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Abstract

Perovskite light-emitting diodes (PeLEDs) are attracted in next-generation emitter

for display that has numerous optoelectronic properties. However, the operational

lifetime of PeLEDs is still less than other commercialized light-emitting diodes

(LEDs) due to the interface degradation of perovskite when applied electrical bias.

We found that catastrophic failure has occurred interface between hole transport

layer (HTL) and perovskite layer is a major hindrance of low operational stability

in PeLEDs. Here, we breakthrough the degradation at the interface using a sodium

fluoride (NaF) interlayer between HTL and perovskite for interface passivation

effects such as reduced interface trap density and suppression of the carrier

dissociation. Furthermore, the NaF interlayer was acted as an excellent ion

blocking layer, which can efficiently prevent the ion migration of bromide ion from

perovskite layer to anode. As a result, the PeLEDs with NaF interlayer showed

dramatically improve operational lifetime of a 3.7 times better lifetime than that of

conventional PeLEDs, and exhibited high current efficiency (70.90 cd/A) and

external quantum efficiency (14.82 %). In this study, we reveal the effects of using

NaF interlayer that able to prevent interface degradation, thereby enhances both

operating stability and luminous efficiency in PeLEDs.
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Chapter 1. Introduction

Recently, perovskite light-emitting diodes (PeLEDs) has been spotlighted as a

promising next-generation light emitter because of their numerous advantages such

as high color purity (full width at half maximum(FWHM)≤20nm), low material

cost, simple color control over full visible spectra(possibility of wide wavelength

tunability by mixing other ions), solution-processability at low temperature, low

energy disorder, and high charge carrier mobility.1–6 Therefore, PeLEDs was

rapidly researched as a next-generation display material for realizing the vivid-

color display.

However, PeLEDs suffer from commercialization in terms of stability unlike

organic light-emitting diodes(OLEDs) and quantum-dot diodes(QDs) which are

currently commercialized and used in real markets. So, many researchers have

been studied various strategies to overcome the lifetime issues of PeLEDs in recent

years. There have been many reports to improve the stability of PeLEDs such as

modifying perovskite emitting materials, device engineering, outcoupling

approaches, and advanced encapsulations.7

Because, organic-inorganic hybrid perovskite materials have an intrinsic feature

of compound semiconductors with ABX3 crystal structure, which is vulnerable to

external environments such as temperature, moisture, and ambient air.8–10
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Especially when applied with electrical bias, ion migration easily occur and the

ions can be accumulated at the defect site in perovskite film or interface with other

layers such as hole transport layer(HTL) and electron transport layer(ETL).11–13

This problem causes critical degradation in PeLEDs, thus it must be overcome for

the used commercial market. However, the mechanism of interfacial degradation,

ion migration occurring at interface, and especially catastrophic failure behavior

under rapid increase of driving voltage has not been reported yet.

In this study, we focused on preventing ion migration-induced degradation

through device engineering using the diffusion-blocking interlayer. Especially,

degradation in PeLEDs has mainly been related to ion migration that occurred from

Perovskite emission layers to interfaces and other layers when applied the electrical

bias on PeLEDs. Thus, blocking ion migration pathways between the emission

layer (EML) and charge transport layers(e.g., HTL, ETL) is critical task to improve

the lifetime of PeLEDs.

A conventional way to suppress the ion migration is to insert a buffer layer such as

TFB14, Di-NPB15, PTAA16, PVK17, and PFI18 between the PEDOT:PSS which

using as the HTL and the perovskite emission layer. They can suppress the ion

migration and passivate defects at interfaces. Especially, PFI with PEDOT:PSS

solution (GraHIL) can easily form the hole transport layer on glass substrate by

spin-coating process and PFI which segregated on the top of PEDOT:PSS enable to
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prevent the quenching in perovskite and PEDOT:PSS interface. However, even if

using GraHIL, we still see the pore induced by degradation at the interface of

perovskite and GraHIL when applied electrical bias. This catastrophic failure

ascribed to electrochemical reaction at the perovskite layer resulted in delamination

of EML on HTL, making large pores and non-emissive regions by the formation of

methylamine gas.19

Here, preventing the degradation at the interface, we applied the metal fluoride

(NaF) interlayer between the Emitting material layer (EML) and HTL (GraHIL).

