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Abstract: The effective reflective anode remains a highly desirable component for the fabrication
of reliable top-emitting organic light-emitting diodes (TE-OLEDs) which have the potential to be
integrated with complementary metal-oxide-semiconductor (CMOS) circuits for microdisplays. This
work demonstrates a novel laminated anode consisting of a Cr/Al/Cr multilayer stack. Furthermore,
we implement an ultra-thin titanium nitride (TiN) layer as a protective layer on the top of the
Cr/Al/Cr composite anode, which creates a considerably reflective surface in the visible range,
and meanwhile improves the chemical stability of the electrode against the atmosphere or alkali
environment. Based on [2-(2-pyridinyl-N)phenyl-C](acetylacetonate)iridium(III) as green emitter and
Mg/Ag as transparent cathode, our TE-OLED using the TiN-coated anode achieves the maximum
current efficiency of 71.2 cd/A and the maximum power efficiency of 66.7 lm/W, which are 81% and
90% higher than those of the reference device without TiN, respectively. The good device performance
shows that the Cr/Al/Cr/TiN could function as a promising reflective anode for the high-resolution
microdisplays on CMOS circuits.

Keywords: organic light-emitting diodes; bottom reflective anode; titanium nitride; complementary
metal-oxide-semiconductor; microdisplays

1. Introduction

Microdisplays featuring high resolution and aperture ratios of emitting pixels have the
potential to revolutionize the near-to-eye applications ranging from healthcare and military
to personal entertainment [1–6]. The first commercial microdisplay, which combined
inorganic light-emitting diode backlights and liquid crystal displays [7–9], had a relatively
low field angle and a relatively small field of view, making them unsuitable for various
applications. Fortunately, organic light-emitting diodes (OLEDs) have been emerging as
the emitting pixel of microdisplays due to their advantages in high contrast, fast response,
and low-temperature effect [10–13]. A feasible way to maximize the display resolution
comes from integrating OLEDs with the circuits utilizing complementary metal-oxide-
semiconductor (CMOS) transistors on Si [14,15]. Since the opaque Si-based circuits generally
require top-emitting OLEDs (TE-OLEDs), the bottom anode is therefore one of the most
critical components in the TE-OLEDs. The anode should meet with high optical reflectivity,
low electrical resistivity, and suitable work function for efficient injection of holes [16–18].
In addition, the anodes may be exposed to the ambient before the fabrication of TE-OLEDs
on top since they are commonly provided from a separated pre-process in the CMOS
foundry [19,20]. Therefore, the chemical stability and CMOS-process compatibility of the
anodes should also be carefully considered for the preparation of efficient TE-OLEDs.
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Over the years, researchers have explored various materials for the anode of TE-
OLEDs, including Al, Ag, Ni, Au, etc. [16–18,21,22]. Among them, Al and Ag have
considerably high reflectivity (typically above 90%), which makes them suitable for the
electrode. However, the work function of Al and Ag are generally around 4.3 eV, which is
not high enough to inject holes to the highest occupied molecular orbitals (HOMOs) of the
adjacent hole-transporting layers (HTLs). This could be addressed by using post-treatments
further to improve the work function of Al and Ag [16,21,23–25]. For instance, Wang et al.
employed Al/Ni to replace Al and obtained a work function approaching 5.2 eV [21]. Lee
et al. reported using O2 plasma treatment to increase the work function of Ag anode by
0.4 eV and successfully decreased the turn-on voltage of TE-OLEDs from 17 to 7 V [23]. On
the other hand, since Ag has less process compatibility with the CMOS foundry, Al seems
to be one auspicious material as the anode of TE-OLEDs. However, Al is very sensitive
to oxygen and easy to be oxidized in the ambient. Therefore, it is still urgent to develop
high-work function and chemically stable anodes based on the Al metal.

Owing to its unique properties, such as high hardness and melting temperature
(2900 ◦C), titanium nitride (TiN) is promising in many applications ranging from the
coating of cutting tools to diffusion barriers of microelectronic devices [26–28]. In this
work, we designed a new silicon-based anode structure for green TE-OLEDs. The anode is
composed of Cr/Al/Cr/TiN, which has good reflectivity, high work function, and excellent
chemical stability. Using Cr/Al/Cr/TiN as the bottom anode enables the accomplishment
of highly efficient TE-OLEDs, showing its great potential for industrial applications.

2. Materials and Methods

For the fabrication of TE-OLEDs, the SiO2 substrates used were cleaned with deionized
water and ethanol for 10 min each time. Followed by drying in an oven, the substrates were
treated in an ultraviolet ozone ambient for 15 min for further removing the contaminations
on the surface. Then, the as-designed laminated anodes were deposited by magnetron
sputtering under a vacuum of 10−3 Pa. A 5-nm-thick Cr layer was firstly prepared onto the
substrate under the Ar atmosphere with a pressure of 2 Pa, using a DC power of 200 W. A
35-nm-thick Al layer was then prepared on the surface of the Cr layer under the same Ar
atmosphere with an RF power of 200 W. A second Cr layer was deposited as its first layer.
TiN was formed by adjusting the pressure to 2 Pa under the Ar and N2 atmosphere with a
DC power supply of 200 W. For comparison, a Mo-coated Cr/Al/Cr/Mo electrode was
prepared by depositing a 5-nm-thick Mo layer onto the Cr/Al/Cr under the Ar atmosphere
with a pressure of 2 Pa, using a DC power of 200 W. Note that these layers were deposited
through a shadow mask, the patterned Cr/Al/Cr, Cr/Al/Cr/TiN, and Cr/Al/Cr/Mo
were therefore formed on the quartz substrate.

