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Analytical estimation of emission zone mean position and width in organic
light-emitting diodes from emission pattern image-source interference

fringes
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"Department of Electrical Engineering, Technion-Israel Institute of Technology, Haifa 32000, Israel
2Cambridge Display Technology Ltd, Building 2020, Cambourne Business Park, Cambourne,
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(Received 26 October 2013; accepted 19 May 2014; published online 10 June 2014)

We present an analytical method for evaluating the first and second moments of the effective
exciton spatial distribution in organic light-emitting diodes (OLED) from measured emission
patterns. Specifically, the suggested algorithm estimates the emission zone mean position and
width, respectively, from two distinct features of the pattern produced by interference between the
emission sources and their images (induced by the reflective cathode): the angles in which
interference extrema are observed, and the prominence of interference fringes. The relations
between these parameters are derived rigorously for a general OLED structure, indicating that
extrema angles are related to the mean position of the radiating excitons via Bragg’s condition, and
the spatial broadening is related to the attenuation of the image-source interference prominence due
to an averaging effect. The method is applied successfully both on simulated emission patterns and
on experimental data, exhibiting a very good agreement with the results obtained by numerical
techniques. We investigate the method performance in detail, showing that it is capable of
producing accurate estimations for a wide range of source-cathode separation distances, provided
that the measured spectral interval is large enough; guidelines for achieving reliable evaluations are
deduced from these results as well. As opposed to numerical fitting tools employed to perform
similar tasks to date, our approximate method explicitly utilizes physical intuition and requires far
less computational effort (no fitting is involved). Hence, applications that do not require highly
resolved estimations, e.g., preliminary design and production-line verification, can benefit
substantially from the analytical algorithm, when applicable. This introduces a novel set of
efficient tools for OLED engineering, highly important in the view of the crucial role the exciton
distribution plays in determining the device performance. © 20/4 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4880737]

. INTRODUCTION

Organic light-emitting diodes (OLED) technology has
advanced immensely over the past two decades. Overcoming
the spin statistics problem by combining phosphorescent emit-
ters in active layers, and introduction of doped transport layers
have improved dramatically the electrical properties of the
devices, enabling realizable designs with almost 100% inter-
nal quantum efficiency (IQE).'~ In contrast, the optical prop-
erties of the devices are still far from optimal, limiting
external quantum efficiencies (EQE) to ~20% in standard
OLEDs.*” It is well established by now that the optical prop-
erties of OLEDs, in particular, the outcoupling efficiency, are
strongly dependent on the spatial distribution of the radiating
excitons in the active layer and their orientation preference (if
exists).®'? Consequently, accessing these emission zone (EZ)
properties by optical means has become highly desirable, as it
offers an efficient way to evaluate these important parameters
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during the research and development process, or as quality
control at the manufacturing line. Moreover, as the emission
zone profile is determined by the electrical characteristics of
the device (charge carrier mobilities, diffusion coefficients,
injection barriers, etc.),13 such tools also provide an effective
way to investigate the charge transport properties of the de-
vice, which are still subject to intensive studies.™'*

Indeed, in the last couple of years numerous authors
have presented methods to recover EZ properties from a va-
riety of optical measurements, such as electroluminescence
(EL) spectra, emission patterns, external efficiencies, and
photoluminescence lifetimes.'>'2' These methods heavily
utilize fitting procedures, which may yield highly resolved
evaluation, however, usually require extensive data sets, and
naturally rely on advanced numerical techniques, which tend
to obscure the underlying physical phenomena.'®**** In
recent work, we have presented a different approach to this
problem, developing analytical closed-form formulae to
extract the emission zone location from measured emission
pattern extrema, assuming the excitons are concentrated in a
very narrow region.”* We have shown therein that the angles
in which maximum or minimum emission occurs are related
to the emitter location via a generalized Bragg’s condition,