Metal fluoride has been known as an inter-layer on the advantages such as high

resistance of solvents and contributes to interface passivation effects.20,21 By

incorporating the NaF interlayer, interfacial degradation that occurred on the

interface between EML and HTL could be suppressed, increasing the lifetime of

PeLEDs. In this work, PeLEDs with NaF interlayer devices showed a dramatic

enhancement in the long operational lifetime owing to the preventing the

degradation between HTL and EML, which led to an extremely inhibit Br- ion

migration when applied electrical bias.
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Chapter 2. Experiments

2.1. Materials

All reagents were as received without any purification.

1,3,5-Tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBI, OSM) was purchased

from OSM. Lead bromide (PbBr2, > 99.99%) was purchased from TCI.

Methylammonium bromide (MABr, > 99.99%), Guanidinium bromide (GABr, >

99.99%) and Formamidinium bromide (FABr, > 99.99%) were purchased from

Dyesol. 4-Fluoro-Phenethylammonium bromide (4F-PEABr, > 99%) was

purchased from Greatcell Solar Materials

Cesium bromide (CsBr), sodium fluoride (NaF, 99.99% trace metal basis),

chlorobenzene (CB, 99.8%, anhydrous), lithium fluoride (LiF, 99.99% trace metal

basis), dimethyl sulfoxide (DMSO, 99.8%, anhydrous), Benzyl phosphonic acid

(BPA, 99%) were purchased from Sigma-Aldrich.

2.2. Preparation of Perovskite Solution

For the synthesis of FMGC(FABr, MABr, GABr, CsBr)PbBr3 perovskite, we

dissolving FABr, MABr, GABr, CsBr and PbBr2 (Mol ratio of FABr, MABr,
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GABr, CsBr : PbBr2 = 1.15 : 1) in DMSO with BPA and 4F-PEABr (BPA and 4F-

PEABr were used as additive), the solution was stirred overnight in N2-filled Glove

box.

2.3. Fabrication of PeLEDs

Glass/FTO/GraHIL/NaF/FMGC Perovskite film/TPBi/LiF/Al was fabricated as

below.

First, FTO patterned glasses were sonicated in acetone and 2-propanol for 15 min

each, then boiled in 2-propanol for 30 min and dried in the oven. Second, FTO

glasses were treated for 15 min with UV-Ozone to make the hydrophilic surface.

3rd, GraHIL were spin-coated in Spin-Coater(thickness of GraHIL is about 70nm),

then baked at 120℃ for 30min. 4th, each sample was transferred into a thermal

evaporation and NaF(1nm) was thermally deposited in a high-vacuum chamber

(<10-7 Torr) with a deposition rate of 0.1Å/s. 5th, samples were transferred into a

glove box and FMGC perovskite solution dissolved in DMSO were spin coated

onto them to form a 250nm thickness. During FMGC perovskite spin-coating

process, its surface was treated by nanocrystal pinning (NCP) process22 using

addition of solutions of 0.1 wt. % 1,3,5-tris (2-N-phenylbenzimidazolyl) benzene

(TPBI) dissolved in chlorobenzene (CB), then annealed at 70℃ for 10min.

Finally, samples were thermally deposited in sequence, TPBI as an ETL, LiF as an
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electron injection layer (EIL) and Al as a cathode in high-vacuum chamber(<10-7

Torr) with a deposition rate of 1, 0.1 and 1 Å/s. Fabricated PeLEDs were

encapsulated with glass lid by using epoxy resin.

2.4. Characterizations of Perovskite films.

Surface and cross-sectional images of Si/GraHIL/NaF/Perovskite film were

measured using a field-emission scanning electron microscope (SEM, ZEISS) at

the National Instrumentation Center for Environmental Management, Seoul

National University.