Then, the top-emitting OLED devices were prepared in a FS-450 thermal evaporator
(Suzhou Fangsheng, Suzhou, China) under the vacuum condition with the basic pressure
below 4.0 × 10−4 Pa. After the patterned substrate was transferred to the vacuum chamber,
organic, and metallic layers were sequentially deposited with the evaporation rates of
0.5~5.0 Å/s. The emitting area of TE-OLED devices was defined as 9 mm2 by the cross
section of the electrodes.

To conducting the alkali-resistant test, 0.5 g of NaCO3 powder was added to 80 mL of
deionized water, and the solution was stirred with a glass rod to dissolve the powder. The
pH test paper was used to test the alkalinity of the solution, which was controlled at about
10. The Cr/Al/Cr/TiN and Cr/Al/Cr/Mo coated substrates with different variables were
soaked in an alkaline solution. Then they were put into an ultrasonic cleaner for ultrasonic
treatment, with the temperature maintained at 50 degrees and the frequency at 100 Hz.

Film morphologies were examined by G500 field emission scanning electron micro-
scope (Carl Zeiss, Oberkochen, Germany) and atomic force microscope (Asylum Research,
Oxford Instruments, Abingdon, UK). The reflectivity was determined used a Lambda
950 UV-vis-NIR spectrophotometer (Perkin Elmer Inc., Waltham, MA, USA). The sheet
resistance of the electrodes was measured by a ST2258A four-point probe method (Jingge,
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Suzhou, China). The ultraviolet photoelectron spectroscopy (UPS) spectra were obtained
on a ESCALAB 250Xi photoelectron spectrometer (ThermoFisher Scientific, Waltham, MA,
USA) using HeI irradiation with hν = 21.22 eV. The value of WF is determined from the
secondary electron cutoff using the relation WF = hν−

(
EF − Ecuto f f

)
, where hν, EF, and

Ecuto f f are the photon energy of the excitation light (21.22 eV), the Fermi level edge, and the
measured secondary electron cutoff, respectively. The current density–voltage–luminance
characteristics and EL spectra of unpackaged OLED were measured simultaneously by a
computer-controlled programmable Model 2400 power source (Keithley, Beaverton, OR,
USA) and a PR 655 Spectra Scan (Photo Research Inc., Chatsworth, GA, USA).

3. Results and Discussion

In this work, we design and fabricate a considerably reflective anode for the TE-
OLEDs, which has the potential to be integrated with the CMOS circuits for microdisplays.
The anode consists of a laminated structure including Cr (5 nm)/Al (35 nm)/Cr (5 nm),
as schemed in Figure 1a. To improve the chemical stability of the composite anode, an
ultrathin TiN layer with different thicknesses (i.e., 1, 3, and 5 nm) is coated on the surface
of top Cr layer as a protective layer. The previous work has reported the Cr/Al/Cr
as a promising anode for TE-OLEDs [29,30]. However, the chemical stability and hole
injection effectiveness of the Cr/Al/Cr were yet addressed. Atomic force microscope
(AFM) characterization reveals the TiN forms a smooth and pinhole-free film on the surface
of Cr/Al/Cr due to the addition of the Cr adhesive layer (Supplementary Figure S1 in
the Supporting Information). The root-mean-square roughness (Rq) of composite anode
reduces with the increase of TiN thickness and is determined to be 1.63 nm as 5 nm TiN is
used. The smoothened surface due to the addition of TiN may alleviate the electric field of
point discharge and significantly avoid the short circuit issue in OLEDs [31].
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Effects of the TiN coating on the optical and electric properties of composite anode
were also studied. As shown in Figure 1b, the multilayer stacks without and with TiN show
almost identical reflectance spectra, with the relatively high reflectance of 70~80% over the
visible light region. In terms of electric property (seen in Supplementary Figure S2), the
sheet resistances of the composite cathodes with 1, 3, and 5 nm TiN are determined to be
5.1, 6.4, and 8.8 Ω/�, respectively. The results imply that the addition of TiN can retain a
high reflectance and a low sheet resistance for the metallic multilayers, which indicates a
minimal photonic or electric loss when incident light or charge current goes through the
Cr/Al/Cr/TiN layer, thus ensuring its applicability as an anode material.

To assess the effectiveness of TiN in protecting the active metallic electrodes, an aging
test was conducted by storing the as-prepared Cr/Al/Cr and Cr/Al/Cr/TiN (5 nm) films
in an ambient with a relative humidity of 85% and a temperature of 85 ◦C. Figure 2 shows
the optical microscope images of the samples after 100 h of storage. As anticipated, the
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Cr/Al/Cr seems to be corroded in the ambient, which is evidenced by the bright spots in
the optical microscope image. In contrast, the Cr/Al/Cr/TiN film after the same aging test
remains a clear and uniform pattern, suggesting the coating of TiN could form a barrier to
protect the Cr and Al from corrosion by oxygen or moisture.

