perovskite nanocrystals (PNCs) have attracted significant atten-
tion due their unique photoelectronic properties, such as high
photoluminescence quantum yield (PLQY), narrow emission
wavelength, tunable wide emission spectrum and easy syn-
thesis method."™ Light-emitting diodes based on PNCs have
been studied extensively since they was reported by Zeng in
2015.> The external quantum efficiencies (EQEs) of opaque
perovskite nanocrystal light-emitting diodes (PNC-LEDs) are
over 20% for red® and green.”® In fact, apart from the appli-
cation of the opaque PNC-LED:s in life, transparent light-emit-
ting diodes (LEDs) are also necessary in many cases, such as
wearable devices, vehicles and future displays.”™® Currently,
most transparent display products are based on organic LEDs
or special integrated LEDs, and their performances are signifi-
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1643 cd m~2 for the bottom and top sides, respectively.

cantly limited by their color purity and narrow color
gamut.">"® Therefore, it is still challenging to achieve high-
quality and vivid pictures from them. The emergence of PNCs
is expected to provide another option for the transparent
LEDs, owing to their high emission color purity, tunability,
and high PLQY. However, just a few studies have been reported
on this topic,’®"® and research on high-efficiency transparent
PNC-LEDs is still in infancy stages.’

To achieve high transmittance and luminous efficiency, the
absorption properties of both electron transport layer (ETL)
and hole transport layer (HTL), and the charge transport
balance between them are important. In principle, transport
materials should avoid absorption in the visible region to
obtain high transmittance, and at the same time, their thick-
ness should be carefully optimized to balance charge transport
as far as possible. In terms of device structure, a reverse device
is more advantageous than a forward one because its transpar-
ent bottom electrode can be directly connected with the drain
line of an n-type thin-film transistor."®*° In addition, the
widely used hole injection/transport layer in the forward
device, poly(3,4-ethylenedioxythiophene):poly(styrenesulfo-
nate) (PEDOT:PSS), can corrode indium tin oxide (ITO) due to
its acidity,>"*> which is not good for the long term device
stability. Thus, in this work, we will focus on the translucent
PNC-LEDs with inverted structures. We found that poly[(9,9-bis

This journal is © The Royal Society of Chemistry 2023
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(3"-(V,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl-
fluorene)] (PFN), a relatively chemically inert conjugated
polymer, could be a good ETL in the inverted PNC-LED device
structure. The maximum EQE and luminance of the opaque
inverted device improved from 0.13% and 1041 c¢cd m™? to
2.07% and 12 540 cd m~?, respectively, by optimizing the thick-
ness of the PFN layer and improving the mobility of HTL by
changing different hole transport materials. Using the same
strategy, we were able to fabricate a semitransparent PNC-LED
with a total maximum luminance of 3262 cd m™2, in which the
maximum EQE and luminance for the top and bottom elec-
trode sides are 1643 cd m™2 and 0.40%, 1619 cd m™> and
0.41%, respectively. It is among the highest values for the
inverted semitransparent devices based on PNCs.

2. Experimental section
2.1 Synthesis of FA:CsPbBr; NCs

The formamidinium (FA)-doped CsPbBr; nanocrystals (FA:
CsPbBr; NCs) were synthesized as described in previous work."
Briefly, 1 mL Cs,CO3/C3HgN,0, mixed octanoic acid (OTAc)
solution (0.85 mL 0.1 mmol mL™" Cs,CO; and 0.15 mL
0.2 mmol mL™" C3HgN,0, in OTAc) was quickly added into
9 mL PbBr, solution (0.1 mmol mL™" in toluene, mixed with
tetraoctylammonium bromide (TOAB) as a molar ratio of 1:2).
The solution was stirred for 5 min at room temperature in air.
Then, 3 mL didodecyldimethylammonium bromide (DDAB)
solution (10 mg mL™" in toluene) was added into the solution
and stirred for another 2 min. The FA:CsPbBr; NCs solution
was obtained through washing, centrifugation and redisper-
sion. The FA:CsPbBr; NCs used for device fabrication were re-
dispersed in n-octane after two process cycles.

2.2 Fabrication of inverted opaque PNC-LEDs

A PFN solution with different concentrations was spin-coated
onto the clean and UVO-treated ITO-glass substrate at 2000
rpm for 20 s, and baked at 120 °C for 10 min. Subsequently,
the emission layer was deposited by spinning the perovskite
solution (20 mg ml™", 2000 r, 20 s). After that, TCTA or other
hole transport layers (40 nm), MoO; (10 nm) and Al (100 nm)

b

o

ITO/Glass

I

Normalized PL/Absorption Intensity

T T T
300 400 500 600 700 800
‘Wavelength (nm)

View Article Online

Paper

were deposited using a thermal evaporation system under a
high vacuum of ~2 x 10™* Pa. The emission area of the device
was 4 mm®.