© 2014 AIP Publishing LLC
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which stems from the interference between the radiating
source and its image, induced by the reflecting cathode. The
resultant set of expressions allows evaluation of the emission
zone location by a simple back-of-an-envelope calculation,
requiring only a knowledge of the local extremum angles
and the optical constants of the various layers at a single
wavelength.”> As expected from an analytical approach, the
method we have presented relies on a focused set of meas-
urements, requires little computation power (no fitting is
involved), and reflects the dominant physical processes.
Nonetheless, that efficient method relies on several sim-
plifying assumptions which are not always satisfied: first, a
very narrow emission zone was assumed, neglecting any spa-
tial broadening effects; second, we have assumed that the an-
ode and the organic layers in the device have similar optical
properties; and third, the presented algorithm relied on a sim-
plified formulation, using 2D line sources instead of 3D point
dipoles.®
In this paper, we augment our previous work to allow a
more detailed and accurate estimation of the EZ properties,
including emission zone mean position and width, while pre-
serving the key advantages of an analytical approach. The
method is based on three analytical steps, employed on the
measured transverse electric (TE) polarized emission pat-
tem,27 which is less sensitive to the dipole orientation.'®20-22
First, we apply a simple division operation to the measured
emission pattern to isolate the image-source (IS) interference
term. Second, we apply a simplified form of our previous
theory to determine the mean value of the exciton spatial dis-
tribution from Bragg’s condition. The third step utilizes the
extracted EZ mean position and the ratio between forward and
side-lobe emission to estimate the EZ width from the extent of
averaging that the pattern exhibits. In addition, we indicate the
precise steps that should be taken to distinguish between the
contributions of the horizontal and vertical dipoles to the
transverse magnetic (TM) polarized emission, utilizing the
difference in intrinsic emission patterns of the two species and
the EZ profile evaluated in previous steps; however, a detailed
investigation of this last step is beyond the scope of this paper.
Before we dive into the rigorous formulation, it is
worthwhile to emphasize the two main merits of our approxi-
mate method, in view of the availability of highly accurate
numerical tools.'*'>?? First, for some OLED engineering
tasks, the complexity involved in employing the numerical
methods is not very cost effective. For initial design stages
and routine verification processes, for instance, it seems that
a more intuitive, computationally efficient, approach, as the
one presented in this paper, would be a better choice. The
latter allows faster trial-and-error cycles in preliminary
design steps, and a means to simply predict how changes in
the electrical properties of the OLEDs are manifested in
measured emission patterns, facilitating simple monitoring
of production discrepancies. In addition, the physical insight
provided by the analytical derivation highlights the features
most sensitive to emission zone variations, thus enabling
application to standard OLEDs, without the necessity to spe-
cially design them for emission zone investigation.'®
Second, even though several steps in the analytical algo-
rithm require pre-processing effort, and we make use of a
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computer program to implement those for repeated auto-
matic analyses, this is completely different, both conceptu-
ally and computationally, from implementing a numerical
fitting tool. The former relies on prescribed closed-form for-
mulae utilizing two physically meaningful optical parameters
of a monochromatic emission pattern; the latter involves a
feedback process between a trial EZ profile with free param-
eters, an optical simulation, and measured data, which is usu-
ally required to be as detailed as possible to promote
convergence to a reliable estimation.'”'*?® Thus, fitting pro-
cedures are much more computationally and experimentally
demanding than the proposed analytical method.

The rest of the paper is arranged as follows. Section II
opens with statement of the model assumptions, followed by
the analytical formulation of OLED polarized emission pat-
terns (Subsection II A), and derivation of the relations
between the latter and the main features of the emission zone
(Subsection 11 B); these form the analytical estimation proce-
dure. Appendix A and Appendix B describe how thick layers
and interlayers (ILs) between the cathode and active layer,
respectively, should be integrated into the model; while
Appendix C suggests a path for estimating the orientation of
the emitting dipoles. In Section III, we verify our method by
application to simulated (Subsection III A) and measured
(Subsection IIIB) results; important discussions regarding
the usage of the method are included in these Subsections as
well. The software tool utilized in Sec. III to implement the
estimation method is described in detail in Appendix D.
Lastly, Sec. IV summarizes our main conclusions.