Molecules 2022, 27, x FOR PEER REVIEW  4  of  11 
 

 

to be 5.1, 6.4, and 8.8 Ω/ , respectively. The results  imply  that  the addition of TiN can 

retain a high reflectance and a  low sheet resistance  for  the metallic multilayers, which 

indicates a minimal photonic or electric loss when incident light or charge current goes 

through the Cr/Al/Cr/TiN layer, thus ensuring its applicability as an anode material. 

To assess the effectiveness of TiN in protecting the active metallic electrodes, an aging 

test was conducted by storing the as‐prepared Cr/Al/Cr and Cr/Al/Cr/TiN (5 nm) films in 

an ambient with a relative humidity of 85% and a temperature of 85 °C. Figure 2 shows 

the optical microscope images of the samples after 100 h of storage. As anticipated, the 

Cr/Al/Cr seems to be corroded in the ambient, which is evidenced by the bright spots in 

the optical microscope image. In contrast, the Cr/Al/Cr/TiN film after the same aging test 

remains a clear and uniform pattern, suggesting the coating of TiN could form a barrier 

to protect the Cr and Al from corrosion by oxygen or moisture. 

 

Figure 2. Optical images of the Cr/Al/Cr/TiN anodes (a) without and (b) with TiN after being stored 

in the ambient for 100 h. 

In most manufacturing processes the substrate cleaning generally proceeds in an al‐

kaline environment. Therefore, we performed the alkali‐resistant test of the Cr/Al/Cr/TiN 

anode by subjecting the sample to ultrasonic treatment in a sodium bicarbonate solution 

(pH = 10). To make a comparison, another electrode composited of Cr/Al/Cr/Mo with 5 

nm Mo was fabricated and tested in the same manner as Cr/Al/Cr/TiN. Figure 3 shows 

the reflectance spectra of these two films before and after the different duration of ultra‐

sonic  treatment. After being  treated  for 15 s,  the reflectance of  the Cr/Al/Cr/TiN drops 

from 75.2% to 69.3% at a wavelength of 530 nm, whereas for the Cr/Al/Cr/Mo the reflec‐

tance drops from 56.6% to 32.2%. We also measured the sheet resistance of the composite 

electrodes before and after the ultrasonic treatment, as shown in Table 1. Noticed that the 

sheet resistances of Cr/Al/Cr/TiN are much lower than those of Cr/Al/Cr/Mo, since Mo 

has quite a low electrical resistivity of ca. 5 μΩ∙cm due to its metallic nature, while TiN is 

generally considered as wide energy gap material with a relative high resistivity of 21.7 

μΩ∙cm  [26]. However,  both  absolute  values  of  sheet  resistance  for  Cr/Al/Cr/Mo  and 

Cr/Al/Cr/TiN are far below the general requirement of electrodes used for OLEDs (~30 

Ω/□). After the treatment for 15 s, the sheet resistance of the Cr/Al/Cr/TiN electrode only 

increases by 27%, while that of the Cr/Al/Cr/Mo electrode increases by 126%. Clearly, the 

ultrasonic treatment results in the degradation of both composite electrodes reflected by 

the reduction of reflectance and increase of sheet resistance. However, the changes in re‐

flectance  and  sheet  resistance  of  Cr/Al/Cr/TiN  are  much  smaller  than  those  of 

Cr/Al/Cr/Mo, indicating the alkali‐resistant property of the composite electrodes is suc‐

cessfully improved by the TiN layer. 

Figure 2. Optical images of the Cr/Al/Cr/TiN anodes (a) without and (b) with TiN after being stored
in the ambient for 100 h.

In most manufacturing processes the substrate cleaning generally proceeds in an alka-
line environment. Therefore, we performed the alkali-resistant test of the Cr/Al/Cr/TiN
anode by subjecting the sample to ultrasonic treatment in a sodium bicarbonate solution
(pH = 10). To make a comparison, another electrode composited of Cr/Al/Cr/Mo with
5 nm Mo was fabricated and tested in the same manner as Cr/Al/Cr/TiN. Figure 3 shows
the reflectance spectra of these two films before and after the different duration of ultrasonic
treatment. After being treated for 15 s, the reflectance of the Cr/Al/Cr/TiN drops from
75.2% to 69.3% at a wavelength of 530 nm, whereas for the Cr/Al/Cr/Mo the reflectance
drops from 56.6% to 32.2%. We also measured the sheet resistance of the composite elec-
trodes before and after the ultrasonic treatment, as shown in Table 1. Noticed that the
sheet resistances of Cr/Al/Cr/TiN are much lower than those of Cr/Al/Cr/Mo, since
Mo has quite a low electrical resistivity of ca. 5 µΩ·cm due to its metallic nature, while
TiN is generally considered as wide energy gap material with a relative high resistivity
of 21.7 µΩ·cm [26]. However, both absolute values of sheet resistance for Cr/Al/Cr/Mo
and Cr/Al/Cr/TiN are far below the general requirement of electrodes used for OLEDs
(~30 Ω/�). After the treatment for 15 s, the sheet resistance of the Cr/Al/Cr/TiN elec-
trode only increases by 27%, while that of the Cr/Al/Cr/Mo electrode increases by 126%.
Clearly, the ultrasonic treatment results in the degradation of both composite electrodes
reflected by the reduction of reflectance and increase of sheet resistance. However, the
changes in reflectance and sheet resistance of Cr/Al/Cr/TiN are much smaller than those
of Cr/Al/Cr/Mo, indicating the alkali-resistant property of the composite electrodes is
successfully improved by the TiN layer.
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Table 1. The sheet resistance of the Cr/Al/Cr/TiN and Cr/Al/Cr/Mo anodes under the ultrasonic
treatment for a different time.

