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ABSTRACT

Non-metallic mirror, such as semiconductor distributed Bragg reflectors (DBRs), has been widely integrated in the
structure of optoelectronic devices. However, constructing conductive DBR in organic optoelectronic device is still scarce,
because of the incompatibility of high-temperature processes in the preparation of inorganic DBR. Herein, it is confirmed
that organic-oxide hybrid DBR can achieve high conductivity and light manipulation. When thermal evaporated material
MoO3 is doped into organic material (1,1-bis[4-[N,N-di(p-tolyl)amino]phenyl]cyclohexane, TAPC), the conductivity of
TAPC can be increased by ten thousand times with very small refractive index change. It is shown that 8.5 pairs DBR at
460 nm has a reflectivity of about 95%, and the driving voltage is 8.2 V at the current density of 100 mA c¢cm. Then, a
transparent organic light-emitting diode with integrated bottom conductive DBR are fabricated to confirm the functionality
of light regulation. Our results confirm that integrated optoelectronic devices with DBR as reflector can be achieved with
low operating voltage.

Keywords: conductive distributed Bragg reflector, OLED, thermally activated delayed fluorescence

1. INTRODUCTION

Distributed Bragg reflector (DBR) has excellent optical control characteristics, such as adjustable wavelength,
controllable reflectivity, and is widely used in semiconductor devices.[1-5] It is reported that the dielectric DBR used
in optoelectronic devices is mostly made of SiO2, ZrO2, MgF2 or other oxide materials, and the refractive index of
these materials is about 1.5-2.5.[6] In addition, they are prepared by high power consumption equipment such as
electron-beam (EB) evaporation and pulsed laser deposition (PLD). In optoelectronic devices, DBR has been used
to adjust the semi-transmissive photovoltaic cells or to prepare light-emitting diodes (LEDs) with microcavity
structure.[7,8]

In vertical-cavity surface-emitting lasers (VCSELS) devices, the application of conductive DBR (AlGaAs/GaAs
based DBRs) not only has wavelength selective control, but also can adjust electrical characteristics.[9] And
conductive DBR often selects I11-group elements, such as Al, Ga, In, and Sn for doping.[10] Since the preparation
process of inorganic materials requires high temperature processing and lattice matching, they are not suitable for
organic optoelectronic devices. Therefore, researchers have developed other novel DBR structures of organic or
organic-inorganic hybrid systems with electrical characteristics. For example, alternating current (AC)-driven

Optoelectronic Devices and Integration XI, edited by Xuping Zhang, Baojun Li, Changyuan Yu, Xinliang Zhang,
Proc. of SPIE Vol. 12314, 1231400 - © 2022 SPIE - 0277-786X - doi: 10.1117/12.2641624

Proc. of SPIE Vol. 12314 1231400-1

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 12 Jan 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



electroluminescent devices with printed inorganic/organic hybrid dielectric mirrors (CuSCN/CA)CuSCN; direct
current (DC)-driven polymer LEDs with the poly(p-phenylene vinylene)-silica composite material for DBR.[11, 12]
Some DBR devices based on thermal evaporation of  small molecule semiconductor materials have been proposed,
including 4,4 ' -Bis[4-(diphenylamino)styryl]biphenyl (BDAVBI)/2-(4-biphenyl)-5-(4-tert-butylphenyl)-1,3,4-
oxadiazole (PBD) doped with Perfluorotetracosane (C24F50), Mo03/4,4’ 4’ ' -tris[3-Methylphenyl(phenyl)-
amino]triphenylamine (m-MTDATA)/ 1,4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile (HAT-CN).[13, 14] These
DBRs grown on Indium tin oxide (ITO) substrates can effectively obtain high performance compared to growing
transparent electrodes (such as ITO) on DBRs, which usually causes the destruction of the DBR structure. Therefore,
the most challenging thing of integrating a conductive DBR into an organic optoelectronic device is to reduce the
driving voltage.

Generally, methods for improving the conductivity of thin films in organic optoelectronic devices include
optmizing the molecular stacking, metal doping (Li, Cs), metal oxide doping (MoO3/WQO3/V205), and organic small
molecule doping (F4-TCNQ/HATCN).[15-19] Among them, metal oxide doping is widely used in organic light-
emitting diode (OLED) devices, which can reduce the interface injection barrier and improve the conductivity of the
doped film. The charge generation efficiency of metal oxide dopants is mainly confined by the dispersion features in
organic semiconductors, which means that the dopant deposition process and doping ratio are significant factors that
need to be considered.[20] The refractive index of the organic component of the doped film is often between 1.6-1.9,
and the refractive index of the metal oxide dopant is between 1.7-2.3.[21, 22] Theoretically, by adjusting the doping
ratio, a tunable value of refractive index between organic and metal oxides can be obtained, but the preparation
process is full of challenges.

