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ulation for quantum dot light-
emitting diodes using a-SiNx:H/SiOxNy/hybrid SiOx

barriers

Keun Yong Lim,†ab Hong Hee Kim,†a Ji Hyun Noh,a So Hyun Tak,b Jae-Woong Yu*b

and Won Kook Choi *ac

A facile thin film encapsulation (TFE) method having a triple-layered structure of a-SiNx:H/SiOxNy/hybrid

SiOx (ASH) on QD-LEDs was performed utilizing both reproducible plasma-enhanced chemical vapor

deposition (PECVD) and simple dip-coating processes without adopting atomic layer deposition (ALD).

The ASH films fabricated on a polyethylene terephthalate (PET) substrate show a high average

transmittance of 88.80% in the spectral range of 400–700 nm and a water vapor transmission rate

(WVTR) value of 7.3 � 10�4 g per m2 per day. The measured time to reach 50% of the initial luminance

(T50) at initial luminance values of 500, 1000, and 2000 cd m�2 was 711.6, 287.7, and 78.6 h, respectively,

and the extrapolated T50 at 100 cd m�2 is estimated to be approximately 9804 h, which is comparable

to that of the 12 112 h for glass lid-encapsulated QD-LEDs. This result demonstrates that TFE with the

ASH films has the potential to overcome the conventional drawbacks of glass lid encapsulation.
1. Introduction

Organic electronic devices such as quantum dot light-emitting
diodes (QD-LEDs), organic light-emitting diodes (OLEDs),
organic photovoltaics (OPV), and perovskite solar cells have
attracted much attention for application in large scale and
exible optoelectronic devices due to their high exibility, low
cost, easy fabrication, and light weight.1–6 Among these devices,
QD-LEDs have been extensively explored for display applica-
tions due to their size-tunable emission wavelength, high
quantum yield, narrow emission peaks, and low-cost
manufacturing.7–9 Despite these advantages, QD-LEDs have
a major drawback, similar to OLEDs: their performance dete-
riorates rapidly in atmospheric environments. It is well known
that QD-LED and OLED materials are very vulnerable to mois-
ture and oxygen.10,11 To meet the requirements, encapsulation
should achieve a water vapor transmission rate (WVTR) and
oxygen transmission rate (OTR) of less than 1 � 10�6 g per m2

per day and 1 � 10�5 cm3 per m2 day, respectively.12–14 As shown
in Fig. 1(a), conventional encapsulation with a glass lid or
barrier foil is known as stable encapsulation barrier technology,
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the Royal Society of Chemistry
but limitations such as edge permeation through the sealant
limit upscaling of the device area, make handling difficult, and
cause a lack of exibility.15,16 Many types of encapsulation
methods have been studied to solve this problem. Thin lm
encapsulation (TFE) is considered a potential candidate because
it blocks moisture and oxygen that can penetrate from the edge,
and unlike existing glass lids or barrier foil, it does not use an
adhesive, so contamination that may be caused by the adhesive
can be avoided. In addition, TFE isexible, so it is easy to apply in
bendable, rollable, and foldable displays.16 Several studies related
to TFEs have been carried out, such as inorganic single layers of
SiNx, Al2O3, and SiO2 by PECVD, ALD, and sputtering.17–20 Among
them, the ALD method is considered a promising candidate for
achieving a dense inorganic layer such as Al2O3 because ALD
produces very thin, dense, and uniform lms at low temperature
(<100 �C) via control of the thickness and reaction cycles. More
recent research has reported that ultrahigh barrier lms, dened
as lms having a WVTR lower than �10�6 g per m2 per day, have
been successfully fabricated by adopting ALD.21–27 The ALD
process is, however, expensive due to the use of a vacuum process
and is also unproductive due to a quite low deposition rate and
high precursor gas usage and energy.28,29 Thus, we previously
reported a facile fabrication method for ultrahigh barrier lms
with a WVTR value of 2 � 10�6 g per m2 per day with hydroge-
nated amorphous silicon nitride (a-SiNx:H)/silicon oxynitride
(SiOxNy)/hybrid silicon oxide (h-SiOx) multilayer barrier lms.30,31