Sample Sheet Resistance after Treating for Different Times (Ω/�)
0 s 5 s 10 s 15 s

Cr/Al/Cr/TiN 8.8 9.0 9.2 11.2
Cr/Al/Cr/Mo 3.4 5.4 7.6 7.7

To reveal the different roles of TiN and Mo in protecting the metallic electrodes,
scanning electron microscopy (SEM) was utilized to follow the changes in morphology of
Cr/Al/Cr/TiN and Cr/Al/Cr/Mo during the ultrasonic treatment. As seen in Figure 4 (as
well as in Supplementary Figures S3 and S4), the Cr/Al/Cr/TiN shows a similar surface
profile as a function of treatment time with uniformly distributed nanometer-scale domains,
whereas the Cr/Al/Cr/Mo is gradually damaged. The Cr/Al/Cr/TiN exhibits much
stronger alkali-resistant than the Cr/Al/Cr/Mo. This observation could well explain the
different changes in reflectance and sheet resistance of Cr/Al/Cr/TiN and Cr/Al/Cr/Mo
during the alkali-resistant test. It also indicates that the TiN coating has very high corrosion
resistance and is capable to protect the metallic electrode from being destructed under a
harsher environment, such as the ultrasonic treatment.
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The work function (WF) of Cr/Al/Cr/TiN with different thicknesses of TiN was
estimated by means of ultraviolet photoelectron spectroscopy (UPS) [32,33]. Figure 5 shows
their photoemission spectra in the secondary electron cutoff and valence band regions. The
value of WF for the Cr/Al/Cr/TiN with 1, 3, and 5 nm TiN are determined to be 4.19, 4.26,
and 4.59 eV, respectively. The WF of composite anode with 5 nm TiN is comparable to
those of the most anode materials (e.g., ITO~4.8 eV) [34], displaying favorable match with
the HOMO level of common HTLs (5.0–5.4 eV) [35,36]. The WF of Cr and Al used in the
anode are 4.19 eV and 4.27 eV respectively (Supplementary Figure S5). Since an ideal hole
injection requires the HOMO level of HTL being close to the WF of the anode, in the present
work the energy level alignment at the Cr/Al/Cr/TiN/HTL interfaces may facilitate the
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hole injection from the modified anode to the HTL. Note that the addition of HAT-CN as
hole injection layer between anode and HTL layer can further improve the hole injection
ability and overcome the energy barrier. In addition, considering the production cost, the
designed anode structure is better than the noble metal with higher WF such as Au [37].
Thus, these results trigger the use of TiN as an interlayer between the Cr/Al/Cr anode and
the HTL for efficient hole injection in OLED devices.
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Figure 5. UPS spectra of the Cr/Al/Cr/TiN anodes with different thicknesses of TiN.

Then, we examined the electroluminescence (EL) performance of the TE-OLED devices
using the Cr/Al/Cr/TiN anode in comparison with Cr/Al/Cr and Cr/Al/Cr/Mo. The
devices have a general configuration of Cr (5 nm)/Al (35 nm)/Cr (5 nm)/TiN (0 and
5 nm) or Mo (5 nm)/HAT-CN (10 nm)/TAPC (160 nm)/TCTA (10 nm)/CBP: 8 wt%
Ir(ppy)2(acac) (20 nm)/TPBi (45 nm)/Liq (2 nm)/Mg: Ag (9:1) (20 nm)/NPB (70 nm), in
which HAT-CN, TAPC, TCTA, CBP, Ir(ppy)2(acac), TPBi, Liq, and NPB refer to 1,4,5,8,9,11-
hexaazatriphenylenehexacarbonitrile, 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane, tris(4-
carbazoyl-9-ylphenyl)amine, 4,4′-bis(N-carbazolyl)-1,1′-biphenyl, bis [2-(2-pyridinyl-N)ph
enyl-C](acetylacetonate)iridium(III), 2,2′,2”-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimi
dazole), 8-hydroxyquinolinolato-lithium, and N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-
biphenyl)-4,4′-diamine, respectively. Note that NPB is a capping layer, which is reported for
improving the light extraction efficiency of TE-OLEDs [38]. Figure 6c shows energy band di-
agram of the device, in which the values are obtained from the references [39,40]. Figure 7a
compares current density–voltage–luminance characteristics of the top-emitting devices.
The current density of TE-OLED with TiN is much higher than those of devices without TiN.
The turn-on voltage (defined as the voltage at a current density of 0.1 mA/cm2) drastically
decreases from 3.4 to 3.1 V when the Cr/Al/Cr anode is coated with TiN. These results
indicate that the slightly increase work function upon the addition of TiN substantially
reduces the hole injection barrier at the interface between Cr/Al/Cr and HTL. Shown
in Figure 7c,d are the current efficiency (CE) and power efficiency (PE), respectively, of
the top-emitting devices as a function of current density. The efficient hole injection from
Cr/Al/Cr/TiN to TAPC greatly improves the efficiency of the TiN-containing device, with
a maximum CE (CEmax) of 71.2 cd/A and a maximum PE (PEmax) of 66.7 lm/W, which are
much higher than those of devices without TiN (39.2 cd/A and 35.1 lm/W, respectively).