In this work, we use thermal deposition technique for the realization of conductive DBR with MoO3 and doped
organic material 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC): MoO3 as component materials. MoO3 is a
widely used n-type material (Eg = 3.1 eV) with high ionic conductivity, and TAPC is a commonly used hole
transporting material in OLEDs. For TAPC: MoO3 (20 wt.%) film, its conductivity reached to 0.8x<10-4 S/m, close
to that of the MoO3 (2x<10-4 S/m), and the conductivity of the prepared DBR also reached to 0.6x10 -4 S/m. The
reflectivity of 8.5 pairs DBR reaches to 82.5% with the full width at half maximum (FWHM)@560 nm = 96.4 nm,
and 95% with the FWHM@460 nm = 75.7 nm. Furthermore, we fabricate the conductive DBR between the two
electrodes of the OLEDs as an optical adjustment mirror, which can reduce the surface plasmon polariton (SPP)
effect, compared to the metal electrode as the mirror.[23] The blue device with DBR has a driving voltage as low as
4.2 V, and FWHM is reduced by half compared to that of the device without DBR. Our results confirm that
conductive DBR as an optical mirror can adjust the light intensity of bottom emission and top emission as required.

2. RESULTS AND DISCUSSION

We measured the refractive index of MoO3, TAPC and the doping layer, as shown in Figure 1a. The refractive index
of these doped layers has similar values about 1.65 -1.85 in the visual light spectral region, while that of MoO3 is
about 2.0 - 2.3. It indicates that TAPC: MoO3 and MoO3 layers can act as the low and high refractive index films in
DBR structure, respectively. Even if the doping mass ratio of MoO3 is increased, the refractive index of the TAPC
doped film does not change much, because of the high density ratio of MoO3s/TAPC. This also provides convenience
for the control of the film thickness. The doped film has charge transfer absorption peak at about 700 nm, which
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would have adverse side effects for the reflectance of DBRs.[24] Then, we confirm the electrical conductivity of
each layer of the films. Figure 1b shows the current density-voltage curves of hole-only devices with thickness of
120 nm. With the doping ratio increased of MoO3, the conductivity of doped films is close to that of a pure MoO3
film, which is about 2x10* S m as shown in Figure 1c.[14]
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Figure 1. (a) Refractive index n of MoO3, TAPC and doped films on silicon wafer were measured with ellipsometer. The
comparative (b) current density-voltage and (c) conductivity-voltage characteristics of hole-only devices based on MoO3 and TAPC
doped films. The insert in (b) shows the schematic diagram of device structure.

10° - 100 v T
(a) —— 1.5 pairs (b) = 1.5 pai (C) ——25 pairs
T 10*{ —— 2.5 pairs 1075 Iy p:::: 3 ——45 pairs
] 3.5 pairs B 35 pairs : =8 6.5 pairs
> | ——48pairs B 101 i Eairs ‘ ,'; = gIS pairs .
10 = . [} ilicon wafer
3 > 2 L g 60 |
ic = % H s
£ 102 — < 3 10%4 Sl B g
o 4 c o
o 10 8 o
o o=
-5
101 —=—(VaeVy5)2 1074 3 20 " _ 4
——VeVaa2 |2 RO
T T 01— T T T T
1 1o ) 100 102 10* 400 500 600 700 800 900
Current Density (mA/ecm*<) Electric Field (V/em) Wavelength (nm)

Figure 2. (a) The current density-electric field-voltage drop (AV ) and (b) conductivity-electric field curves of hole-only devices.
The repetition period varies from 1.5 to 4.5. (c) Reflectance of DBR films on quartz with incident ray at 5< The central wavelength of
DBRs is at 560 nm. The thickness of MoO3 is 68 nm and TAPC: 20 wt.% MoO3 is 82 nm.