The X-ray diffraction (XRD) measurements were performed by an X-ray

diffractometer (Bruker MILLER Co.) with Cu Kα radiation (λ = 1.54056 Å). XRD

data were gained in the 2θ range of 10°-40° at room temperature.

Photoluminescence (PL) spectra were measured by using a JASCO FP8500

spectrofluorometer.

Ultraviolet/visible absorption spectra of the Glass/GraHIL/NaF/Perovskite films

with glass encapsulation under N2 atmosphere were obtained using UV-Vis

spectrophotometer (Cary-5000).

PL lifetime was measured by time-correlated single-photon counting (TCSPC)

(PicoHarp 300 TCSPC module (PicoQuant GmbH) with same samples used in PL

and UV-Vis measurement.

Surface morphology was measured by atomic force microscope (AFM, NX-10,
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Park system) at the Research Institute of Advanced Materials, Seoul National

University.

2.5. Characterizations of PeLEDs.

The current-voltage-luminance (J-V-L) characteristics of PeLEDs were measured

by using a Keithley 236 source measurement, a Minolta CS2000 spectroradiometer

and control computer.

Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) was measured with

a ToF-SIMS (Ion-ToF SIMS 5, Germany) in the National Center for Inter-

University Research Facilities, Seoul National University.

Operational lifetime of PeLEDs was measured by using a M760 Lifetime Test,

operational jig (Mcscience Inc.) and control computer.
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Chapter 3. Results and Discussion

3.1. Structure and Principal scheme of Using NaF interlayer

Here, we report the PeLEDs with preventing the degradation between HTL

(GraHIL composed of PEDOT:PSS and a perfluorinated polymeric acid,

tetrafluoro-oethylene-perfluoro-3,6-dioxa-4-methyl-7-octene-sulfonic acid

copolymer (PFI)) and EML (FMGC perovskite film) that are fabricated by using

NaF interlayer for long operational lifetime.

The schematic device structure and cross-sectional SEM image of PeLEDs are

shown in Fig. 1(a) and (b). The schematic mechanism of using NaF interlayer was

diagrammatically suggested in Fig. 1(c)

In the previous report18, the PFI in the GraHIL can reduce the hoe injection

barrier and prevent exciton quenching that occurs at the interface between HTL and

EML, however, when applied electrical bias, degradation was still occurred at

interface as shown in Supplementary Fig. 5.

It demonstrates the rich PFI can effectively blocks the carrier quenching at

interface between PEDOT:PSS and perovskite films, and also make large hole

injection by reduce the energy barrier through an increase of HIL work function
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(WF). But it does not fully cover the surface trap and ion diffusion occurred at

interface. Therefore, we insert the NaF interlayer which used as an additional

buffer layer that does not hinders hole current injection and can reduce the interface

trap between HTL and EML.

In this study, the thickness of NaF interlayer was controlled under 4nm. Because if

use alkali fluoride interlayer that are too thick, tunneling effects for charge

injection cannot occur23, then it acts as an insulator.

Thus, NaF interlayer on the top surface of GraHIL can reduce interface trap that

occurs at the interface between HTL and EML, can also block the ion migration

flow into the anode. From these advantages, use of the NaF interlayer at the

interface could also increase photoluminescence (PL) intensity and PL lifetime,

device optical property and dramatically enhance the operational lifetime of

PeLEDs, which will be discussed below.
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Figure 1. A) Schematic diagram of the PeLED device structure, B)

Cross sectional SEM image of PeLED device C) Main mechanism of

when using NaF Interlayer between GraHIL and Perovskite film (Left :

without NaF Interlayer, Right : with NaF Interlayer)
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3.2 Interface trap passivation effects of Using NaF interlayer

To characterize the optical property of using NaF inter-layer, we fabricated the

perovskite film samples with Glass / GraHIL / NaF / FMGC perovskite film and

measured the PL spectra, UV-vis absorption spectrum (Fig. 2(a)) and PL lifetime

(Fig. 2(b)).