As compared to Cr/Al/Cr/Mo, microcavity effects existing in the TE-OLEDs using
Cr/Al/Cr/TiN may partly account for the improved EL efficiency. Figure 7b shows the nor-
malized EL spectra of the top-emitting devices measured at a current density of 5 mA/cm2.
The device with TiN shows a more saturated color with a narrowed EL spectrum as com-
pared to the Mo-containing device. This could be attributed to the Cr/Al/Cr/TiN being
more reflective than the Cr/Al/Cr/Mo (Figure 4), which will lead to a much stronger
microcavity effect in the TE-OLED [41–43]. Figure 7b also shows the shoulder and peak
in the TEOLED with Mo coated anode structure and the blue shifted emission peak in
TEOLEDs without and with TiN coated anode. This can be attributed to the different
reflectivity of the three anodes under the same optical cavity length. Different reflectivity
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will lead to the deviation between the interference peak of microcavity and the intrinsic
luminescence peak of guest material.
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Figure 6. (a) Schematic structure of TE-OLED using the Cr/Al/Cr/TiN anode; (b) molecular struc-
tures of Ir(ppy)2(acac) and CBP; (c) energy band diagram of the device.
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Figure 7. (a) Current density-voltage-luminance characteristics, (b) normalized EL spectra, (c) current
efficiency versus current density characteristics, and (d) power efficiency versus current density
characteristics of TE-OLEDs using Cr/Al/Cr, Cr/Al/Cr/TiN, and Cr/Al/Cr/Mo. The inset in
(b) shows a typical photograph of the TE-OLED driven at 5 mA/cm2.

By altering the thickness of TAPC, we can tune the microcavity resonance wavelengths
close to the emission peak of Ir(ppy)2(acac) (Supplementary Figure S6). In the allowed
cavity mode (second-cavity mode in our cases), the photon density of states can be spatially
and spectrally redistributed such that the spontaneous emission intensity is enhanced in
the forward direction relative to a noncavity device. The enhancement of the emission
intensity along the cavity axis (at the resonance wavelength) is given by [44]

Ge =
ζ

2

(
1 +
√

R1
)2
(1− R2)(

1−
√

R1R2
)2

τcav

τ
, (1)

where R1 is the reflectance of the bottom anode, R2 is the reflectance of the semi-transparent
cathode, and ζ is the antinode enhancement factor, τcav/τ is the ratio of exciton lifetimes in
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the cavity device and the noncavity device. Given the ζ has a maximum value of 2 and the
τcav/τ approximates to unity, the value of R1R2 could be estimated by [45]

Q =
λ

∆λ
=

2πL
λ

[
− ln(R1R2)

0.5
]−1

, (2)

which relates the Q of the cavity to the resonance wavelength (λ), cavity optical thickness
(L), and mode linewidth (∆λ). We can clearly find that the larger enhancement in EL
efficiency of the Cr/Al/Cr/TiN device relative to the Cr/Al/Cr/Mo device may partly
arises from the increased reflectance of the bottom anode (i.e., the increased Q of the cavity).

4. Conclusions

In conclusion, we demonstrated that the TiN-coated metallic multilayers (Cr/Al/Cr/TiN)
could be used as efficient reflective bottom anode to produce high-performance TE-OLEDs.
The EL efficiency of the device with Cr/Al/Cr/TiN is remarkably higher than those with
Cr/Al/Cr and Cr/Al/Cr/Mo. This is attributed to the slightly increased work function
of Cr/Al/Cr/TiN ensuring an efficient hole injection at the anode/HTL interface and
the relatively high reflectance of Cr/Al/Cr/TiN causing a strong microcavity effect in
TE-OLED. Moreover, the smooth TiN layer forming on the Cr/Al/Cr anode not only
protects the composite electrode from corrosion reaction with oxygen and air moisture,
but also successfully improves the alkali-resistant property of the electrode. Thus, our
study provides an inexpensive but promising anode, which could be used to produce
high-performance and CMOS-compatible TE-OLEDs for microdisplays.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27175723/s1, Figure S1: Atomic force microscope
(AFM) images of the Cr/Al/Cr/TiN anodes with different thicknesses of TiN; Figure S2: Atomic
force microscope (AFM) images of the Cr/Al/Cr/TiN anodes with different thicknesses of TiN;
Figure S3: SEM images of the Cr/Al/Cr/TiN anode under the ultrasonic treatment for a different
time; Figure S4: SEM images of the Cr/Al/Cr/Mo anode under the ultrasonic treatment for a different
time; Figure S5: Electroluminescence spectra of Cr/Al/Cr/TiN-based TE-OLEDs using different
TAPC thicknesses. Figure S6: Electroluminescence spectra of Cr/Al/Cr/TiN-based TE-OLEDs using
different TAPC thicknesses.

Author Contributions: Conceptualization, Q.-S.T. and L.-S.L.; methodology, J.-H.C. and Q.-S.T.;
validation, D.-Y.Z. and L.-S.L.; formal analysis, Z.-H.Q.; investigation, J.-H.C. and Q.-S.T.; resources,
W.H. and X.-Z.Z.; data curation, J.-H.C. and D.-Y.Z.; writing—original draft preparation, J.-H.C.
and D.-Y.Z.; writing—review and editing, D.-Y.Z. and L.-S.L.; visualization, J.-H.C. and Q.-S.T.;
supervision, L.-S.L.; project administration, L.-S.L.; funding acquisition, D.-Y.Z. and L.-S.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Nos.
62175171 and 51821002) and the Natural Science Foundation of Jiangsu Province (BK20221237).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or Supplementary Materials.