In this study, a triple layered structure of a-SiNx:H/SiOxNy/hybrid
SiOx (ASH) on QD-LEDs, as shown in Fig. 1(b), was fabricated as
a thin lm encapsulation for QD-LEDs using both PECVD and
a simple dip-coating method. An approximately 400 nm thick
RSC Adv., 2022, 12, 4113–4119 | 4113
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View Article Online
amorphous hydrogenated silicon nitride (a-SiNx:H) lm was
directly deposited on the QD-LED device by plasma-assisted
chemical vapor deposition (PECVD). Organic modied silica
(ORMOSIL) sols were sequentially coated on a-SiNx:H thin lms
and annealed in an oven at 120 �C for 10 h for the formation of
dense silicon oxynitride (about 8 nm thickness) at the interface
between the a-SiNx:H lm and the hybrid SiOx lm. The total
thickness of the ASH lms was about 1 mm. In the ASH lms, the
interlayer SiOxNy thin lm has a very high density of 3.32 g cm�3

and plays an important role in preventing moisture and oxygen
penetration. At an initial luminance of 100 cdm�2, the estimated
time to reach 50% of the initial luminance (T50) of encapsulated
QD-LEDs of glass/ITO/PEDOT:PSS/PVK/CdSe-ZnS/ZnO/Al with
the ASH lms was 9840 h, and the results were compared with
those encapsulated with a glass lid.
Fig. 2 (a) Optical transmittance spectra of the bare PET substrate,
PET/a-SiNx:H film, and PET/ASH film. The inset shows photograph of
the KIST logo under a PET/ASH barrier. (b) The normalized conduc-
tance curve of bare PET, PET/a-SiNx:H film, and PET/ASH film. The
inset displays a schematic of the Ca sensor. (c) The calculated WVTR
2. Experimental
2.1. Fabrication of a-SiNx:H/SiOxNy/hybrid SiOx high barrier
lm

The a-SiNx:H/SiOxNy/hybrid SiOx hybrid barrier lms were
prepared on 125 mm thick PET (V7610, SKC) substrates of
210 mm � 297 mm. The deposition of the a-SiNx:H layer was
carried out in a parallel plate capacitively coupled radio-
frequency (13.56 MHz) discharge plasma-enhanced chemical
vapor deposition (PECVD) system (JH Tech Co., Ltd.). The base
pressure was kept at 40 mTorr by a rotary and booster pump.
The precursor gas for the deposition of the a-SiNx:H lms was
a mixture of silane (SiH4), ammonia (NH3), and nitrogen (N2) as
a dilute gas at an optimized owing ratio of 25 : 100 : 380
cm3min�1. The deposition was performed at 120 �C for 8min to
obtain 400 nm thick a-SiNx:H lms. Next, a SiOxNy/hybrid SiOx

layer was formed on the a-SiNx:H layer by dip-coating and post-
deposition annealing of an ORMOSIL sol (SOH 204-4, Chang-
sung Nanotech Co., Ltd.) coating. Prior to dip-coating, oxygen
plasma treatment was performed and the ORMOSIL sol was
coated on the a-SiNx:H surface at a withdrawal speed of 3 mm
s�1 with a dip coater (EF-4200, E-Flex, Korea) aer an immer-
sion time of 5 min, and the samples were then annealed at
120 �C for 10 h in an oven (FO600M, JEIO Tech, Korea). During
this annealing process, the ORMOSIL sol reacted with the a-
SiNx:H layer by penetrating and attening it, forming a ca. 8 nm
thick interfacial SiOxNy layer between a-SiNx:H and hybrid SiOx.
values of bare PET, PET/a-SiNx:H film and PET/ASH film from the Ca
test.
2.2. QD-LEDs fabrication and thin lm encapsulation

The multilayer-structured QD-LED was fabricated layer-by-layer
using a spin-casting method and a vacuum evaporation
Fig. 1 (a) Schematic of conventional glass lid encapsulated QD-LEDs
and (b) the ASH films encapsulated QD-LEDs.

4114 | RSC Adv., 2022, 12, 4113–4119
method. The substrates were ultrasonically cleaned using
acetone, ethanol, and deionized water for 15 min and then
treated with O2 plasma for 1 min. PEDOT:PSS (Heraeus, Clevios
PH-1000) was spin-coated on the ITO glass substrates at
4000 rpm for 40 s and baked at 130 �C for 30 min onto the ITO/
glass as a hole injection layer (HIL). The ITO glass substrates
were transferred to a nitrogen glove box where the remaining
fabrication steps were carried out. PVK (Sigma-Aldrich, Mn