Il. THEORY

In this section, we rigorously establish closed-form ana-
lytical expressions for the polarized emission patterns of a
general OLED configuration, first for a single dipole
(Subsection II A1), and then for the exciton ensemble
(Subsection IT A 2). Subsection II B formulates the analytical
estimation procedure: the structured form of the emission
pattern expressions (Eq. (1)) is utilized to isolate the IS inter-
ference factor (Eq. (15)); in Subsection II B 1, the EZ mean
position is evaluated from the measured IS interference
extremum angles (Eq. (23)); and in Subsection II B 2, the EZ
width is estimated from the measured IS interference fringe
prominence (Eq. (26)).

The resultant estimation procedure, summarized in
Table I, utilizes three main assumptions:

1. The active layer is adjacent to the cathode. This simplifies
the derivation of Bragg’s condition for the interference
between the source and its image (Eq. (23)); generaliza-
tion of the method to other configurations is discussed in
Appendix B.

2. Some of the measured monochromatic IS patterns exhibit
local extrema; this is required for the application of our
algorithm and should be achieved by collecting data from
a wide spectral range (see Subsection III A).

3. The exciton distribution is not very wide with respect to
the wavelength. This is essential to establish the analytical
estimation process, enabling description of the distribu-
tion function via its mean position and width alone (Eq.
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TABLE I. Summary of the analytical estimation method formulated in Sec. II.

J. Appl. Phys. 115, 223101 (2014)

No. Step Input Output Relevant equations
1 Image-source interference Measured TE emission pattern: £, (0; o) IS interference pattern: £7;5(0; w) (10), (12), (15), and (24)
Extrema angles: Omax, Omin
OLED configuration: d,, €,, (t,, 6, Fringe prominence: 2
2 Emission zone mean position Extrema angles: Opax, Omin Emission zone mean position: (z') (6), (21), and (23)
Active layer and cathode properties: k1, k_»
3 Emission zone width Extrema angles: Oax, Omin Emission zone width: W (25)—(27)

Active layer and cathode properties: ky, k_»

Emission zone mean position: (z')
Fringe prominence: 2

(17)), as well as decoupling between the effect of the two
on the IS pattern (Eqgs. (19) and (20)).

This last assumption implies that the estimation accu-
racy is expected to drop for emission zone profiles which are
very wide or with a highly asymmetrical spatial variation,
inducing dominant high order moments. In practice, how-
ever, the range of device parameters for which the method
performs well is quite large, and may account for a variety of
device configurations and emission zones; this shall be dem-
onstrated in Sec. III.

A. Emission pattern formulation

We consider a prototype device with N+ 2 distinct
layers. An electric dipole of dipole moment “/y/ is embedded
at a certain plane, z = 7/, sandwiched between layers (—1)
and (+1), forming an angle of o with the negative z-axis (Fig.
1). The emission pattern measured for the actual device would
be a superposition of the emission of various such dipoles, dis-
tributed along the active layer and having various orientations
following the characteristic spatial and orientation distribution
functions of the realistic device.'®?® The prototype configura-
tion consists of a metallic cathode, an organic active layer
containing the emitting excitons, a stack of additional organic
layers, and a transparent anode, all fabricated on a thick trans-
parent substrate (Sec. II/Assumption 1); the far-field observa-
tion point 7 lies in air, forming an angle of 0 with the z-axis.

Each layer is characterized by its permittivity, perme-
ability, and conductivity, given for the nth layer by ¢,, p,,
and ¢, respectively; in the active layer, ¢_; =¢&, p_; =y,
and o_; =0,. Considering a time-harmonic excitation with
time dependence ¢/, the wave number of the nth layer is

d,=0 d, d, dy ., dy,
Cathode <+— Active —>
€M, E_ LMoy, &1, s LN
o, o 4} o
47’
—
d

Organic Stack

given by k, = co\/,una,, [1—jou/(we)] = (0/c)(n, — jin),
where c is the speed of light in vacuum, and n,, and x,, denote
the refractive index and extinction coefficient of the nth layer,
respectively; the wave impedance is defined as Z, = o, /k,,.
Our formulation is based on decomposition of the currents
and fields to their plane-wave spectrum,’?*? where we use
the common notation of k, and f§, = \/k2 — k? for the trans-
verse and longitudinal components of the wave number in the

nth layer, respectively.**¥*=* To satisfy the radiation condi-
tion, we demand that 3{k,} < 0 and S{f,} <O.