Perovskite films with NaF interlayer and without NaF interlayer showed same PL

peaks around at 545nm regardless of the NaF thickness. It shows that the NaF

interlayer does not affect the perovskite film’s electronic structure or stoichiometric

composite, and just act as an interlayer. Further, to investigate the crystallinity of

perovskite, we conducted the X-ray diffraction (XRD) measurement and confirmed

that any significant difference was not observed when using NaF interlayer.

Supplementary Fig.1. It is also consistent with the SEM images shown in

Supplementary Fig.2.

However, the PL intensity of perovskite films with NaF interlayer was

significantly increased compared to that without NaF interlayer. It clearly proved

that without any change in the perovskite film’s characteristics like crystallinity,

using NaF interlayer can induce interface passivation effect and contribute to the

high PL efficiency.

We also measured PL lifetime to confirm that NaF interlayer suppressed the

carrier quenching at interfacial defect between GraHIL and perovskite film by



12

TCSPC measurement. All samples were encapsulated with glass lid to avoid other

external effects.

We used bi-exponential decay model to calculate the PL lifetime (τ) and fraction

(ƒ) which suggests that two components (1) fast-decay component with τ1 and ƒ1

related to trap-assisted non-radiative recombination at grain boundaries and (2)

slow-decay component with τ2 and ƒ2 related to radiative recombination inside the

grains.24

The summarized results (fast and slow PL lifetimes and fractions) are shown in

Table 1. The average PL lifetime of perovskite film with NaF interlayer (736ns at

3nm NaF, best in all samples) showed much longer than that without NaF

interlayer (139ns, worst in all samples).

The increase in τavg when using NaF interlayer indicates that preventing the carrier

dissociation and hole transfer at interface between GraHIL and perovskite film.
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Figure 2. A) UV-vis absorption spectrum and PL Intensity image of

perovskite films on Glass/GraHILwith NaF Interlayer thickness from 0

to 4nm B) Transient PL spectrum image of perovskite films on

Glass/GraHILwith NaF Interlayer thickness from 0 to 4nm.

w/ NaF 4nm 1,662 23.29 437 76.71 722

w/ NaF 3nm 1,733 26.86 369 73.14 736

w/ NaF 2nm 446 34.23 55 65.77 189

w/ NaF 1nm 471 37.83 66 62.17 219

w/o NaF
(GraHIL)

290 39.09 43 60.91 139

Films τ
1
[ns] ƒ

1
[%] τ

2
[ns] ƒ

2
[%] τ

avg
[ns]

Table 1. Summarized fast and slow PL lifetimes and fractions calculated

by the bi-exponential decay model.

To further study the interface passivation effect of NaF, we measured trap-filling-
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limited voltages (VTFL) and trap density (nt) by using hole-only devices (HOD).

The HOD are consists of Glass / FTO / GraHIL / NaF / FGMC perovskite / MoO3 /

Au with different thicknesses of NaF. This device structure is to define the hole

injection properties in bulk perovskite film according to NaF interlayer or not. The

trap-filling-limited voltages are defined as the voltage at the intersections of ohmic

contact region (n = 1) and trap-filling region (n > 3) and the trap density of the hole

traps can be estimated by using following equation:

(1)

where ε is relative dielectric constant (25.5 for MAPbBr3)25, ε0 is the vacuum

permittivity, e is the electron charge, and L is the thickness of the perovskite film

(~250nm). As a result, calculated results of VTFL and nt are shown in Table 2. The

J-V characteristics of Hole only devices with NaF interlayer are shown in Fig. 3(a)

and Hole trap density of perovskite film calculated from J-V curves are shown in

Fig. 3(b).

