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ABSTRACT: Compared to colloidal quantum dots, nanostructured multilayer films
may also be a promising emission layer in future light-emitting diodes, due to their .
excellent photoluminescence (PL), narrow full width at half-maximum (FWHM), 5
and wide color gamut. In this paper, multilayer-structured deep-blue light-emitting
diodes (LEDs) were prepared, where nanostructured ZnSe/ZnS multilayer films act
as the light-emitting layer. The device showed good blue electroluminescence (EL)
spectrum locating at 448 nm with an FWHM of 31 nm. To improve the performance
of the device, the effect of preparation parameters of different layers was investigated
in detail. The results demonstrated that the preparation parameters of each layer
affected the performance in different ways, and choosing the most suitable
preparation parameters can achieve optimal performance. Furthermore, this
multilayer-structured device based on nanostructured films as emission layer can
also be applied in green and red LEDs or all-inorganic QLEDs.

1. INTRODUCTION

With the rapid development of information technology, the
display field faces enormous opportunities and challenges. In
the past decades, light-emitting diodes based on colloidal
quantum dots' ™ have been attracting increasing attention.
Quantum dots (QDs) have excellent properties, including high
color purity, high photoluminescence (PL) quantum yield,”
and good stability.” In particular, tunable emission wavelength
based on the size of particles can cover the entire visible light
area. These studies mainly focused on Cd-based QDs, such as
CdSe QDs,° CdS QDs,” CdS/ZnS QDs,® CdSe/CdS core/
shell QDs,” and CdSe/ZnS/CdS/ZnS core/multishell QDs."°
However, due to the toxicity of Cd, the application of Cd-QDs
and related devices is greatly limited, especially in the
biological field.'"'* On the other hand, the heterojunction
structure can make full use of the different properties of the
two materials constituting the heterojunction and has excellent
properties, including strong quantum effect, large mobility, and
peculiar two-dimensional space characteristics. It has been
widely used in many different fields such as double-
heterojunction ZnS/ZnSe/CdTe used in photovoltaic struc-
ture,"” transparent p-NiO/n-ZnO heterojunction applied in
devices for ultraviolet photodetectors,'* and especially in
heterojunction solar cells.'>"¢

Therefore, it is very meaningful to combine the advantages
of nanomaterials and heterojunctions. We propose to prepare a
kind of blue electroluminescent devices based on ZnSe/ZnS
nanoheterogeneous films as the light-emitting layer (EML) and
expect to take the best advantages of the properties of ZnSe
and nanostructured heterojunction. First of all, compared to
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CdS and CdSe, ZnSe has significant advantages in the UV-blue
region due to the larger band gap of 2.7 eV'” and less
toxicity.'® Tt is resulted that ZnSe has been used in many
photoelectric fields, including lasers,"® thin-film transistors,”’
cell imaging,”" blue light-emitting devices,”* solar cells,” etc.
Second, nanostructured films and quantum dots have similar
properties, such as high luminous efficiency, good stability, and
adjustable emission spectra. Finally, in our previous research,
nanostructured ZnSe/ZnS multilayer thin films with excellent
blue photoluminescence (PL) have been prepared by electron
beam evaporation, where ZnSe acts as a light-emitting layer
and ZnS$ acts as a passivation layer,”* which makes full use of
the unique properties of ZnSe and ZnS in the heterojunction.

In this study, we reported on the demonstration of
multilayer-structured deep-blue LEDs, where nanostructured
ZnSe/ZnS multilayer films act as EML. Then, to improve the
performance of device, we mainly studied the effects of
different structural layers on device performance, including
annealing temperature, thickness of P-type layer as well as
substrate. Blue LEDs are one of the key parts in full-color
electroluminescent displays and white LEDs. We hope that this
novel structure will contribute to the research of blue LEDs
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and offer a new direction for the realization of full-color
displays (Figure 1).

Device structure Preparation method

Magnetron sputtering

Spin Coating

Electronbeam evaporation

»—> Magnetron sputtering

Figure 1. Schematic structure of blue LEDs based on nanostructured
ZnSe/ZnS multilayer films.