Obviously, high conductivity and refractive index contrast of layers are the key parameters for achieving high
performance DBR. To demonstrate, we fabricated the different period of DBRs as shown in Figure 2. The maximum
reflection of the DBRs is at 560 nm, equivalently, the thickness of MoO3 is 67 nm and TAPC: 20 wt.% MoOs is 82 nm,
which is a quarter of the central wavelength of the designed DBR. The results of current density-electric field-voltage drop
(AV) are plotted in Figure 2a. The voltage drop of a single pair of DBR is about 0.25V at 10 mA/cm2. With increasing
the current density, electric field strength exhibits a linear increase. It suggests that the conductivity of DBRS remains the
same, which are calculated in the Figure 2b. The DBR structure shows similar conductive properties compared with single-
layer films. Figure 2c shows the reflectance spectra of the DBRs on the quartz substrate. The maximum reflectance is 82.5%
for 8.5 pairs and the FWHM is about 96 nm.

In order to verify the accuracy control of film thickness, we also prepared 8.5 pairs DBRs with center wavelengths at
460 nm, 540 nm and 550 nm shown in Figure 3. For comparison, the maximum reflectance of these DBRs on quartz
substrates are 94.8% at 460 nm, 86.5% at 540 nm and 84.2% at 550 nm, respectively, while reflectance of DBRs on ITO
substrates seems as good as on quartz substrates. With the blue shift of the center wavelength, the reflectance increases
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correspondingly, which is due to the enhancement in the refractive index contrast and the weakening of charge transfer
absorption effect of component layers. The simulation results of the blue DBR exhibit consistency in the reflectance
spectrum as shown in Figure 3a. Then, the doped semiconducting DBRs with the structure of ITO/8.5 pairs DBRs /Al (100
nm) were further fabricated. The current density-voltage curves of the hole only devices are shown in Figure 3b,d,f. The
driving voltage of the 8.5 pairs DBRs are 8.3 V, 9.6 V and 10.3 V for central wavelength at 460 nm, 540 nm and 550 nm
at 100 mA cm?, respectively. These voltage values are close to the results calculated using the electric field strength of
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Figure 3. (a, ¢, e) Reflectance of DBR films on quartz and ITO substrates with incident ray at 5< (b, d, f) The current
density-voltage-conductivity curves of the hole only devices with ‘ITO/ 8.5 pairs DBR /Al” structure. For DBR at 460 nm,
the thickness of MoO3 is 53.5 nm and TAPC: 20 wt.% MoO3 is 65.9 nm. For DBR at 540 nm, the MoO3 is 65.2 nm, and
TAPC:Mo003 (20 wt.%) is 79 nm. For DBR at 550 nm, the MoO3 is 66.6 nm, and TAPC:Mo03 (20 wt.%) is 80.6 nm.

Based on these results, we fabricated OLEDs with integrated conductive DBR in devices. Usually, the peak position of
the photoluminescence (PL) spectrum of the emitter is not ideal. Therefore, adjusting the emission wavelength and
efficiency of OLED devices through the reflection characteristics of DBR can satisfy actual requirements. For the
comparison, we designed green and blue devices with different thermally activated delayed fluorescence (TADF) dyes as
emitters. The specific device structures are as follows.

Green OLED without DBR (Device G1): ITO (135 nm)/MoO3(3 nm) / mCP (45 nm)/mCP: 4CZIPN (8 wt.%, 20
nm)/TmPyPb (45 nm)/LiF (1 nm)/Al (2 nm)/Ag (16.5 nm)/MoO3 (40 nm)

Green OLED with 8.5 pairs DBR (Device G2): ITO (135 nm)/DBR films (@550nm) / MoO3(3 nm) / mCP (45 nm)/mCP:
4CZIPN (8 wt.%, 20 nm)/TmPyPb (45 nm)/LiF (1 nm)/Al (2 nm)/Ag (16.5 nm)/MoO3 (40 nm)

Blue OLED without DBR (Device B1): ITO (135 nm)/MoO3(3 nm) / TCTA (30 nm)/ mCP (15 nm) DPEPO: TDBA-
Ac (20 wt.%, 20 nm)/ DPEPO (10 nm)/Bphen (35 nm)/LiF (1 nm)/Al (2 nm)/Ag (16.5 nm)/Mo0O3 (35 nm)

