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Abstract: The changes of emission peak wavelength and angular intensity
with viewing angles have been issues for the use of microcavity OLEDs.
We will investigate Distributed Bragg Gratings (DBRs) constructed from
largely dispersive index materials for reducing the viewing angle
dependence. A DBR stack mirror, aiming at a symmetric structure and less
number of grating period for a practical fabrication, is studied to achieve a
chirp-featured grating for OLEDs with blue emission peak of 450nm. For
maximizing the compensation of the viewing angle dependence, the effects
of dispersive index, grating structure, thickness of each layer of the grating,
grating period and chirp will be comprehensively investigated. The
contributions of TE and TM modes to the angular emission power will be
analyzed for the grating optimization, which have not been expressed in
detail. In studying the light emission of OLEDs, we will investigate the
Purcell effect which isimportant but has not been properly considered. Our
results show that with a proper design of the DBR, not only awider viewing
angle can be achieved but a so the color purity of OLEDs can be improved.
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OCI S codes: (230.3670) Light-emitting diodes; (250.3680) Light-emitting polymer; (050.2770)
gratings.
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1. Introduction

Microcavity structures are useful for modifying the light emission of organic light emission
devices (OLEDs) [1-3]. However, typical microcavity structures will result in a large angular
dependence on the emitting color [4], which causes problems for display applications. To
reduce the color shift with viewing angle (Vayg) in microcavity devices, an extra scatter layer
has been used on top of a microcavity OLED, in which alight control film is used for spatial
color filtration of the emission [3]. However, the filtration will cause light blocking and
absorption and thus reduces the device efficiency. Meanwhile, the structures with a metal
mirror on one side of OLEDs and a semi-transparent silver mirror on the other side have been
reported [5]. Since silver has absorption loss in visible region and is easily oxidized and
diffused into organic layers, the effects may degrade the performance of OLEDs.

Distributed Bragg Reflector (DBR) has been actively studied for improving OLED
performance. Since the materials used are typically transparent dielectrics, DBR has the
advantage of low absorption loss. It has been found that poly (p-phenylenevinylene) (PPV)
has dispersive refractive index which can reduce the Vauy issue [6, 7]. However, the
wavelength (1) region of PPV which contributes to large index dispersion aso has intrinsic
absorption loss. Besides, PPV is often used in the OLED structure. Due to the carrier
transporting and balancing issues, there is a tradeoff in increasing the thickness of PPV for
minimizing the color shift. Recently, some materials with large index dispersion have been
reported [8, 9] which can be used for dispersive DBR. However, most of the attention has
been paid on the high refractive index (n) for improving the light extraction [9] but not for
improving the V4. In order to optimize the grating structures, the distribution of TE and TM
modes on the angular emission power will be expressed for optimizing TE and TM grating
reflectance, which has not been described in detail. In studying the light emission of OLEDSs,
we will tackle the Purcell effect which is important particularly for fluorescent organic
materials and has not been properly considered recently [10, 11].

In this paper, index-dispersive DBR mirrors will be introduced to reduce the color shift
with Vag. The DBR structure will be designed to achieve chirp for increasing the effective
cavity length and further minimizing the color shift. The effects of the material parameters of
n magnitude and n dispersion, as well as the structural parameters of thickness of each layer,
layer arrangement and number of period will be studied for reducing the V 5y dependence.

2. Theoretical formulation
In amicrocavity OLED, the resonance 1 (/;) of cavity modes can be described as

A, =2zm) n (A)L, cosé, (1)

where m is the mode number, L; is the thickness of the i layer of the microcavity OLED
structure. n is the refractive index and ¢, is the angle of the ray at the i layer. Generally /,
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blue shifts with increasing Va,. In order to reduce the change of /4, with V4, one can
counter-increase the cavity thickness with V., and increases ni(4) with reducing 4. Here, both
the cavity thickness and nj(%) will be used to minimize the change of 4, with V4.