2. RESULTS AND DISCUSSION

2.1. Crystalline Structures. To determine the crystallinity
of the ZnS/ZnSe multilayer film, we performed X-ray
diffraction (XRD) of ZnSe particles, ZnS particles, and
annealed nanostructured ZnSe/ZnS multilayer thin films, as
shown in Figure 2. Some strong and weak diffraction peaks are
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Figure 2. XRD patterns of ZnSe particle, ZnS particle, and annealed
nanostructured ZnSe/ZnS multilayer thin film.

observed. The planes (002), (110), and (112) of ZnS particle
locate at 20 = 28.5, 47.5, and 56.4°, respectively,
corresponding to wurtzite Zn$S structure (JCPDS: 79-2204).
The diffraction peaks of ZnSe particle at 20 ~ 27.2, 45.2, and
53.5° are attributed to the (111), (220), and (311) planes,
respectively, in agreement with the cubic ZnSe structure
(JCPDS:88-2345). However, the strength of the crystallization
peak changes after the multilayer film is prepared. The peaks
(200) and (220) of ZnSe locate at 260 ~ 31.5 and 45.2°,
respectively, which also agree well with the cubic ZnSe
structure (JCPDS: 88-234S). The diffraction peaks at 20 =
28.5, 47.5, and 56.4° correspond to the (002), (110), and
(112) crystal orientations of wurtzite Zn$ structure (JCPDS:
79-2204). In addition, the other diffraction peak at 20 = 33.1°
comes from Si substrate. It is confirmed that the annealed films
tend to grow in certain specific crystal directions and have
good crystal quality, being beneficial to device performance.
2.2. Device Characterization. The electroluminescence
(EL) test of the device is shown in Figure 3a. It can be seen
that the I—V curve has typical diode characteristic under

(a) (b)

~ « (0.19. 0.08)

CIEY
°

@

o

.3

§ @ %0
Wavelength (nm)

0 S 10 5 20 25 T -
Voltage (V) 02 04 06 08
CIEX
(c)
o .
- @ @
Y = Yo
-3 Qo Ssq
D
|
-4 | @ ~ '
g i
-5 LD~ 2
ZoS, \ N-Si
" aSe
6 ZnS
-7 E
=
MgO
-3 MgO

Figure 3. Characterization of device performance: (a) I-V curve of
the device; the inset shows the EL spectrum and EL photograph at 23
V. (b) CIE of the device. (c) Detailed electroluminescence
mechanism of the device.

forward bias. The turn-on voltage is about 16.5 V, which is
slightly hi%her than those of other hybrid quantum dot
devices.”>”® It is reported that the insulating property of MgO
and the weak conductivity of the thick ZnS layer lead to this
phenomenon.”” The current increased significantly with
increasing forward bias. When the turn-on voltage is 24 V,
the current of the device can reach up to approximately 12 mA.
The inset is an electroluminescent photo at a voltage of 24 V in
a dark environment, showing bright blue color. The
corresponding electroluminescence spectrum locates at 448
nm with a full width at half-maximum (FWHM) of 31 nm. By
calculating the electroluminescence spectrum, the color
coordinates of (0.19, 0.08) can be obtained, which is close
to the saturated deep blue color shown in Figure 3b.

The electroluminescence mechanism of the device where
nanostructured ZnSe/ZnS multilayer thin films act as light-
emitting layer (EML) is analyzed. The detailed energy-level
structure and electroluminescence mechanism of the blue
LEDs are shown in Figure 3c. Figure 3c (left) shows that the
electroluminescence mechanism of the device is electron—hole
composite luminescence. Due to the smaller band offset
between PEDOT:PSS and EML than that between Si and
EML, it is easier for holes to inject into EML than electronics.
In addition, due to the blocking effect of the MgO layer, the
holes will accumulate at the EML/MgO layer interface.
Therefore, compared to PEDOT/EML, the recombination
position of electrons and holes in the EML is closer to the side
of MgO layer and still occurs in the light-emitting layer. The
specific composite process of electron—hole is shown in Figure
3c (right). First, electrons tunneling through MgO thin films
recombine with the accumulated holes, forming interfacial
charges transfer (CT) excitons, or exciplex states. Second,
energy will be released by the recombination of these CT
excitons and then transferred to the proximal electrons coming
from n-Si through an Auger process. Third, many high-energy
electrons are produced after absorbing energy, which can
tunnel through the thin MgO layer and inject into the
conduction band of MgO or ZnS more easily. Because the
conduction band energy of ZnS is higher than that of ZnSe,
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Table 1. Different Preparation Parameters of the Devices (SI, SII, and SIII)

preparation parameter thickness of MgO layer (nm) annealing temperature (°C)

SI 10 620, 640, 660, 680
i 660
SIII 660

spin coating speed of PEDOT:PSS (rpm) resistivity of substrate (Q-cm)

4000 0.005
3000, 3500, 4000, 4500, S000 0.005
0.005, 2—4

these high-energy electrons can inject into the conduction
band of ZnSe successfully. Finally, the recombination of high-
energy electrons and holes derived from the valence band of
ZnSe will release photons, whose emission energy is equal to
the band gap of ZnSe.

2.3. Influence of Annealing Temperature. To improve
the performance of the device, we first studied the effect of
annealing temperature. A series of devices (SI) with different
annealing temperatures (620, 640, 660, 680 °C) were
prepared, named as S1, S2, S3, and S4, respectively. The
detailed preparation parameters are shown in Table 1.