25 000–50 000) was spin-coated on top of PEDOT:PSS layer at
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Cross-sectional TEM images of encapsulatedQD-LEDs with the ASH film and (b) themagnified view of the ASH layer. (c) Photograph of
QD-LEDs without encapsulation and encapsulated with the a-SiNx:H film, the ASH film, and glass lid.
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View Article Online
5000 rpm for 40 s and annealed at 130 �C for 30min, followed by
spin-coating of a green QD (CdSe-ZnS) layer on the top of it and
subsequent annealing at 90 �C for 30 min. Then, ETL of ZnO
NPs was deposited on the QD layer using spin-coating at
3000 rpm for 40 s and baked at 130 �C for 30 min. Finally, an Al
cathode lm (120 nm) was deposited by thermal evaporation
through a patterned shadow mask. The following step was thin
lm encapsulation. We deposited the a-SiNx:H layer rst using
the PECVD method, and the hybrid SiOx was dip-coated. Fig. 1
shows the schematic diagram of the nal structure of the
Fig. 4 (a) Luminance–voltage characteristic curve and (b) current densit
and QD-LEDs encapsulated with the a-SiNx:H film, the ASH films, and g

© 2022 The Author(s). Published by the Royal Society of Chemistry
device. Glass lid encapsulation was executed using a UV-curable
sealant (XNR5570-Ba, Nagase ChemteX, Japan) as a reference.
2.3. Characterization and measurement

The microstructure and thickness of the ASH lm-encapsulated
QD-LEDs were characterized by TEM (Titan TM 80-300, FEI,
USA). Optical transmittance was measured with an ultraviolet-
visible (UV-vis) spectrometer (Lambda 18 UV/vis/NIR spec-
trometer, PerkinElmer, USA). The refractive index (n) of the a-
SiNx:H, SiOxNy, and SiOx lms was measured by spectroscopic
y–voltage characteristic curve of the QD-LEDs without encapsulation
lass lid.

RSC Adv., 2022, 12, 4113–4119 | 4115
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Fig. 5 (a) Operational lifetimes of the QD-LEDs without encapsulation, and (b) encapsulated QD-LEDs with the a-SiNx:H film, (c) the ASH films,
and (d) glass lid.
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ellipsometry (RC2-XF, J.A. Wollam Co., USA). To obtain the
WVTR value, the calcium (Ca) test was conducted. First, 100 nm
aluminum (Al) was deposited by thermal evaporation on the
glass substrate (2.5 cm � 2.5 cm). Then, 100 nm of Ca pad was
deposited by thermal evaporation. The area of the Ca pad on the
glass substrate is 1.5 cm2. The Ca pad was sealed with bare PET,
PET/a-SiNx:H and PET/ASH lms using a UV-curable sealant
(XNR5570-Ba, Nagase ChemteX, Japan). All encapsulation
processes were carried out in a nitrogen-lled glove box. Finally,
during degradation of the Ca pad in the climate chamber at
Fig. 6 (a) The estimated T50 of the QD-LEDs without encapsulation, and
lid. (b) Photograph of the encapsulated QD-LEDs with the ASH film imm

4116 | RSC Adv., 2022, 12, 4113–4119
38 �C and 85% RH, the resistance of the sensor was monitored
in situ using the four-point probe system (Keithley 2400, USA).
The I–V–L characteristics of the QD-LED device were measured
using a Spectra Scan PR-670 spectroradiometer and a Keithley
2400 source-measure unit. Operational lifetime test of the
unencapsulated QD-LEDs and QD-LED encapsulated with the a-
SiNx:H lm, the ASH lms, and glass lid were measured by
a McScience OLED Lifetime Test System (M6000 PLUS) at
ambient conditions (temperature, 20–25 �C; relative humidity,
30–70%).
encapsulated QD-LEDs with the a-SiNx:H film, the ASH film, and glass
ersed in water.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