Typicaly, SiO,, SizN4 and TiO, are used to form DBR. However, their n has no obvious
change with 2 in visible light region. In order to improve the V. issue, a dielectric material
with large n magnitude and n dispersion, and wide energy gap should be used like the recently
reported 0.65Pb(M g1/3Nb3)Os—0.35PbTiO; (PMNT35%) [8] with an energy gap of 4.03eV.
From the experimental results, the Sellmeier dispersion equation of n perpendicular (0) and
paralel (€) to the uniaxial c-axis at room temperature are given as:

0.2838

n?=5.998+——————+0.0825-1°

A?—0.0369 )
n’= 6.035+20'2i +0.0534- A*

A% —0.0455

The light emission of multilayered OLED structures is rigorously modeled through
classical electromagnetic approach with an emitting layer sandwiched between two stacks of
films taking into account the Purcell effect [12] which will be strengthened by Fabry Perot
structures [13] of OLEDs. The nonradiative losses due to the metal electrode and other
materials used in the structure as well as the effects of thick glass substrate have been fully
considered, which have been ignored by others[5, 14, 15]. The vertical electric dipole (VED)
and horizontal electric dipole (HED) are located in the recombination zone in the emission
layer. The two stacks of films can be considered as two effective interfaces characterized by
the total reflection and transmission coefficients. The total radiation power Fy and Fy for
VED and HED, respectively, normalized by the radiation power of the dipole in an infinite
medium &, can be obtained [16]. Similarly, the normalized power Uy and Uy for VED and
HED, respectively, transmitted to the outermost region (air) can aso be obtained. For a
randomly oriented dipole with equal probability for all directionsin space, we have

1 2 1. ™ [ 2,,TE, ™
FrR==R/ +=Fy == +=(F4~ +F 3
R 3':\/ 3 H 3':\/ 3( H H) ©)
1 2 1., 2,TE ™
Ug==-U, +=Uy ==Uy" +=U4 +U 4
rR=3Yv +3Un =3l 3( H H) 4)

where the superscript TE and TM denote the TE and TM modes respectively. The radiative
decay rate of excitons I is modified to be FxI? [16], where I? is the radiative decay rate

in the infinite medium. It is considered that the non-radiative decay rate 77, is a constant, the
internal quantum efficiency 752" in the microcavity becomes

int

T =TTIIT+T,) =FI(F =i, +1 -7 ©)

where 7 °, is internal quantum efficiency (QE) of the bulk emitting material. The photon

outcoupling QE #(4) is defined as U(A)/F(1). Due to change of internal QE in the
microcavity [see Eq. (5)], the outcoupling QE should be modified as

M (4)=U (A) 1@+ (F (2) - Drz)] 6)

where 77 (1) is the modified outcoupling QE taking the Purcell effect into account. The
angular power density P(¢) in outermost region (air) can be expressed as

1 2 . 1 2
P(a,2)=ey k§cosa[§UJM +5U TE+uM )](koeﬁ,{zsna)/n{lJr[(gF\,TM + g(F,IE +FEMy -0 (D),
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by assuming ey is real where k; is the wave number in vacuum and 7 °, is the internal QE of

the bulk emitting material. The above analysis on the dipole radiation is only for one 1 a a
fixed position. The emission characteristics of OLEDSs are obtained by averaging the dipole
radiation over the recombination zone and 4 of interest. Thus we define an integrated out-
coupling QE # and angular intensity distribution 1(1) as,

=75 ()P (A)dAl PP (2)dA (8)
| ()= [;?P(a,A)dA1[;7 Py (2)dA 9

where (A1,A,) is the considered 4 range and Py(%) is the intrinsic emission spectrum of the
emitting material. The external QE of OLED (7eq) equals 7°, x77. Meanwhile, from Egs. (9)

int

and (7), one can determine the TE and TM modes contributions to the output intensity which
isimportant for optimizing the DBR structures and will be discussed in next section.