Blue OLED with 8.5 pairs DBR (Device B2): ITO (135 nm)/DBR films (@460nm) / MoO3(3 nm) / TCTA (30 nm)/
mCP (15 nm) DPEPO: TDBA-Ac (20wt.%, 20 nm)/ DPEPO (10 nm)/Bphen (35 nm)/LiF (1 nm)/Al (2 nm)/Ag (16.5
nm)/Mo0O3 (35 nm)
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There are slightly discrepancies of capping layer (MoO3) thickness between green and blue devices. Usually, the
thickness of capping layer will influence the position of the maximum transmission peak. Figure 4a, b shows the energy-
level diagrams of devices, wherein the conductive DBR function as a hole transporting layer and a mirror for reflected
spectrum control. In these devices, ultra-thin aluminum (2 nm) as seed layer is used to reduce the sheet resistance and
surface roughness.[25] With optimized materials and optical thickness condition, we fabricated p-i-n structure devices and
measured their performances. The devices without conductive DBRs show the similar EL peaks from bottom and top
emission at 5 mA cm?for G1 and B1 (Figure 4c, e), which correspond to the PL spectra with the same doping ratio. A little
difference of EL spectra in shape probably causes by the transmittance of electrode. After DBR is introduced into the
device, the emission spectrum of the device has undergone a huge change, which not only causes the position of the
emission peak to shift, but the spectral shape is also affected by the bandwidth of the DBR. Figure 4d shows the top
emission peak at 538 nm for G2, and 500 nm from bottom emission. Similarly, for the B2 device (Figure 4f), the emission
peak positions are at 459 and 510 nm, corresponding to top and bottom emission, respectively. Due to the high reflection
characteristics of DBRs, the devices have weak microcavity effect, and the corresponding FWHM of top emission is halved.
When we increase the driving voltage, the spectra of top emission from G2 and B2 remain the same. For the top emission
of B2 device, we carried out an optical simulation, which is consistent with the experimental result. It indicates that the
thickness of each layer is controlled accurately. As the variation of TCTA and Bphen within 1st order cavity thickness, the
peak wavelength has a red shift with increasing the thickness as shown in Figure5. Finally, by designing the thickness of
the DBR and the functional layers, the emission peak of the OLEDSs can be controlled within the PL spectral range.
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Figure 4. Energy-level diagrams of (a) green, and (b) blue devices. (c-f) The electroluminescence (EL) spectra of
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green and blue OLEDs. The inset in (d) shows the direction of emission.
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Figure 5 The peak wavelength relate to TCTA and Bphen thickness.

0015

(a) — | (b) o | (o)
E 0002/ —1 ) E —10° o0 ——Bitop
£ —20° & 2 | 3 ——B2top
- —30° g 0010 _ 3p ] @100 60— Simulated B2 top
i: = = Al TN Lambertian
§ Top B1@5 mA/cm? = B2top @ 5 mAlem? | B 075
< 0001 1 z g
b 2 0.005 5 0.50
g ko 3
€ £ g 0.25 —

0.000 / 2 000 0
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 6. Angle-dependent electroluminescence (EL) spectra of blue OLED. (a, b) EL spectra measured at
different angles. (c) Comparison of the angle-dependent EL intensity and the standard Lambertian distribution.

Angle-dependent electroluminescence (EL) spectra of blue OLEDs from top side is shown in Figure 6. The peak position
of B2 has 6 nm blue-shifte with the change of the light output angle of 30 degrees compared with that of 1-2 nm of B1
device (Figure 6a, b). This difference is due to the blue shift of the center wavelength of DBR. In Figure 6c, we compared
the angle dependent EL intensity with the standard Lambertian distribution. The experimental result of B2 is consistent
with the simulation result. It is proved that the OLED device with DBR tends to emit in the forward direction.
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Figure 7. (a,c) J-V and (b, d) L-V characteristics of double-sided green and blue OLEDs.
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Table 1 The summary of device performances.

_ CIE (X,Y) CL_Jr_rent P_oyver
Device EL peak (nm) FWHM (nm) @5mA ’cm'z Efficiency Efficiency

(cd/A) (Im/W)

Device G1 Bottom 518 89 (0.312, 0.575) 35.02 25.54
Top 519 89 (0.309, 0.579) 11.30 7.08

Device G2 Bottom 500 45 (0.212, 0.526) 7.34 3.12
Top 538 40 (0.256, 0.682) 65.35 31.51

Device B1 Bottom 470 61 (0.141, 0.169) 13.94 10.91
Top 464 57 (0.140, 0.144) 5.32 4.17

Device B2 Bottom 511 52 (0.154, 0.356) 5.94 4.13
Top 460 32 (0.141, 0.065) 9.72 7.6

We also investigate the current density-voltage (J-V) and luminance-voltage (L-V) characteristics of the four devices as
shown in Figure 7. Due to the bulk resistance effect of the DBRs, the increase of current density slows down with the
increase of voltage, relative to the devices without DBRs. Note that the bottom and top brightness of the devices have been
reversed with the insertion of the DBRs. Table 1 summarizes the device performances and Commission International de
IEclairage (CIE) of spectra. To evaluate the time and temperature stability of the conductive DBRs, we performed a series
of measurement. The results show that after a week of aging at nitrogen atmosphere, the optical and electrical performance
of DBR has a slight degradation. The reason for the degradation is the diffusion of MoO3 from high concentration to low
concentration layer. Furthermore, excessively high temperature (i.e., exceeding the glass transition temperature) will crack
the surface. Therefore, increasing the stability of the DBR composition can resist the destruction of Joule heat generated
by high current density.