We obtained VTFL of using NaF interlayer devices (3 and 4nm) were 0.171 V, while

that of GraHIL-only device was 0.250 V. As the NaF thickness increases, the VTFL

of HOD using NaF interlayer decreases and saturates at NaF 3nm. Similarly, trap

density (nt) of using NaF interlayer devices showed same trends. Without NaF

device has 1.770 x 1016cm-3, with NaF devices are gradually reduced from 1nm

(1.610 x 1016 cm-3) to 3 nm (1.211 x 1016 cm-3) and saturates at NaF 3nm.
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This result ascribed that using over 3 nm NaF interlayer exhibit the passivation

effect due to form the monolayer. However, 1, 2 nm of NaF interlayer showed

island growth and could not fully cover on the top of GraHIL owing to a random

distribution of evaporated NaF. Therefore, trap density was reduced by increasing

NaF interlayer, and becomes dominant when the NaF thickness is 3nm which

formed monolayer. Thus, 3nm thickness of NaF is the critical point of using NaF

interlayer and it is very effective for interface passivation effect.

To confirm the monolayer of NaF between GraHIL and perovskite film, we

analyze the cross-sectional TEM and elemental mapping of PeLEDs device. As

show in Supplementary Fig.6, NaF was observed as well forming a monolayer on

top of GraHIL. In addition, when NaF formed a monolayer, wettability and

morphology of perovskite film were slightly improved compared to use of NaF 1, 2

nm. (Supplementary Fig.4, 5).

This trend demonstrates that NaF interlayer (≥ 3 nm) efficiently prevent the carrier

quenching and reduce trap density at the interface between GraHIL and perovskite

film. It is well-match with PL intensity and PL lifetime data. (Fig 2.)

These results of reduced interface trap and passivation effect by using NaF

interlayer can explain the improved the optical property of perovskite films.
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Figure 3. A) Hole only devices with NaF Interlayer (Thickness from 0 to

4nm). B) Hole trap density of Perovskite film calculated from the J-V

curves versus the NaF Thickness.

w/ NaF 4nm 0.171 1.211

w/ NaF 3nm 0.171 1.211

w/ NaF 2nm 0.199 1.409

w/ NaF 1nm 0.227 1.610

w/o NaF (GraHIL) 0.250 1.770

HOD
(Hole only device)

V
TFL

(Trap-filling limited

voltages) [V]

n
t
(Trap density)

[x 10
16
cm

-3
]

Table 2. Summarized trap-filling-limited voltages and trap density with

different thickness of NaF Interlayer.
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3.3 Device characteristics of PeLEDs using NaF interlayer

We fabricated PeLEDs using NaF interlayer between GraHIL and perovskite films

as an interlayer (different NaF thickness from 0 to 4nm) and characterized their

Current density (J) - Voltage (V) - Luminance (L) characteristics. (Fig 4.)

According to effects of interface trap passivation using NaF interlayer, we expect

that device characteristic is improved by preventing the carrier quenching and

charge-accumulate at interface between GraHIL and perovskite film.

As a result, all PeLEDs with NaF interlayer showed better current efficiency (CE,

Cd/A) and external quantum efficiency (EQE, %) compare to those without NaF

interlayer device. PeLEDs with 3nm of NaF interlayer had the highest CE (70.90

cd/A) and EQE (14.82%), compared with that of PeLEDs without NaF interlayer

with the lowest CE (50.89 cd/A) and EQE (10.57%). Especially, PeLEDs with NaF

3, 4 nm have higher power efficiency at low current density than PeLEDs without

NaF interlayer. Table 3.

It demonstrated that using NaF interlayer can reduce the interface trap and inhibit

non-radiative recombination at interface by preventing the 1st order trap-assisted

recombination. Thus, accords with the results that we explained above, the device

characteristics have improved compared to our conventional device (only use

GraHIL).
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Figure 4. I-V-L images of PeLEDs with NaF Interlayer thickness from 0

to 4nm A) J-V curves, B) CE-V Curves, C) L-V Curves, D) EQE-V

curves E) C.E-J Curves, F) P.E-J Curves
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w/ NaF 4nm 164,351 69.94 14.49 21.43
w/ NaF 3nm 156,177 70.90 14.82 22.64
w/ NaF 2nm 143,955 63.97 13.35 35.58
w/ NaF 1nm 130,362 64.16 13.37 29.14

w/o NaF
(GraHIL)

143,510 50.89 10.57 48.05

Devices Luminance

[cd/m
2
]

Current
Efficiency
[cd/A]

EQE
[%]

Current Density @
Max P.E

[mA/cm
2
]

Table 3. Device characteristic of PeLEDs with NaF interlayer thickness

from 0 to 4nm.