2.3 Fabrication of inverted semitransparent PNC-LEDs

A PFN solution (1.0 mg ml™") was spin-coated onto the clean
and UVO-treated ITO-glass substrate at 2000 rpm for 20 s, and
baked at 120 °C for 10 min. Subsequently, the emission layer
was deposited by spinning the perovskite solution (20 mg
ml™, 2000 r, 20 s). After that, NPB (40 nm), MoO; (10 nm), Au
(10 nm) and MoO; (15 nm) were deposited using a thermal
evaporation system under a high vacuum of ~2 x 10™* Pa. The
emission area of the device was 4 mm?®.

2.4 Device characterization

The transmittance of thin films was measured with a Lamda
950 UV/Vis spectrophotometer. The current-voltage and lumi-
nance characteristics of the light-emitting diodes were
measured by using a Keithley 2401 source-meter coupled with
a Konica Minolta LS-160 luminance meter. For the semitran-
sparent inverted PNC-LED measurement, most devices can
only be tested once effectively. Thus, in order to measure the
luminous performance of both sides of the semitransparent
PNC-LED devices, several semitransparent PNC-LED devices
under the same conditions were fabricated. The luminous per-
formance was then tested from the top electrode side or
bottom electrode side separately. The photoluminescence
spectra and electroluminescence spectra were measured
through a F-380 fluorescence spectrophotometer (Tianjin
Gangdong Sci. & Tech. Development Co. Ltd, China) and an
Ocean Optics USB 2000 spectrometer, respectively. The mor-
phology measurement was performed with a FEI (TALOS
F200X) transmission electron microscope (TEM).

3. Results and discussion

As shown in Fig. 1, PFN is a conjugated polyfluorene organic
material with amino (-N(CHs),) in its chemical structure. It is
usually used as a cathode interfacial material to improve the
device performance in organic solar cells.”*** Its absorption
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Fig. 1 (a) The chemical structure, PL and absorption spectra of PFN. (b) The device structure of inverted LEDs. (c) The material energy levels used in

the inverted LEDs.
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peak and edge are about 390 nm and 425 nm, respectively,
which avoids the self-absorption phenomenon in green or red
LED devices. The PL spectrum was also measured, and is
shown in Fig. 1a, which exhibits a distinct asymmetric emis-
sion peak with a characteristic peak at 417 nm. It will be
helpful to find whether parasitic emission of PFN is present in
the PNC-LED devices (see below).

Due to their excellent performances and ease of synthesis,
FA:CsPbBr; NCs were chose here as the emission layer and syn-
thesized through a triple-ligand room-temperature method
according to the previous work." A series of characterizations
of FA:CsPbBr; NCs, including transmission electron
microscopy (TEM) images, size distribution, X-ray diffraction
(XRD) pattern, absorption spectrum and photoluminescence
(PL) spectrum, were carried out and are shown in ESI (Fig. S1-
S31). It can be seen that the monodispersed FA:CsPbBr; NCs
belong to a cubic phase with an average size of 11.45 nm. The
narrow PL spectrum of the FA:CsPbBr; NCs corresponds to an
excitonic emission with the maximum peak at 512 nm, and a
narrow full width at half maximum (FWHM) of 22 nm. The
PLQY of the PNCs in octane solution is over 85%. These
results indicate that FA:CsPbBr; NCs will be a suitable emis-
sion material in LED device.

As mentioned above, compared to PEDOT:PSS, PFN is more
chemically inert. To see if PFN can be a good ETL in the
PNC-LED devices, we then proceeded with experimentally vali-
dating the potential of the PFN layer by fabricating and testing
opaque inverted devices with the architecture shown in Fig. 1b
embedding a layer of the PNCs emissive layer. PFN layers with
different thicknesses were deposited on the clear pattern
indium-doped tin oxide glass (ITO/Glass) substrates by spin-
coating PFN solution (in methyl alcohol) with different con-
centrations (0.1 mg ml™", 0.5 mg ml™", 1.0 mg ml™" and
1.5 mg ml™"). Tris(4-carbazoyl-9-ylphenyl)amine (TCTA) was
used as HTL. The performance results are shown in Fig. 2 and
Table 1. For easy identification, these inverted devices are
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Fig. 2 The performance of inverted LED devices with different PFN
layer thicknesses: (a) current density—voltage curves, (b) luminance—
voltage curves, (c) current density—EQE curves and (d) EL spectra of the
devices.
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Table 1 The performances of the inverted LED devices with different
PFN layer thicknesses