It is reported that annealing temperature mainly affects the
crystal quality of the films, which is beneficial to improve the
performance of the device. All of the devices with different
annealing temperatures have typical diode characteristic under
forward bias, as demonstrated in Figure 4. As the annealing
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Figure 4. I-V curves of the devices with different annealing
temperatures. The insets show the corresponding EL photographs
of the devices at 23 V.

temperature increases, the current gradually increases. The
insets show the EL photographs of the different devices at 23 V
in a dark environment. It can be observed that the brightness
shows different trends. The EL photograph of the device
annealed at 660 °C shows brighter intensity and better
uniformity than other temperatures.

The effects of temperature on the device are further analyzed
through EL, PL, and turn-on voltage, as shown in Figure S.
From Figure Sa,b, it can be seen that the PL and EL intensity
first increases and then decreases, as the annealing temperature
increases. The position of the luminescence peak is blue-
shifted simultaneously. The intensity trends of PL and EL are
the same, as shown in Figure Sc. Both the PL and EL
intensities reach a maximum at 660 °C. Therefore, we can
conclude that electroluminescence of devices depends on the
photoluminescence of EML. As our previous reports, annealing
temperature affects the properties of nanostructured ZnSe/
ZnS multilayer thin films directly.”* Figure 6 describes the
XRD and scanning electron microscopy (SEM) images of
nanostructured ZnSe/ZnS multilayer thin films annealed at
different temperatures ranging from 620 to 680 °C. It can be
observed that as the annealing temperature increases, the

intensity of the crystallization peak first increases and then
decreases, reaching the highest value at 660 °C, as shown in
Figure 6a. Generally speaking, a higher annealing temperature
leads to better crystallization, resulting in enhanced lumines-
cence efficiency. Nevertheless, the degree of crystallization can
be damaged by an excessively high temperature, reducing the
crystallinity and PL intensity. In addition, the size of the
nanofilms crystalline particles gradually increases from 620 to
680 °C, as shown in Figure 6b. The change in the crystalline
size at higher temperature could be another reason for the
observed blue shift of the PL. Furthermore, S and Se will lose
more at higher annealing temperatures. Thinner films make
total resistance of the device lower, which results in increasing
current and decreasing turn-on voltage, as demonstrated in
Figure 5d.

2.4. Influence of P-Type Layer Thickness. Spin-coated
PEDOT:PSS was used as a hole injection layer in our device.
The effect of different thicknesses of PEDOT:PSS on device
performance was also investigated. A series of devices (SII)
with different thicknesses of PEDOT:PSS were prepared using
different rotation rates to control the thickness of PEDOT:PSS
during spin coating. The detailed parameters are shown in
Table 1, i.e., S5, S6, S7, S8, and S9.

Figure 7 describes the I-V curves of the devices with
different thicknesses of PEDOT:PSS. All of the devices show
representative diode characteristics. It can be observed that the
current of devices increases obviously with an increase rotation
rate from 3000 to 5000 rpm. However, the EL intensity has not
been increasing all of the time, as shown in the EL photographs
of the devices at 24 V. The corresponding EL intensity is
demonstrated in Figure 8a. As the rotation rate increases, the
EL intensity first increases and then decreases, reaching a
maximum at 4000 rpm spin speed. It is believed that the spin
speed has a direct effect on the thickness of the films. The
thickness of the PEDOT:PSS gradually becomes thinner as the
spin speed increases. The cross-sectional SEM images of the
devices were characterized, as shown in Figure 8c. It is
observed that the thickness of PEDOT:PSS decreases with the
increasing rotation rate. It changes from 87.4 to 21.6 nm when
the rotation rate increases from 3000 to 5000 rpm, as shown in
Figure 8b. The thinner P-type layer further reduces the overall
resistance of the device. Therefore, the turn-on voltage of the
device lowers and the current increases. Furthermore,
electron—hole balance is one of the key factors affecting
device performance.”® If the thickness of the PEDOT:PSS
layer is too thin, the hole injection concentration will decrease,
reducing the effective recombination amount of the electron—
hole. Further, poor electron—hole balance will weaken the EL
intensity. Therefore, the optimum spin speed is 4000 rpm in
this device, corresponding to about 43.7 nm of the
PEDOT:PSS film.