1. Emission pattern of a single dipole

The first step in evaluating the emission pattern of the tilted
current element of Fig. 1 is to decompose it into a vertical elec-
tric dipole (VED) of magnitude “I3/ ="“Iylcoso, producing
only TM-polarized emission (H, = 0), and an horizontal electric
dipole (HED) of magnitude ° (l]‘l =¢Iylsino, contributing to
both TM-polarized (H,=0) and TE-polarized (E,=0)
emission.*>*"*3* Following previous work,***!*> we further
decompose the latter into TE-generating current element and
TM-generating current element, which allows an elegant deriva-
tion of the polarized emission pattern of the device, defined as
the projection of the Poynting vector on the observation direc-
tion 7. This procedure leads to the identification of three primi-
tive source species: the TM-generating VED, denoted by L and
M superscripts, the TE-generating component of the HED,
denoted by || and E superscripts, and the TM-generating compo-
nent of the HED, denoted by || and M superscripts, throughout
the paper. The individual (orthogonal) emission patterns of these

primitive species can be formulated in a unified manner’*"

FIG. 1. Physical configuration of a typ-
ical OLED. An arbitrarily oriented

Substrate Air dipole (black hollow arrow) is decom-

posed to a horizontal dipole (blue dot-

Ens My Eniis My ted hollow arrow) and a vertical dipole
oy Oy (red dotted hollow arrow).
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Py
. / j—
Sr (072 70‘)) - 47Tr2

3&(k
éé 2 Tys (key2')Tpr (ko) Tww (k;) ;
ke =ky1sin0

)]

where P, = Z,|’Iok,l|*/(127) is the power radiated by an
electric dipole in unbounded medium, and r is the distance
between the origin and the observation point; the IS, direct-
ray (DR), and weak-microcavity (WM) contributions are
given, respectively, by’

X

Tis(ke2) =1+ |T_y (k)|* = 2R{T _ (k,)e ¥R{B}E—d)y

2
N—1 )
Tor (k) = |1+ Ty (k)|* x H|[1 + Ty (k)] 7Prr (=) 2.
n=1
(3)
Tiyur (k) = 1
L |l — f‘,l(k,)Rl(k,)e*z.fﬁl(dlfdfl)‘z
N—1 1
X , 4
nl:[l |1+ T (ke )Ry 1 (p ) e 2P (s =) 2 @

and I',(k,) and R, (k) are, respectively, the local and total reflec-
tion coefficients at the nth interface, in the forward direction.
The local reflection coefficients consider only the reflection due
to the discontinuity between the nth and the (74 1)th media,
whereas the total reflection coefficients take into account the
overall reflection due to the stack of layers to the right of the
nth interface, including multiple reflections (Fig. 1). Therefore,
the total reflection coefficients are recursively defined via

) = Tl + gy e Ve
e 1 + Fn (k[) Rn+l (kt)eizj[;nﬂ(dnﬂfdn) (5)

RN+1(kt) = Oa

while the local reflection coefficients are given by the
Fresnel formula, I',=(1 —v,)/(1 +y,), where 7, is the gen-
eralized impedance ratio around the nth interface. Due to the
difference in boundary conditions, y, must be defined sepa-
rately for each of the primitive sources,’ ="

MVJ_:kHJrlﬂn Zni1 B EyH: kni1By - n+1
! krl[))nJrl Z’l ’ M k”[))nJrl Z" 7

(6)

and we also define the local reflection coefficients in the
reversed direction as>®

~ —T, (k) n>0
I, (k)= 7
(k) {—F,,l(k,) n <. @

Besides the difference in local reflection coefficients,
the different orientation of the primitive sources also induces
a difference in their emission patterns (e.g., it is known that
dipoles do not radiate parallel to their moment). This effect
is introduced to Eq. (1) by the orientation factor, &(k;), given
for the various sources by "'