Acknowledgments: The authors acknowledge financial support from the National Natural Science
Foundation of China (Nos. 62175171 and 51821002) and the Natural Science Foundation of Jiangsu
Province (BK20221237). This work is supported by Suzhou Key Laboratory of Functional Nano & Soft
Materials, Collaborative Innovation Center of Suzhou Nano Science & Technology, the 111 Project,
and Joint International Research Laboratory of Carbon-Based Functional Materials and Devices.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

https://www.mdpi.com/article/10.3390/molecules27175723/s1
https://www.mdpi.com/article/10.3390/molecules27175723/s1


Molecules 2022, 27, 5723 9 of 10

References
1. Joo, W.-J.; Kyoung, J.; Esfandyarpour, M.; Lee, S.-H.; Koo, H.; Song, S.; Kwon, Y.-N.; Song, S.H.; Bae, J.C.; Jo, A.; et al. Metasurface-

driven OLED displays beyond 10,000 pixels per inch. Science 2020, 370, 459–463. [CrossRef] [PubMed]
2. Hsiang, E.-L.; Yang, Z.; Yang, Q.; Lan, Y.-F.; Wu, S.-T. Prospects and challenges of mini-LED, OLED, and micro-LED displays. J.

Soc. Inf. Display 2021, 29, 446–465. [CrossRef]
3. Meng, W.; Xu, F.; Yu, Z.; Tao, T.; Shao, L.; Liu, L.; Li, T.; Wen, K.; Wang, J.; He, L.; et al. Three-dimensional monolithic micro-LED

display driven by atomically thin transistor matrix. Nat. Nanotechnol. 2021, 16, 1231–1236. [CrossRef] [PubMed]
4. Day, J.; Li, J.; Lie, D.Y.C.; Bradford, C.; Lin, J.Y.; Jiang, H.X. III-Nitride full-scale high-resolution microdisplays. Appl. Phys. Lett.

2011, 99, 031116.
5. Liu, X.; Wu, Y.; Malhotra, Y.; Sun, Y.; Ra, Y.-H.; Wang, R.; Stevenson, M.; Coe-Sullivan, S.; Mi, Z. Submicron full-color LED pixels

for microdisplays and micro-LED main displays. J. Soc. Inf. Display 2020, 28, 410–417. [CrossRef]
6. Choi, H.W.; Jeon, C.W.; Dawson, M.D. High-resolution 128 × 96 nitride microdisplay. IEEE Electron Device Lett. 2004, 25, 277–279.

[CrossRef]
7. Vettese, D. Liquid crystal on silicon. Nat. Photon. 2010, 4, 752–754. [CrossRef]
8. Huang, H.-C.; Zhang, B.; Peng, H.; Kwok, H.-S.; Cheng, P.-W.; Chen, Y.-C. Processes, characterizations, and system applications

of color-filter liquid-crystal-on-silicon microdisplays. J. Soc. Inf. Disp. 2006, 14, 499–508. [CrossRef]
9. Kim, S.S.; Berkeley, B.H.; Park, J.H.; Kim, T. New era for TFT-LCD size and viewing-angle performance. J. Soc. Inf. Disp. 2006, 14,

127–134. [CrossRef]
10. Xie, G.; Xue, Q.; Chen, P.; Tao, C.; Zhao, C.; Lu, J.; Gong, Z.; Zhang, T.; Huang, R.; Du, H.; et al. Highly efficient and low-cost

top-emitting organic light-emitting diodes for monochromatic microdisplays. Org. Electron. 2010, 11, 407–411. [CrossRef]
11. Teng, D.; Xiong, Y.; Liu, L.; Wang, B. Multiview three-dimensional display with continuous motion parallax through planar

aligned OLED microdisplays. Opt. Express 2015, 23, 6007–6019. [CrossRef] [PubMed]
12. Ventsch, F.; Gather, M.C.; Meerholz, K. Towards organic light-emitting diode microdisplays with sub-pixel patterning. Org.

Electron. 2010, 11, 57–61. [CrossRef]
13. Fujii, T.; Kon, C.; Motoyama, Y.; Shimizu, K.; Shimayama, T.; Yamazaki, T.; Kato, T.; Sakai, S.; Hashikaki, K.; Tanaka, K.; et al.

4032 ppi High-resolution OLED microdisplay. J. Soc. Info. Display 2018, 26, 178–186. [CrossRef]
14. Zhao, B.; Huang, R.; Ma, F.; Xie, G.; Zhang, Z.; Du, H.; Luo, J.; Zhao, Y. The realization of an SVGA OLED-on-silicon microdisplay

driving circuit. J. Semicond. 2012, 33, 035006. [CrossRef]
15. Kelly, G.; Woodburn, R.; Underwood, I.; Burns, D.; Monteith, R.; Newsam, M.; Parmiter, P.; Arslan, T. A full-color QVGA

microdisplay using light-emitting-polymer on CMOS. In Proceedings of the 13th IEEE International Conference on Electronics,
Circuits and Systems, Nice, France, 10–13 December 2006; pp. 760–763.