3. Results and discussion

The structure effects of layer thickness, layer structure and number of periods and the material
effects of high n value and n dispersion of DBR will be investigated here to reduce the Vg
dependence of emission 2. The DBR will also be designed to achieve a suitable chirp which
can further diminish the V . dependence. Besides PMNT [11], an index-dispersive polymer
of TiO, doped polymer epoxy resin [9] will also be used for constructing DBR, since polymer
LEDs (PLEDs) has gained intensive interest due to the simple fabrication process,. The
refractive indices of organic materials, ITO and SO, SisN, are assumed to be 1.6,
2.06+0.005i and 1.5, 2.0 respectively. The complex permittivity of Ag and Al is taken from
[17]. Inthediscussion, unless specify, the peak / shift by changing V a from 0° to 30° (47) is
studied. It should be noted that the model has been verified and show very good agreement
with the experimental result [18], although the details have not been shown here.

_| Black lines: Si3N4/SiO2 DBR
Red lines: PMNT/SiO2 DBR .
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Fig. 1 The angular intensity spectrum Fig. 2 The photon outcoupling

of Al(40nm) /Alg(15nm) /BCP(10nm) QE of OLEDs with (3

INPD(25nm) /m-MDATA(25nm) [SiI3N4(57nm)

/ITO(15nm) /[[PMNT(70nm) /SI02(75nm)]x2.5 periods

/Si0O2(20nm)]x2.5 periods. Inset is the DBR and (b) [PMNT(70nm)

OLED structure. /Si02(20nm)]x2.5 periods
DBR. Inset is the outcoupling
QE of (a).

In optimizing the DBR structure, one needs to determine the significance of the TE and
TM reflectance of the DBR on the electroluminescent (EL) spectrum. For this reason, the
contributions of TE and TM modes to the angular power distribution described by Egs. (7)
and (9) have been investigated. The device structure is Al(40nm) /Alg(15nm) /BCP(10nm)
/INPD(25nm) /m-MDATA(25nm) /ITO(15nm) /[PMNT(70nm) /SiOx(20nm)]x2.5 periods
(seeinset of Fig. 1). At V= 0, the power contributed by TE modes is the same as that of the
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TM modes. It is because the reflectance spectrum of TE is the same as TM at zero degree.
Therefore, the TE and TM spectra coincide to each other as shown in Fig. 1. However, when
the V a4y increases, the power contributed by the TM modes to the peak of the total spectrum
reduces (due to the decrease of TM reflectance) as compared to that of the TE modes (see Fig.
1). The features aso happen in other microcavity OLED structures. As a result, the TE
reflectance spectrum of DBR structures will be discussed hereby for improving the V qy.

3.1 Structure effects

A blue OLED [19] of Al(40nm) /Alg(15nm) /BCP(10nm) /NPD(25nm) /m-MDATA (25nm)
/ITO(A5nm) /[SiaN4(57nm) /SIO,(75nm)]x2.5 periods is investigated here. The %21 thickness
of SisN4 and SO, is designed to make the emission /4 peaks at 450nm. As shown in A blue
OLED [19] of Al(40nm) /Alg(15nm) /BCP(10nm) /NPD(25nm) /m-MDATA (25nm)
/ITO(15nm) /[SisN4(57nm) /SIO,(75nm)]x2.5 periods is investigated here. Asshown in Table
1 (column A), the peak A blue shifts by 23.2nm to 427nm. For the target of reducing the V ang
dependence, SisN, is replaced by index-dispersive PMNT. Meanwhile, in order to take the
full advantage of the dispersive feature and large magnitude of the n of PMNT, the thickness
ratio of PMNT and SO, is increased. Our results show that when thickness of SO, is
reduced, the stop band of the DBR reflectance spectrum decreases, which will improve the
color purity due to the narrowing of the emission spectrum of NPD by the DBR as shown in
Fig. 3(b) where EL of the non-cavity OLEDs is obviously broader than the OLEDs with DBR
grating. However, when the thickness of SO, is further reduced, most of the light will be
filtered out and 7eq Will decrease, i.e. a tradeoff between color purity and 7eq. Concerning
PMNT, when its thickness increases, 44 reduces. However, when PMNT is too thick, the
DBR reflectance spectrum will red shift too much and make the DBR not match with the
emission spectrum of NPD and thus #eq reduces. With the understanding of the thickness
effects, the period structure of PMNT (70nm) and SO, (20nm) is finalized. As shown in
Table 1 (column C) and Fig. 2, by replacing the 2.5 periods of [SisN4(57nm) /SIO(75nm)]
with 2.5 periods of [PMNT(70nm) /SiO,(20nm)], 44 reduces to 18.8nm and the spectrum has
no significant distortion while for the SizN4(57nm) /S O,(75nm) DBR, the photon outcoupling
QE at 30° is distorted significantly (see Fig. 2). It is because the peak outcoupling QE
(without taking into account the emission spectrum of NPD) as shown in the inset of Fig. 2 is
blue shifted to 406nm which is too far from the emission peak of NPD.