J. Appl. Phys. 115, 223101 (2014)

2 1¥1
Med (k) = < b ) , (k) —i(ﬂ’“‘> , (8)

kn1 kn 1

where we have considered the dipole moments to have no az-
imuthal preference for their orientation (i.e., the ¢ depend-
ence of the dipoles is averaged).>**34

The emission pattern of a dipole tilted by o with respect
to the z-axis (Fig. 1) is thus given as a superposition of the
three orthogonal contributions, namely,

S, (0,7, ) =MS(0; 7, w)cos® o

+ ES,”(B;Z/,(U)+MS,H(9;Z/,Q)):|SH’IZOC. )

In many instances, the OLED stack contains at least
one layer (the substrate, usually) which is much thicker
than the coherence length exhibited by measurement
spectral resolution or emitter ensemble.”?” In such cases,
the measured emission pattern would not be consistent
with Eq. (9), and the coherence length effect should be
properly incorporated into the model. In order not to
interfere with the fluency of reading, the modifications
required to facilitate this incorporation, and the final
results, are detailed in Appendix A.

2. Emission pattern of the dipole ensemble

We may now formulate an expression for the measured
spectrally resolved polarized emission pattern of the entire
(spatially incoherent®®) exciton ensemble by integrating the
respective terms of Eq. (9) over the spatial distribution of the
excitons, f (7), and their orientation distribution, h(x), yielding20

d n/2
() h(e)sin o - fy (2, o1, @)
ES"G; = Jd’Jd f ext\Z , %, 7
( (U) p(w)d 4 ) o ES]”(O;Z/,CO)SiHZO(
(10)

Ms,(0;0)

4 " / . ,
=p(w) sz/ J do F()h(a)sinoney (2, 0,0)

i 0 Msl (0 ,)sina4+MS (02 ,w)cos?a] |

(1)

for TE-polarized and TM-polarized emission, respectively.
The parameter 1, (Z/, o, ) relates to the EQE of a dipole
tilted by « with respect to the z-axis, radiating from the plane
z =7 at an angular frequency w. It is determined by the in-
ternal quantum efficiency of such a dipole, which considers
electrical losses and non-classical decay channels, multiplied
by the ratio between the power radiated by the dipole (both
TE and TM polarizations, all angles considered) to free space
(layer N+ 1 in our formulation) and the total power dissipa-
tion of the dipole (e.g., also to waveguided, substrate, and
surface-plasmon modes).”” The spectral distribution of the
sources p(w) acts as spectral weight function to the nominal
power radiated by a single dipole in unbounded medium Py
(Eq. (1)). The distribution functions must satisfy normaliza-
tion conditions, namely, fg/z dosinoh(a) = j;jl dZ f(Z) = 1.
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B. Emission zone evaluation
1. Emission zone mean position

After establishing the constituent relations for the polar-
ized emission pattern, our first step is to evaluate the mean
position of radiating exciton, i.e., the first moment of the
effective exciton spatial distribution. To that end, we note
that the effect of the dipole location on the primitive source
emission pattern (Eq. (1)) arises only from the image-source
transmission factor (Eq. (2)). Thus, we begin by decoupling
this contribution from the measured emission pattern, defin-
ing the ensemble image-source contribution to the TE-
polarized emission pattern as (Table I/step 1)

ES.(0;
ETIS(9§ w) = 3E6H(k) ( )
TI ETpr (k) T (k) |t =ty sin 6
dy
P
=p(w) 4Z+1 Jd 'f()E T/S(/<t72/)|/<,:/<N+l sin 0
d_
/2
X Jdoch(ot)sin%c Next (2 0, ). (12)
0
£ ) Py ES 2 =
TIS(Oa CL)) ( )next( )47_”2 X I+ |r*1(k1)| —2Rq T'-

where we assumed that propagation losses in the active layer

are negligible, and defined its width as d =d; —d_; (Fig. 1).
Next, we expand the integral in the third term in the pa-

renthesis of Eq. (15) using the moments of f I (7, m),

=21 (=) —2ip1(Z =)

d
J alz'f_H (7, w)e 2P =¢ dz/f” (', m)e
0

a7, )