16. Chen, C.-W.; Hsieh, P.-Y.; Chiang, H.-H.; Lin, C.-L.; Wu, H.-M.; Wu, C.-C. Top-emitting organic light-emitting devices using
surface-modified Ag anode. Appl. Phys. Lett. 2003, 83, 5127–5129. [CrossRef]

17. Lee, J.-J.; Li, P.; Kung, H.-T.; Lu, Z.-H. Highly efficient top-emission organic light-emitting diode on an oxidized aluminum anode.
J. Appl. Phys. 2019, 125, 145501. [CrossRef]

18. Xue, Q.; Xie, G. Easily reproducible top-emitting organic light-emitting devices for microdisplays adapted to aluminum contact
from the standard CMOS processes. J. Inf. Display 2020, 21, 131–137. [CrossRef]

19. Lee, H.; Cho, H.; Byun, C.-W.; Kang, C.-M.; Han, J.-H.; Lee, J.-I.; Kim, H.; Lee, J.H.; Kim, M.; Cho, N.S. Device characteristics of
top-emitting organic light-emitting diodes depending on anode materials for CMOS-based OLED microdisplays. IEEE Photonics J.
2018, 10, 1–9. [CrossRef]

20. Ji, Y.; Ran, F.; Xu, H.; Shen, W.; Zhang, J. Improved performance and low-cost OLED microdisplay with titanium nitride anode.
Org. Electron. 2014, 15, 3137–3143. [CrossRef]

21. Xiao, B.; Yao, B.; Ma, C.; Liu, S.; Xie, Z.; Wang, L. Highly efficient top-emitting organic light-emitting devices with aluminium
electrodes. Semicond. Sci. Technol. 2005, 20, 952–955. [CrossRef]

22. Min, S.H.; Kim, C.K.; Moon, D.G. Flexible top emission organic light emitting diodes with Ni and Au anodes deposited on a
cellulose paper substrate. Mol. Cryst. Liq. Cryst. 2013, 584, 27–36. [CrossRef]

23. Choi, H.W.; Kim, S.Y.; Choi, H.W.; Kim, S.Y.; Lee, J.-L. Enhancement of hole injection using O2 plasma-treated Ag anode for
top-emitting organic light-emitting diodes. Appl. Phys. Lett. 2005, 86, 012104. [CrossRef]

24. Cao, J.; Jiang, X.Y.; Zhang, Z.L. MoOx modified Ag anode for top-emitting organic light-emitting devices. Appl. Phys. Lett. 2006,
89, 252108. [CrossRef]

25. Chong, L.-W.; Lee, Y.L.; Wen, T.-C.; Guo, T.-F. Self-assembled monolayer-modified Ag anode for top-emitting polymer light-
emitting diodes. Appl. Phys. Lett. 2006, 89, 233513. [CrossRef]

26. Adamovich, V.; Shoustikov, A.; Thompson, M.E. TiN as an anode material for organic light-emitting diodes. Adv. Mater. 1999, 11,
727–730. [CrossRef]

27. Cheng, H.-E.; Chiang, M.-J.; Hon, M.-H. Growth characteristics and properties of TiN coating by chemical vapor deposition. J.
Electrochem. Soc. 1995, 142, 1573. [CrossRef]

28. Musher, J.N.; Gordon, R.G. Low-temperature CVD TiN as a diffusion barrier between gold and silicon. J. Electron. Mater. 1991, 20,
1105–1107. [CrossRef]

http://doi.org/10.1126/science.abc8530
http://www.ncbi.nlm.nih.gov/pubmed/33093108
http://doi.org/10.1002/jsid.1058
http://doi.org/10.1038/s41565-021-00966-5
http://www.ncbi.nlm.nih.gov/pubmed/34504324
http://doi.org/10.1002/jsid.899
http://doi.org/10.1109/LED.2004.826541
http://doi.org/10.1038/nphoton.2010.252
http://doi.org/10.1889/1.2206116
http://doi.org/10.1889/1.2176114
http://doi.org/10.1016/j.orgel.2009.11.019
http://doi.org/10.1364/OE.23.006007
http://www.ncbi.nlm.nih.gov/pubmed/25836825
http://doi.org/10.1016/j.orgel.2009.09.026
http://doi.org/10.1002/jsid.656
http://doi.org/10.1088/1674-4926/33/3/035006
http://doi.org/10.1063/1.1635076
http://doi.org/10.1063/1.5092979
http://doi.org/10.1080/15980316.2020.1773551
http://doi.org/10.1109/JPHOT.2018.2877196
http://doi.org/10.1016/j.orgel.2014.09.001
http://doi.org/10.1088/0268-1242/20/9/011
http://doi.org/10.1080/15421406.2013.849422
http://doi.org/10.1063/1.1846149
http://doi.org/10.1063/1.2408647
http://doi.org/10.1063/1.2404589
http://doi.org/10.1002/(SICI)1521-4095(199906)11:9&lt;727::AID-ADMA727&gt;3.0.CO;2-5
http://doi.org/10.1149/1.2048615
http://doi.org/10.1007/BF03030216


Molecules 2022, 27, 5723 10 of 10

29. Chung, S.M.; Hwang, C.S.; Lee, J.I.; Park, S.H.K. Enhancement of luminance characteristics in top-emission organic light emitting
diode with Cr/Al/Cr anodes. Jpn. J. Appl. Phys. 2007, 46, 3618–3621. [CrossRef]

30. Chung, S.M.; Hwang, C.S.; Lee, J.I.; Hee, S.; Park, S.H.K.; Lee, M.D.; Chu, H.Y. Top emission organic light emitting diode with a
Cr/Al/Cr anode. Synthetic. Met. 2007, 157, 327–331. [CrossRef]