2.5. Influence of Substrate. Furthermore, the effect of n-
Si substrate with different resistivities on device performance is
also investigated. Two kinds of n-Si substrates with different
resistivities of 0.005 and 2—4 Q-cm were used in the devices,
named as S10 and S11, respectively. The relevant I-V test
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Figure S. Variation of different parameters of the device with temperature: (a) PL spectra; (b) EL spectra; (c) comparison of EL and PL trends;

and (d) turn-on voltage of the devices.
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Figure 7. I-V curves of the devices with different rotation rates of
PEDOT:PSS. The insets show the EL photographs of the devices at
24 V.

results are shown in Figure 9. The inset shows the EL
photographs at different voltages. It is clear that the device with
lower-resistivity substrate has better performance, greater

24570

current, and stronger electroluminescence. The substrate
with a lower resistivity has a higher doping concentration,
with the ability of injecting more electrons. It also reduces the
total resistance of the device. Therefore, selecting a substrate
with a lower resistivity is more beneficial to improve the
performance of the device.

In fact, the effect of the thickness of the MgO layer on the
device had also been explored, as reported in our previous
article.”” Herein, we will not discuss it in detail in this paper. In
brief, the MgO films as interfacial modification layer not only
improve the crystallization quality and increase the compact-
ness of the nanostructured ZnSe/ZnS multilayer thin films but
also greatly suppress exciton quenching and enhance the EL
intensity. The optimum thickness of MgO films is about 10
nm. Therefore, appropriate structure layer and other oxide and
preparation parameters to reduce the turn-on voltage and
improve the performance of the device are very meaningful.
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3. CONCLUSIONS

In summary, we successfully demonstrated high-performance
multilayer-structured deep-blue LEDs, where nanostructured
ZnSe/ZnS multilayer films act as the light-emitting layer, MgO
film acts as the interfacial modification layer, and PEDOT:PSS
acts as the hole injection layer. This device exhibits saturated
deep blue color, locating at 448 nm with a FWHM of 31 nm.
In addition, the effects of different structural layers on device
performance were investigated. The annealing temperature
mainly affected the properties of nanostructured ZnSe/ZnS
multilayer films, including crystal quality, PL strength, and film
thickness. The thickness of PEDOT:PSS had influence on hole
injection concentration. The resistivity of substrate affected
electron injection and resistance of the device distinctly.
Therefore, choosing suitable preparation parameters can
achieve optimal performance. Furthermore, this multilayer-
structured device using nanostructured films as a light-emitting
layer can also be applied in green and red LEDs or all-
inorganic QLEDs.

4. EXPERIMENTAL SECTION

In this work, three series of novel blue LEDs with high-quality
nanostructured ZnSe/ZnS multilayer thin films as EML were
fabricated, which have different annealing temperatures,
thicknesses of P-type layer, as well as different substrates.
The basic structure of the device consisted of ITO/

24571

PEDOT:PSS/EML/MgO/n-Si/Ag, and each structural layer
was prepared by the preparation method shown in Figure 1.
The purchased ZnSe particles (99.99%, purity), ZnS particles
(99.99%, purity), MgO particles (99.99%, purity), and
PEDOT:PSS solution (1.4%, concentration) were used
directly, without any further purification or treatment. The
detailed preparation processes and parameters were as follows.
First, 10 nm MgO films were deposited on n-Si substrate by
electron beam evaporation, with growth rates of 0.5—0.6 A/s.
Second, 3.5 nm ZnSe and 14 nm ZnS films were alternately
deposited on MgO films. The total layers of ZnSe and ZnS
were 20. The growth rates were 0.5—0.6 and 0.8—1.0 AJs,
respectively. During this deposition process, the vacuum of the
cavity was maintained 2.0 X 107 Pa. Third, the deposited
multilayer films were annealed in a quartz tube for an hour,
with a 200 sccm flow rate of N,. Fourth, 200 uL of the
PEDOT:PSS solution was dropped on the annealed films and
spin-coated with different rotating speeds for 20 s in air. Before
spin coating, the annealed films were treated in an ultraviolet
environment for 15 min. After spin coating, the films were
annealed again at 150 °C for 10 min in air. Finally, 100 nm
ITO as cathode and 150 nm Ag as anode electrodes were
deposited on the surface of the films and the back side of Si
substrate by magnetron sputtering, respectively. All of the
performances of devices were measured directly at room
temperature in air, without any packaging.

The XRD measurements of ZnSe particles, ZnS particles,
and nanostructured ZnSe/ZnS multilayer films were made on a
Bruker D8 X-ray diffractometer, using a Cu-Kr radiation source
(4 =1.5405 A). The XRD patterns ranged from 20 to 60°, with
a step size of 0.02° and a scan rate of 2°/min. The
morphologies of the surface and cross-section were charac-
terized by scanning electron microscopy (SEM). The current—
voltage (I-V) characteristics of the devices were tested by a
Keithley 2410 device. The photoluminescence (PL) and
electroluminescence (EL) spectra were obtained by an
ACTON 150 CCD spectrometer.
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