— )",
(16)

where E[(z — (z/))"] is the mth moment of the function
f I (7', w) about its expectation value ('), and we assume the
excitons are distributed on an interval smaller than the wave-
length in the active layer, such that the summation con-
verges. In fact, we further assume that the spatial distribution

d
)| de! o) b
0
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We first evaluate formally the integral over the orienta-
tion angle, defining the effective contribution of the HEDs to
the EQE, n!xt(z ®), given the orientation distribution /(x)
via

n/2

Al o) = j doh(@)sin® @ (7, 2, @),
0

13)

using which we define the effective spatial HED distribution
function

) :f( )ﬂext(z w)/next( W),
where the normalization factor i L'm( o) is defined as to ensure
that j: alz’f_'H (7, w) = 1. It is worth noting at this point that
our analytical method would result in an evaluation of the
first and second moments of the effective distribution
fH (Z/, w), which is the original exciton spatial distribution
() welghted by the relative EQE of the HEDs at
z=17 next(z )/ next( ). The consequences of this convo-
lution between the spatial distribution and the orientation-
dependent EQE would be discussed in Subsection III B 2.
Substituting these definitions into Eq. (12) yields

e, (14)

15)

is such that it can be described well by its first two moments,
and we neglect the higher order terms m >3 in the moment
series (Sec. II/Assumption 3). Noting that E[(z' — (Z'))] = 0,
and defining the distribution width W as its standard devia-
tion W2 = E[(Z — ()], Eq. (16) transforms into

d

N o o 1
sz’f“ (7, w)e ¥P7 s o H ) [1 —5(2/;1W)2]. (17)
0

. . . . 24
As implied in our previous work,”** the extrema

angles of the IS interference fringes are closely related to
the mean position of the emission zone. Thus, our second
step involves finding the zeros of the derivative of the
decoupled IS response Eq. (15) with respect to the wave-
number in the active layer, f§; =kjcosf, (Sec.
II/Assumption 2). The relation between f; and the obser-
vation angle 6 is monotonic, and given by Snell’s law
ky = ky1sin 0 = ky sin 0, where 0, is the propagation
angle in the active layer. As the absolute value of the
cathode/organic reflection coefficient |I'_;(k;)| varies very
little with the observation angle, we neglect its contribu-
tion to the derivative, and the IS interference extrema are
thus given by the equation
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d
i R f”ile—2j/31 () J dz’f” (7, w)e—Zj[fl(z’—(z’)) — 0,
P, )

which reads, using Eq. (17),

e~ 2h ()

or S 1 2
, (6& —2j<z>r1) (1 3 2BW) ) W

~

|
B

(28, W)?

19)
Treating the spatial broadening as a perturbation (2 IW)2 <1
(Sec. II/Assumption 3), we neglect, as a zeroth order approxi-

mation, the contribution of the second term in the square brack-
ets which leads us to

e T [ B AT
NP T NC et N A _2iB. (7 =0, (20
{e B (F_] B, ]ﬁ1<2>>} (20)

which relates (z') to the observation angles in which IS inter-
ference extrema occur (via fiy).

Similar to our previous work,24 to facilitate the analyti-
cal solution of Eq. (20) we utilize the Leontovich surface im-
pedance approximation®” for the cathode/organic reflection
coefficient, yielding,

)

1-— Fimg X 2 2'rim P
P (Timg Xact) J2 gXact, @1
1+ (Timg Xact)

B T 4
-1 aﬁl

_ zjrimgXacl
1 + (rimgXacl)z 7

(22)

)

where ring = ny /K_7 is the ratio between the active layer re-
fractive index and the cathode extinction coefficient, and
Yact = €08 Oace = By /ky is the projection of the propagation
direction in the active layer on the z axis.