ETL Vi (V) Lmax(€dm™)  CEpay (cd A™")  EQEmay (%)
without PFN 3.2 1041 0.43 0.13
PFN-0.1 3.0 1526 0.42 0.13
PFN-0.5 2.8 3702 1.50 0.47
PFN-1.0 2.8 7502 4.82 1.51
PFN-1.5 3.2 5533 5.79 1.82

named according to the PFN solution concentration, such as
PFN-0.1 (fabricated with 0.1 mg ml~" PFN solution).

As shown in Fig. 2b and Table 1, when the thickness of the
PFN layer increases, the turn-on voltage (Vr) decreases first
and then increases. It indicates that a suitable thickness of the
PFN layer can favor the injection of electrons. However, when
the PFN layer is too thick, it blocks the charge transfer and
makes the series resistance in the internal device become
bigger. For the luminance, compared with the device without
PFN as ETL, the devices with PFN as ETL all demonstrate
higher luminance. The corresponding maximum EQE
(EQEmax) or current efficiency (CEna..) of the device also
increases when the PFN layer thickness increases. Compared
with the EQE,,.« of the device without PFN as ETL, that of the
device with PFN-1.5 as ETL improves from 0.13% to 1.82%,
which is a improvement of over 10-fold. The maximum lumi-
nance (L) also increased from 1041 ¢d m™~> to 5533 cd m™>.
It is interesting that the performance between the device
without PFN as ETL and the device with PFN-0.1 as ETL are
similar, which indicates that the PFN film is too thin to opti-
mize the interface between ITO and the PFN layer. To make
sure there is no parasitic emission of PFN in the devices, the
electroluminescence (EL) spectra of all devices were also
measured and are shown in Fig. 2d. All of the devices emit
pure green light and the EL spectral curves overlap well. The
peak emission wavelength and FWHM are 517 nm and 21 nm,
respectively, which could demonstrate a saturated green color.
On the whole, the device with PFN-1.0 as ETL exhibits a low V.
and relatively high brightness and EQE,ax.

To find the reason why the PFN could improve the perform-
ance of the device, the superficial roughness of the bare ITO
film and PFN-1.0 film were measured first through an atomic
force microscope (AFM). The results are shown in Fig. 3a and
b, respectively. It was found that the roughness of the film
surface decreased from 3.14 nm (or 2.71 nm for 1 um) to
2.21 nm (or 1.74 nm for 1 pm), which means the PFN film has
a smoother surface that helps the charge transport in the
device. The PL decay of the FA:CsPbBr; NCs on different sub-
strates were also measured, and are shown in Fig. 3c and
Table S1.1 It can be seen that the average lifetime increases
after the PFN layer is inset between ITO and the PNC layer.
When the PFN layer is thicker, the average lifetime of the PL
decay will be longer. Compared with the film without PFN
(ITO/FA:CsPbBr; NCs), the average lifetime of the film with
PFN-1.0 as the inset layer (ITO/PFN-1.0/FA:CsPbBr; NCs)
improves from 19.58 ns to 33.04 ns. It seems that the PFN

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The AFM images of FA:CsPbBrs NC film on (a) bare ITO and (b) ITO/PFN-1.0. (c) The PL decay curves for FA:CsPbBrs NCs fabricated on
different substrates. The inset is the photograph of the FA:CsPbBr3z NCs films on bare ITO or ITO/PFN-1.0 substrates under UV light.
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Fig. 4 The performance of inverted LED devices with different HTL: (a)
current density—voltage curves, (b) luminance-voltage curves, (c)
current density—EQE curves and (d) EL spectra of devices.

inset layer avoids the fluorescence quenching between ITO and
the emission layer. The amine group of PFN also passives the
defects of FA:CsPbBr; NCs, which improves the PLQY of the emis-
sion film. As shown in the inset in Fig. 3c, the FA:CsPbBr; NC
film on the ITO/PFN-1.0 substrate demonstrates higher bright-
ness than the film on the bare ITO substrate under UV light.