7 Operation ——62nm PMNT Thickness (nm)
b

Wavelength

————— 64nm 180,62 6 6 6B 7 T2 74 T 7B 8

097 Shift reduces
0.8 PMNT thickness - k40
62nm
0.7
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—--—-70nm . 3o
054 Intensity

- 72nm
04 ——75n0m reduces

-— 78nm

034
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Fig. 3. (). the TE reflectance spectrum of [PMNT/SiO2(20nm)]x2.5 periods DBR with various PMNT thicknesses.
(b). EL spectrum and 44 for various PMNT thicknesses.

#85208 - $15.00 USD Received 12 Jul 2007; revised 21 Sep 2007; accepted 21 Sep 2007; published 28 Sep 2007
(C) 2007 OSA 1 October 2007 / Vol. 15, No. 20/ OPTICS EXPRESS 13292



Table 1. 44 of DBR structures. (a) [SI3N4(57nm)
/SiI02(75nm)], (b) [PMNT(70nm) /SiO2(20nm)] with a
constant index n= 2.6 for PMNT, (c) same grating as (b) but
with a dispersive PMNT index, and (d) polymer DBR of
[TiIO2:PMMA (75nm) / PEDOT(20nm)].

A B C D
AB (Akin nm)
10 38 2.6 1.9 2
20 16.3 12.8 8.8 75
30 232 20.6 18.8 16.3

Intensity(a.u.)

021 - - -PMNT/SiO, DBR
0.1
00

T u T T y u
0 10 20 30 40 50 60

Viewing angle (deg)

Fig. 4 The angular intensity
of OLEDs with the gratings
of Si3N4(57nm)/
SiO2(75nm) and
PMNT(70nm) /SiO2(20nm).

The DBR layer arrangement of high index (H) PMNT and low index (L) SiO, can be,
starting from ITO, (a) HLHL---HL, (b) HLHL---HLH, (c) LHLH---LH and (d) LHLH---LHL,
since the substrate is glass and it is reasonable to consider the SO, layer and glass substrate
have same n. Therefore, the structure of () is the same as (b) and (c) the same as (d). Our
results show that the structure of (@) is better than (c). Take two periods DBR as an example,
structure (a) will make 44 decrease 20nm when that of (b) is 27.5nm. Here, 2.5 periods of
PMNT(70nm) /SiO,(20nm) will be used as the DBR as similar periods of DBR of TiO,(nm)
/SIO,(nm) has been experimentally used for improving the efficiency of OLEDs[18]. In case
smaller 4/. is needed, the number of the DBR unit period and the thickness of PMNT can be
increased. For instance, by increasing the thickness of PMNT from 70nm to 145nm, 44 can
be reduced from 18.8nm to 15nm. Meanwhile, DBR with asymmetric periods can be used to
further reduce 41 [20].