Optical transparency is very important for a barrier lm because
most applications require a transmittance of 90% in the visible
light range. Therefore, the optical transmittance of the ASH
barrier lms was measured in the visible wavelength range of
400–700 nm based on air. As seen in Fig. 2(a), the PET/ASH
barrier lms show an average transmittance (Tavg) value of
88.80% in the range of 400–700 nm, which is comparable to
those of bare PET (88.39%) and PET/a-SiNx:H lm (84.51%). As
shown in the inset in Fig. 2(a), the logo image is clearly visible
through the PET/ASH lms. The measured refractive indices for
a-SiNx:H (n1 ¼ 1.76), SiOxNy (n2 ¼ 1.65), and hybrid SiOx (n3 ¼
1.48) show gradual increase from the top layer (hybrid SiOx) to
the bottom layer (a-SiNx:H).30 Therefore, such a gradient
refractive index plays amajor role in reducing the loss of Fresnel
reection and thus increases the transmittance. The barrier
properties of the PET/ASH lms were characterized by the
calcium corrosion test (Ca test). The Ca test uses a resistance
change according to the degree of Ca corrosion.14,32 Fig. 2(b)
shows the real-time normalized conductance changes in the Ca
lms with bare PET, PET/a-SiNx:H, and the PET/ASH lm over
time under storage conditions of temperature at 38 �C and
relative humidity (RH) at 85%. The schematic cross-sectional
view of the Ca sensor is also provided in Fig. 2(b) inset. The
WVTR value was estimated using eqn (1).32

WVTR ¼ �nMðH2OÞ
MðCaÞ dr

l

b

dð1=RÞ
dt

; (1)

where n is the number of water molecules per calcium atom, M
is the molar mass, d is the calcium density, r is the calcium
resistivity, l is the length of the calcium layer, b is the width of
the calcium layer, R is the resistance of the calcium layer, and t
is the time. The rate of change in the conductance, d(1/R)/dt,
can be extracted from the slope of the calcium test plot.
According to Fig. 2(c), the calculated WVTR values of bare PET,
PET/a-SiNx:H, and the PET/ASH lms through the Ca test are
3.4, 4.5 � 10�2, and 7.3 � 10�4 g per m2 per day, respectively.
The improved barrier properties of the ASH lms are attributed
to the formation of dense SiOxNy between a-SiNx:H and hybrid
SiOx that effectively passivates the leakage channels and elon-
gates the water molecular diffusion length by the formation of
tortuous paths. In our previous study,30 the density for the a-
SiNx:H, SiOxNy, and hybrid SiOx layers were obtained from the
XRR analysis. From the XRR analysis, the density of the SiOxNy

layer was estimated as 3.32 g cm�3, which is higher than the d¼
1.3 g cm�3 of hybrid SiOx and d ¼ 2.28–2.33 g cm�3 of a-SiNx:H.
The mechanism of the formation of dense SiOxNy is discussed
as follows. Hydroxyl (–OH) groups are induced on the oxygen
plasma-treated a-SiNx:H surface through hydrogen bonds and
then react with other –OH groups present on the surface of the
hybrid SiOx lm by hydrolysis. A condensation reaction subse-
quently takes place between the hybrid SiOx and a-SiNx:H in the
annealing step, resulting in the formation of the SiOxNy layer.
The SiOxNy formed by O–Si–N networks can be deduced to be
denser than porous hybrid SiOx and a-SiNx:H containing
abundant hydrogen. This is because the water molecules
© 2022 The Author(s). Published by the Royal Society of Chemistry
formed by hydrogen bonds and the polymer chain derived from
the hybrid SiOx layer diffuse out from the SiOxNy layer during
the 10 h of the critical annealing step. We fabricated green QD-
LEDs consisting of patterned ITO, PEDOT:PSS as a hole injec-
tion layer (HIL), PVK layer as a hole transport layer (HTL), CdSe-
ZnS QDs as the emission layer (EML), ZnO as the electron
transport layer (ETL), and Al as the cathode. PEDOT:PSS/PVK/
CdSe-ZnS QDs/ZnO are fabricated on a glass/ITO substrate by
spin-coating. The Al layer is deposited by thermal evaporation.
Aerwards, thin lm encapsulation using the ASH lms was
carried out over the Al top layer. Fig. 3(a) presents cross-
sectional TEM images of the ASH barrier layer-encapsulated
QD-LED devices. The ITO (150 nm)/PEDOT:PSS/PVK (45 nm)/
CdSe-ZnS (30 nm)/ZnO (50 nm)/Al (100 nm) of the QD-LEDs
and the ASH lms consisting of a-SiNx:H (398 nm) and hybrid
SiOx (527 nm) are obviously visible. In the magnied view of the
ASH layers (Fig. 3(b)), the formation of an interfacial layer of
SiOxNy with 7.81 nm thickness is clearly identied between a-
SiNx:H and hybrid SiOx. Fig. 3(c) presents real images of the QD-
LED devices encapsulated with the a-SiNx:H lm, the ASH lms,
and glass lid, respectively. In the photograph, the red-dashed
square region indicates the area of the thin lm encapsula-
tion fabricated on the QD-LED devices. As shown Fig. 3(c), the
TFE process with the ASH lms appears to have no damage to
the QD-LEDs. To evaluate the performance of the QD-LEDs
encapsulated with the ASH layers, we measured their elec-
trical characteristics before and aer the encapsulation process.
Fig. 4 shows the change of current density (mA cm�2) and
luminance (cd m�2) of the QD-LEDs as a function of the applied
forward bias. Except for the QD-LEDs with no encapsulation,
the electrical behavior of the current density and luminance of
the QD-LEDs show a similar pattern. The turn-on voltages of all
QD-LED devices, including the unencapsulated QD-LEDs, were
all identical at about 4 V. The maximum luminance was 13 530
cdm�2 for the ASH lm-encapsulated QD-LEDs and those of the
unencapsulated, the a-SiNx:H lm-encapsulated, and glass lid
QD-LEDs were 10 589, 13 650, and 15 910 cd m�2, respectively.
Based on these results, the luminance of the QD-LEDs encap-
sulated by the ASH lms is 85% that of QD-LEDs with a glass lid,
which proves that the ASH-TFE process has a little inuence on
the electroluminescence of QD-LEDs. In order to investigate the
long-term stability of the QD-LEDs, we performed an opera-
tional lifetime test of unencapsulated, a-SiNx:H lm, ASH lm,
and glass lid-encapsulated QD-LEDs at a current corresponding
to an initial luminance of about 500, 1000, and 2000 cd m�2.
Fig. 5 shows the change of luminance (cd m�2) of the QD-LEDs
versus the exposure time in an operational lifetime test. The
lifetime of the unencapsulated QD-LEDs and those encapsu-
lated with a-SiNx:H degraded rapidly when exposed to air. On
the other hand, the ASH lms and glass lid encapsulated QD-
LEDs show device lifetimes (T50) of 711.6, 287.7, and 78.6 h at
initial luminance values of 500, 1000, and 2000 cd m�2 and
1234.2, 411.6, and 145.6 h at initial luminance values of 510,
1350, and 2500 cd m�2, respectively. In addition, we estimated
the T50 value at 100 cd m�2 using the empirical formula (eqn
(2))33 and the raw data shown in Fig. 5.
RSC Adv., 2022, 12, 4113–4119 | 4117
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L0
n � T50 ¼ constant, (2)