To investigate the influence of HTL on the device perform-
ance, two other p-type organic materials di-[4-(N,N-ditolyl-
amino)-phenyl]cyclohexane (TAPC) and N,N'-di(naphthalene-1-
yl)-N,N'-diphenyl-benzidine (NPB) were selected and evapor-
ated during the LED fabrication process. The EL spectra of the
three devices were measured first. The results (as shown in
Fig. 4d) indicate that there is no parasitic emission from PFN.
Although TPAC and NPB have similar HOMO values,>>° the
Vr of the PNC-LED device clearly decreases from 3.0 eV to 2.6
eV (Table 2) when the HTL changes from TPAC to NPB, which
may due to their hole mobility difference. The hole mobility of
TPAC is ~1.0 x 107> m> V™! s7',>**” which is 7 orders of mag-
nitude higher than the electron mobility of PFN (~3.0 x 107°
m® V' s7" (ref. 28)). The hole mobility of NPB is ~1.63 x 107>
m? V™' s7'. Thus, the balance of charge transport in the

This journal is © The Royal Society of Chemistry 2023

Table 2 The performance of inverted LED devices with different HTL

HTL Ve(V)  Lmax(edm™)  CEpax(cdA™)  EQEpax (%)
TAPC 3.0 5754 3.84 1.20
TCTA 2.8 7502 4.82 1.51
NPB 2.6 12 540 6.72 2.07

devices with NPB as HTL is better, which helps to decrease the
Vr and improve the luminance. It should also be noted that the
hole mobility of TCTA (~2.0 x 107> m*> V™' s7' (ref. 29)) is
similar to that of NPB, but the corresponding LED device per-
formance is lower than that of the device based on NPB as HTL.
It should be attributed to the relatively higher energy barrier
between HTL and the emission layer, as shown in Fig. 1c.

Based on the above results, we fabricated semitransparent
PNC-LEDs with PFN as ETL and NPB as HTL, together with
Mo00O;/Au/MoO; as the top electrode (Fig. 5a). The performance
of the semitransparent LED device is shown in Fig. 5. It is
exciting that the EL spectral curves from both top side and
bottom side overlap well (Fig. 5b), which means that the trans-
parent top electrode does not influence the emission feature.
It also can be seen that the current density-voltage curves are
consistent in the whole (Fig. 5d), especially among the low
voltage range. The curve difference in the high voltage region
may be attributed to damage to the device due to the Joule
heating. Due to the different luminance emitted from the top
or bottom side under the same voltage (Fig. 5e), the EQE
values are slightly different (Fig. 5f). The parameters of the
performance are listed in Table 3. Both top and bottom sides
show a low Vi (2.6 eV) and high brightness (over 1600 cd m™?),
together with similar maximum EQE values of about 0.4%.
Although this performance is not as good as the PNC-LED
with a forward structure,'®'®?° it is one of the best perform-
ances among the PNC-LEDs with an inverted structure.'” The
transmittance of the device between 420 and 800 nm is over
50%, with 67% around 520 nm. Compared with the transmit-
tance of ITO, the PFN layer almost has no effect on the device
transmittance. The transmittance loss results from other func-
tional layers. For instance, the transmittance loss around
500 nm should be attributed to the absorption of FA:CsPbBr;
NCs (as shown in Fig. S37). It is exciting that it is easy to see
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Fig. 5 The device structure and performance of the semitransparent inverted LEDs devices. (a) Semitransparent LED device structure. (b) The
photographs of the semitransparent LED device. (c) The transmittance of ITO (black), ITO-PFN-1.0 (red) and semitransparent device (green). The
inset is the photograph of a device with the same structure as the inverted semitransparent PNC-LED device. (d) Current—voltage curves. (e)

Luminance—-voltage curves. (f) EQE—current density curves.

Table 3 The performance of the semitransparent inverted LED device

VT Lmax (Cd Emax (Cd EQEmax
Electrode \%) m™?) AT (%)
Top (MoOs;/Au/ 2.6 1643 1.34 0.40
MoO;)
Bottom (ITO) 2.6 1619 1.31 0.41

the logo through the semitransparent PNC-LED device, as
shown in Fig. 5c, which indicates the potential application in
transparent display products.

4. Conclusion

In summary, we successfully demonstrate the opaque and
semitransparent green LEDs with PFN and FA:CsPbBr; PNCs
as ETL and emission layer, respectively. Through the optimiz-
ation of the thickness of the PFN layer and changing the HTL
material, we achieved the maximum EQE and luminance of
the opaque LEDs at over 2% and 12 000 cd m™>, respectively.
For the semitransparent PNC-LED device, the total emission
achieved a peak luminance of 3262 c¢cd m™>. In addition, the
average transmittance is over 61% in the visible region. Our
study demonstrates the potential application of PNCs for trans-
parent display.
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