3.2 Material effects

By comparing the typical DBR structure (column A of Table 1) and the optimized structure
(column C), it can be observed that 44 is considerably reduced particularly when Vg < 20°.
This is contributed by not just the structure design stated previously, but also by the material
effects and chirp. When n magnitude increases from Si;N4 (n= 2) to PMNT (nz 2.6), 44
reduces from 23.2nm (column A) to 20.6nm (column B). This can be explained by Snell’s
law that due to a higher n; value, the change of € in Eq. (1) reduces for a larger change of
external V. Therefore, 44 is reduced. On the other hand, the index dispersion of PMNT,
i.e. nincreases when 4 decreases, can compensate the reduction of cosg and further diminish
47 as can be observed from Table 1 by comparing column (B) and (C).

3.3 Chirp effects

Chirp can be introduced into the OLEDs by designing the DBR that the emission peak 4 of
450nm is a the short /4 side of the DBR reflectance spectrum [see Fig. 3(a)]. In this case, the
effective optical path length of the microcavity OLED is increased when the emission 1 is
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reduced. As aresult, 44 can be compensated. By increasing PMNT thickness from 62nm to
78nm, the DBR reflectance spectrum will red shift. The DBR reflectance at the emission peak
A of 450nm will change from the top to the bottom value at the short /. side of DBR [see Fig.
3(8)]. 44 will then reduce from 25nm to 15.5nm, which shows the effect of chirp on
minimizing 44 as shown in Fig. 3(b). However, at the same time, the emission intensity will
decrease to about 1/5 of the case of PMNT = 62nm [see Fig. 3(b)]. Taking into account the
tradeoff between 41 and emission intensity, the PMNT thickness is set at 70nm. Moreover,
when Va4 increases, the reflectance spectrum will blue shift. The increase of the effective
optical path length will therefore diminish and degrade the compensation. By introducing the
high n value and n dispersion of PMNT, the blue shift of the reflectance spectrum reduces and
thus enhances the chirp for minimizing 4.

Figure 4 shows the angular intensity distribution of microcavity OLEDs. When V4 <
20°, the change of the intensity of the PMNT grating is slightly larger that of the conventional
DBR. The change becomes larger when the angle increases to 30° but improves when the
angle further increases and better than that of the conventional DBR when the angle > 45°. As
a consequence, by changing the DBR structure from the typical the SisN4(57nm) /SiO,(75nm)
DBR to the PMNT(70nm) /SiO,(20nm) DBR, there is generally no significant degradation in
the angular intensity and eventually, the change recovers and is even better than the
conventional DBR when then angleis > 45°.

While QE and lifetime of PLEDSs is continuously improving, it would be interesting to
study the microcavity PLED using polymer DBR. Recently, TiO, nanoparticles doped
polymer with large n magnitude and dispersion has been reported [9]. Based on the
knowledge on optimizing the PMNT grating, a 2.5 periods of TiO, doped polymer (75nm)/
PEDOT:PSS (20nm) has been studied. Since the TiO, nanocomposite film dissolved in
Tetrahydrofuran and PEDOT:PSS dissolved is water, it is possible to develop the polymer
DBR. From column D of Table 1, 44 is further reduced to 16.3nm, which makes the polymer
structure attractive for DBR applications.

4. Conclusions

The reduction of 47 by using index-dispersive DBR grating has been investigated. The
expression of the TE and TM modes on the angular intensity has been detailed for optimizing
the DBR structure. The light emission and QE of OLEDs has been studied with the Purcell
effects. In optimizing DBR structures, material and structure parameters and chirp have been
studied. Due to the dispersive feature and large magnitude of the PMNT refractive index, the
A4 is reduced by ~50% at small viewing angles as compared with the typical DBR structure
reported without a significant degrade in angular intensity. Our results also show that
polymers with large dispersive index can have potential for making microcavity PLEDs with
less V 4 dependence.
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