3.4 Stability and ion migration of using NaF interlayer.

The PeLEDs using NaF interlayer showed dramatic enhancement of long
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operational lifetime compared to without NaF interlayer. (Fig. 5)

The measurement was conducted under constant current (CC) condition at initial

luminance of PeLEDs being at 100 cd m-2 for every device until the luminance

reaches 50% of its initial brightness, and the time passed for that, half-lifetime (L50),

was compared to estimate the operational stability. The relative luminance of

PeLEDs over time showed that PeLEDs with 3nm of NaF interlayer had much

longer operational lifetime (L50: 33.4 hours) than PeLEDs without NaF interlayer

(L50: 9 hours), which is more than 3.7 times longer operational stability. (Fig. 5 (a))

We also investigated the applied voltage of PeLEDs over time, which showed

similar results that PeLEDs with NaF interlayer had much longer operational

lifetime (PeLEDs with NaF 3 and 4nm interlayer: over than 35 hours functional

time) than PeLEDs without NaF interlayer (has only 9 hours). (Fig 5(b))

The steeper voltage increase in the voltage curves of PeLEDs indicates that the

catastrophic failure was occurred at that time. It was due to electrochemical

reaction at the interface between GraHIL and perovskite layer result in

delamination of perovskite film.19 Thus, despite having the strong potential for long

operational stability, PeLEDs has a tremendous negative effect on lifetime due to

electrochemical etching at interface when applied bias. Therefore, using NaF

interlayer between HTL and EML can effectively prevent the degradation at

interface.
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Figure 5. Images of PeLEDs with NaF Interlayer (from 0 to 4nm) over

time under constant current at initial luminance of PeLEDs have an

emission of 100 cd m-2) A) Luminance curves B) Voltage curves.
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To further investigate the possible role of NaF interlayer which affect the long

operational lifetime, we focused on ion migration suppressive effect at the interface

when using NaF interlayer. We expect that NaF interlayer enables the excellent ion

blocking function in terms of preventing catastrophic failure during operation of

PeLEDs. Therefore, we investigated the presence and distribution of Br- in the

PeLEDs according to device operation time. Because the ion migration of Br- was

occurred from the perovskite film and could reach the anode, causing the

electrochemical etching at interface and electrode corrosion. The measurement was

conducted by using time of flight-secondary ion mass spectroscopy (ToF-SIMS) to

measure the depth profiles of the atomic species in perovskite films.

As shown in Fig 6, ion migration of Br- (a solid line) was observed that it moved

from the EML (perovskite) side to anode (FTO) side after device operation.

As expected, PeLEDs without NaF interlayer represented rapid movement of Br-

ion migration over time with significant peak shift from EML toward HTL and

anode side. (Fig. 6 (a)). However, there was no peak shift of Br- ion migration in

PeLEDs with NaF interlayer, until even 20 hours passed. Only little shift was

confirmed after 40 hours of device operation. (Fig. 6 (b))

This difference indicates that NaF interlayer can effectively prevent the ion

migration from perovskite to anode under device operation, and it also showed that

NaF interlayer can be a great solution to achieve long operational lifetime of
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PeLEDs.

Figure 6. ToF-SIMS depth profiles images of Perovskite films after

applied electrical bias. (a dotted line: Tin Oxide, a solid line: Bromine)

A) Br- depth profile in the perovskite film without NaF Interlayer

B) Br- depth profile in the perovskite films with NaF Interlayer (4nm)
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Chapter 4. Conclusion