3. EXPERIMENTAL

Materials: All chemicals and materials were purchased from Xi’an Polymer Light Technology Co. and Luminescence
Technology Co. The chemical materials used in OLEDs are molybdenum trioxide (MoO3), 1,1-bis[(di-4-
tolylamino)phenyl]cyclohexane (TAPC), 4,4'4"-tris(carbazol-9-yl)- triphenylamine (TCTA), 1,3-bis(carbazol-9-
yhbenzene (mCP), 1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene(4CZIPN),10-(2,12-Di-tert-butyl-5,9-dioxa-13b-
boranaphtho[3,2,1-de]anthracen-7-yl)-9,9-dimethyl-9,10-dihydroacridine  (TDBA-Ac), 1,3,5-Tri[(3-pyridyl)-phen-3-
yl]benzene (TmPyPb), bis[2-(diphenylphosphino)phenyl]ether oxide (DPEPO), 4,7-diphenyl-1,10-phenanthrolin
(Bphen), and Lithium fluoride (LiF).

Device fabrication: Devices were fabricated on patterned indium tin oxide (ITO, 135 nm) glass substrates with a sheet
resistance of ~15 Q/[. Firstly, ITO substrates were sequentially cleaned with ultra-sonication bath in alcohol, acetone
and distilled water, and plasma. Then, the ITO substrates were loaded into a thermal deposition chamber with pressure of
5x10* Pa. Subsequently, DBR structures with TAPC and MoO3 with a doping ratio of 20 wt.% were co-evaporated. In
DBR-OLEDs, the materials were deposited at a rate of 1-2 A/s. The thickness was controlled using a quartz crystal monitor.
The emitting area of all the hole-only devices and The emitting area of the OLEDs is determined by the overlap of two
electrodes (5 mm x2 mm). Each material source in chamber is equipped with a shutter for precise control. Preheating of
MoO3 powder such that the material gas is released and held for 5 minutes. All the devices were transferred out for
electrical measurement without encapsulation.

Characterization: Refractive index and extinction coefficient were measured with ellipsometer at 70°(Alpha SE, J. A.
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Woollam Co. Ltd.), and the films were deposited on cleaned bare Si (100) substrates. Reflectance measured with angle-
dependent spectrometer without polarizer (Fuxiang, R1), and the reference sample is quartz/silver (100 nm)/ZnS MgF2
(100 nm) mirror, set as 100%. The current-voltage characteristics, angle-dependent EL and OLED efficiency were
measured with spectroradiometer equipment (McScience, Mc3000). All the measurements were carried out under ambient
atmosphere.

Calculation and Simulation: The conductance o is calculated with 8J/0V*d, where J is current density, V is driving voltage,
and d is the film thickness. The electric field is equal to the driving voltage divided by the DBR thickness.

The optical simulations of DBR and OLED devices were performed by using a commercially available SETFOS
(Fluxim) program. The refractive index, extinction coefficient (k), photoluminescence (PL) spectrum of emissive layers
and thickness of each layer were used as input parameters. Transfer matrix method (TMM) and Gaussian dipole distribution
dipole emitter as source are used in simulation.

4. CONCLUSIONS

In summary, we have co-evaporated oxide and organic material for low-reflective-index layer in constructing DBR, with
MoO3 as the high-refractive-index layer. The conductive DBR exhibits excellent optical and electrical properties. The 8.5
pairs DBR shows a high reflectance of about 95% at 460 nm and a low driving voltage of 8.2 V at 100 mA cm In addition,
OLEDs with integrated conductive DBR structure demonstrated the function in optoelectronic applications. For the top-
emitting blue device with DBR insertion, the turn-on voltage is as low as 4.2 V, and FWHM is reduced by half compared
to that without DBR. Owing to the light confinement by DBR, the bottom emission of the device can be adjusted to the
top emission. Therefore, the low deposition temperature of thermal evaporation paves the way for the fabrication of EL
organic microcavities with non-metallic mirror leading to low values of FWHM, which is also a basic requirement for
future electrically organic VCSELSs.
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