where L0 is the initial luminance and n is the acceleration factor.
As shown Fig. 6(a), the estimated T50 at 100 cd m�2 for

unencapsulated and a-SiNx:H-encapsulated QD-LEDs by
extrapolation was also calculated to be less than 1000 h. On the
other hand, the ASH layer-encapsulated QD-LEDs show quite
a long estimated T50 of 9804 h, which is comparable to that of
the 12 112 h for glass lid-encapsulated QD-LEDs. As shown in
Fig. 6(b), the ASH lm-encapsulated QD-LEDs were successfully
and endurably operated even in water. This result demonstrates
that the ASH-TFE process has the potential to overcome the
conventional drawbacks of glass lid encapsulation.
4. Conclusion

We encapsulated a-SiNx:H/SiOxNy/hybrid SiOx (ASH) barriers on
QD-LEDs without physical and chemical damage using
consecutive facile and very reproducible PECVD and simple dip-
coating processes. In the ASH lms, the SiOxNy thin lm
between a-SiNx:H and hybrid SiOx has a very high density of
3.32 g cm�3 and was found to be the most effective layer for
preventing moisture permeation in terms of the barrier prop-
erties. In a spectral range of 400–700 nm, the ASH barrier lms
have an average transmittance of 88.80%. The WVTR value was
measured to be 7.3 � 10�4 g per m2 per day by the electrical Ca
test. Electrical performance and operational lifetime tests were
performed to determine whether thin lm encapsulation could
be applied to the QD-LEDs. The ASH-encapsulated QD-LEDs
behaved identically before and aer the ASH-TFE process. The
T50 values measured at the initial luminance values of 500,
1000, and 2000 cd m�2 are 711.6, 287.7, and 78.6 h, respectively,
and the extrapolated T50 at 100 cd m�2 is estimated to be
approximately 10 000 h. This result demonstrates that ASH-TFE
has the potential to overcome the conventional drawbacks of
glass lid encapsulation. We expect that our proposed ASH-TEF
will overcome the shortcomings of the existing glass lid
encapsulation and be utilized as an encapsulation technology
that can be applied to organic electronic devices.
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