31. Qian, M.; Shi, X.-B.; Ma, J.; Liang, J.; Liu, Y.; Wang, Z.-K.; Liao, L.-S. A stacked Al/Ag anode for short circuit protection in ITO free
top-emitting organic light-emitting diodes. RSC Adv. 2015, 5, 96478. [CrossRef]

32. Kötz, E.R.; Neff, H.; Müller, K. A UPS, XPS and work function study of emersed silver, platinum and gold electrodes. J. Electroanaly.
Chem. Interfacial Electrochem. 1986, 215, 331–344. [CrossRef]

33. Helander, M.G.; Wang, Z.B.; Qiu, J.; Greiner, M.T.; Puzzo, D.P.; Liu, Z.W.; Lu, Z.H. Chlorinated indium tin oxide electrodes with
high work function for organic device compatibility. Science 2011, 332, 944–947. [CrossRef]

34. Park, Y.; Choong, V.; Gao, Y.; Hsieh, B.R.; Tang, C.W. Work function of indium tin oxide transparent conductor measured by
photoelectron spectroscopy. Appl. Phys. Lett. 1996, 68, 2699–2701. [CrossRef]

35. Swayamprabha, S.S.; Nagar, M.R.; Yadav, R.A.K.; Gull, S.; Dubey, D.K.; Jou, J.H. Hole-transporting materials for organic
light-emitting diodes: An overview. J. Mater. Chem. C 2019, 7, 7144–7158.

36. Jhulki, S.; Moorthy, J.N. Small molecular hole-transporting materials (HTMs) in organic light-emitting diodes (OLEDs): Structural
diversity and classification. J. Mater. Chem. C 2018, 6, 8280–8325. [CrossRef]

37. Juang, F.S.; Patel, K.D.; Huang, K.C.; Juang, W.X.; Chen, J.X.; Hong, L.A. The section of anode and cathode materials for top
emission organic light-emitting diodes. Int. J. Photoenergy 2022, 10, 6401932.

38. Hofmann, S.; Thomschke, M.; Lüssem, B.; Leo, K. Top-emitting organic light-emitting diodes. Opt. Express 2011, 19, A1250–A1264.
[CrossRef]

39. Jordan, R.H.; Rothberg, L.J.; Dodabalapur, A.; Slusher, R.E. Efficiency enhancement of microcavity organic light emitting diodes.
Appl. Phys. Lett. 1996, 69, 1997–1999. [CrossRef]

40. Hu, S.; Zeng, J.J.; Zhu, X.Y.; Guo, J.J.; Chen, S.; Zhao, Z.J.; Tang, B.Z. Universal bipolar host materials for blue, green, and red
phosphorescent OLEDs with excellent efficiencies and small-efficiency roll-off. ACS. Appl. Mater. Interfaces. 2019, 11, 27134–27144.
[CrossRef]

41. Swensen, J.S.; Polikarpov, E.; Von Ruden, A.; Wang, L.; Sapochak, L.S.; Padmaperuma, A.B. Improved efficiency in blue
phosphorescent organic light-emitting devices using host materials of lower triplet energy than the phosphorescent blue emitter.
Adv. Funct. Mater. 2011, 21, 3250–3258. [CrossRef]

42. Peng, H.; Sun, J.; Zhu, X.; Yu, X.; Wong, M.; Kwok, H.S. High-efficiency microcavity top-emitting organic light-emitting diodes
using silver anode. Appl. Phys. Lett. 2006, 88, 073517. [CrossRef]

43. Kim, N.S.; Kim, D.Y.; Song, J.H.; Suh, M.C. Improvement of viewing angle dependence of bottom-emitting green organic
light-emitting diodes with a strong microcavity effect. Opt. Express 2020, 28, 31686–31699. [CrossRef] [PubMed]

44. Rogers, T.J.; Deppe, D.G.; Streetman, B.G. Effect of an AlAs/GaAs mirror on the spontaneous emission of an InGaAs-GaAs
quantum well. Appl. Phys. Lett. 1990, 57, 1858–1860. [CrossRef]

45. Schubert, E.F.; Hunt, N.E.J.; Micovic, M.; Malik, R.J.; Sivco, D.L.; Cho, A.Y.; Zydzik, G.J. Highly efficient light-emitting diodes
with microcavities. Science 1994, 265, 943–945. [CrossRef] [PubMed]

http://doi.org/10.1143/JJAP.46.3618
http://doi.org/10.1016/j.synthmet.2007.03.012
http://doi.org/10.1039/C5RA18132A
http://doi.org/10.1016/0022-0728(86)87026-7
http://doi.org/10.1126/science.1202992
http://doi.org/10.1063/1.116313
http://doi.org/10.1039/C8TC01300D
http://doi.org/10.1364/OE.19.0A1250
http://doi.org/10.1063/1.116858
http://doi.org/10.1021/acsami.9b06995
http://doi.org/10.1002/adfm.201100586
http://doi.org/10.1063/1.2172734
http://doi.org/10.1364/OE.403398
http://www.ncbi.nlm.nih.gov/pubmed/33115136
http://doi.org/10.1063/1.104120
http://doi.org/10.1126/science.265.5174.943
http://www.ncbi.nlm.nih.gov/pubmed/17782147

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