In summary, we investigated strategies to prevent degradation at the interface

between EML and HTL for the long operational lifetime of PeLEDs. We observed

the degradation at the interface, that can induce catastrophic failure under

operational conditions. Thus, to suppress the interface degradation of PeLEDs, we

inserted a NaF blocking layer between GraHIL and perovskite film to inhibit the

ion migration and reduce the interfacial defects. Therefore, we could improved the

optical property of PeLEDs, ⅰ) PL intensity, ⅱ) PL lifetime and ⅲ) Device

characteristics (CE: 70.90 cdA-1 and EQE: 14.82 %) by interface trap passivation

effects such as suppression of carrier quenching, non-radiative- recombination, and

charge accumulation at the interface. Furthermore, the huge impact of NaF

interlayer is extreme enhancement on long-term stability of PeLEDs. We noted that

the PeLEDs with NaF interlayer showed 3.7 times better operational lifetime than

conventional PeLEDs without NaF interlayer, and also identified the role of NaF

interlayer, which can efficiently prevent the degradation induced by ion migration

from the perovskite film to the anode.

This work provides that interface degradation is an important problem in the

stability of PeLEDs and verifies the enhancive lifetime results by preventing the

interface degradation with NaF interlayer between HTL and EML. We hope this
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study will be helpful for improving the operational lifetime of PeLEDs.
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Figure S1. XRD (X-Ray Diffraction) results of Perovskite films on

Glass/GraHILwith NaF Interlayer thickness from 0 to 4nm
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Figure S2. SEM (Scanning Electron Microscopy) image of perovskite

films on Glass/GraHILwith NaF Interlayer thickness from 0 to 4nm A)

without NaF, B) 1nm, C) 2nm, D) 3nm, E) 4nm
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Figure S3. Contact angles of DMSO Solution on Glass/GraHIL with

NaF Interlayer thickness from 0 to 4nm A) without NaF, B) 1nm, C)

2nm, D) 3nm, E) 4nm, F) Contact angles of Glass/GraHIL/NaF films

with different thickness of NaF (0 to 4nm)
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Figure S4. AFM (Atomic Force Microscopy) image of perovskite films

on Glass/GraHIL with NaF Interlayer thickness from 0 to 4nm A)

without NaF, B) 1nm, C) 2nm, D) 3nm, E) 4nm, F) Contact angles and

Roughness of Glass/GraHIL/NaF films with different thickness of NaF

(0 to 4nm)
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Figure S5. Cross-sectional SEM image of PeLEDs device

A) Before applied electrical bias B) After applied electrical bias
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Figure S6. A, B) Cross-sectional TEM image of PeLEDs device

C) Elemental mapping image of PeLEDs device (Na)
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Abstract (한글 초록)

페로브스카이트 발광다이오드는 그들이 가지는 다양한 광, 전자적 성

질로 인해 차세대 디스플레이 발광 재료로 각광받고 있다. 하지만, 소자

구동을 위한 전기적 바이어스를 걸어주었을 때 발생하는 계면 열화로 인

해서 이미 상용화된 다른 발광 다이오드들에 비해 수명이 현저히 낮은

문제를 가지고 있다.

우리는 정공수송층과 페로브스카이트 발광층 사이 계면에서 일어나는

치명적인 열화가 페로브스카이트 발광다이오드의 구동 수명을 심각하게

저해한다는 것을 확인하였으며, 이를 개선하기 위해서 우리는 정공수송

층과 페로브스카이트층 사이에 중간층으로 NaF를 적용하여 인터페이스

트랩 밀도 감소 및 캐리어 분리 억제와 같은 계면 패시브 효과를 이루어

냈다.

또한, NaF 중간층의 경우 소자 구동 시 발생하는 브롬 이온의 양극층

이동을 효과적으로 억제하였으며, 이로 인해 NaF를 적용한 페로브스카

이트 발광다이오드는 기존 소자 대비 약 3.7배 향상된 작동 수명 과 높

은 전류 효율(70.90cd/A) 및 외부양자효율(14.82%)을 보여주었다.

본 연구에서 우리는 NaF 중간층의 계면 열화 억제효과를 밝히고, 이를

통해 페로브스카이트 발광다이오드의 수명 및 효율 개선을 이루어 냈다.

주요어 : 페로브스카이트발광다이오드, 인터페이스 패시브, 이온 이동,

열화, 수명, NaF

학 번 : 2019-26443
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