Finally, given the angles in which maxima or minima
are observed in the decoupled IS interference pattern, the
mean position of the radiating excitons can be evaluated via
(Table I/step 2)

n. . _J2w+mn localmin
2k1(Z') faer + (%img — %0) = {27w local max, @3)
where, using the notations of Ref. 24, (Cimg — %) is the

phase addition upon a single reflection at the cathode/
organic interface for TE-polarized fields, given explicitly
by tantimg = 2rimglact/[1 = (Fimglaer)’]  and  op=1.
Actually, a more accurate evaluation of diyg is given by
%mg = |£T 4|, i.e., the argument of the complex number
I'_;. The extremum angles of the IS interference pattern
0.« enter this condition via y,., which should be eval-
uated using the angles of local minima 0,,;, or local
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maxima 0,,,, according to the case considered. The pa-
rameter v is an integer standing for the interference order;
if the sources are positioned close to the cathode (on a
wavelength scale), the v =0 is applicable; for thick active
layers, solutions of higher order should be taken into
account as well.

Indeed, Eq. (23) is a manifestation of Bragg’s condition:
it matches the phase accumulated during propagation from
the source to the cathode and back (first term) added to the
additional phase due to the reflection from the cathode/or-
ganic interface (second term), on the left-hand side (LHS) of
the equation, to an integer number of full cycles (construc-
tive interference) or full cycles and a half (destructive inter-
ference), on its right-hand side (RHS).

It is worth noting that although we have assumed that
the active layer and the cathode are adjacent (Sec.
[I/Assumption 1), the relation between the local extrema and
the EZ mean position can be generalized, in principle, for
configurations which do not adhere to this limitation. The
steps required for such generalization and its applicability
are discussed in Appendix B.

2. Emission zone width

As demonstrated in Ref. 9, the finite width of the spa-
tial distribution function gives rise to a spatial broadening
attenuation factor, which reduces the relative contribution
of the image-source interference cross-term to the overall
emission pattern. This implies that the prominence of IS in-
terference fringes will be diminished as the emission zone
width grows, due to an averaging effect. Consequently, we
utilize the mean EZ position evaluated in Subsection IIB 1
to predict the fringe prominence that would have been
measured if the EZ width was infinitesimally small; by
comparing this reference fringe prominence to the meas-
ured value, we may estimate the EZ width in the OLED
under test. The fringe prominence is defined, using Egs.
(15) and (17), as the measured forward to side-lobe emis-
sion ratio, namely

ET[s(Q = 0, (,L))
ETIS(G = Ocx; (D)

1
Jo—Zo {1 —3 (Zleacn,OW)z]
— : (24)

1
Iex — Xex |:1 - 5 (2k1Xact,exW)2:|

P =

where the IS interference self and cross terms are defined,
respectively, as

B =~ 2
7(0) = [1 +A|F_l(kt)| L,:k,wsme (25)
%(0) _ zm{rfl(kt)e_zjﬁl@,)}kf

=ky1sin 0
and the subscripts 0 and ex denote evaluation at # =0 and
0 = 0., respectively; the latter may correspond to angles of
local minima 0,;, or local maxima 0,,,.

Equation (24) can be solved for the perturbation W2,
yielding the desirable relation between the measured fringe
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prominence and the spatial distribution width, namely,
(Table I/step 3)

Logpwy? = Z0= 20 = 2 Jer = Xex)
2 «a}%ex(Xact,ex)z - ‘%,O(Xac‘vo)z

(26)

It is worth noting that by defining the fringe prominence
of an infinitesimally broadened emission zone as
P =(Fo—20)/(Fex — ex), we may rewrite Eq. (26) as

(P — PN I — Xox)
PA ex (XdCt ex) - gg’O(XacLO)Z 7

(2k1W) 27)

indicating that similarity between the measured 2 and refer-
ence Z fringe prominence values would yield width estima-
tions approaching zero, in consistency with our discussion in
the beginning of this subsection.

The estimation procedure introduced in this section is
summarized in Table I, with references to the equations rele-
vant for each step. It is worth noting that after the EZ mean
position and width are estimated from the measured TE-
polarized emission pattern, their values can be utilized, in
conjunction with TM-polarized measurements, to reveal in-
formation regarding the orientation distribution of the radiat-
ing excitons. The analytical steps to retrieve that information
are listed in Appendix C; in-depth investigation of these fur-
ther steps, however, is beyond the scope of this paper.

lll. RESULTS AND DISCUSSION
A. Application of the method on simulated data

We first verify our method using simulated emission pat-
terns of a prototype device, based on the device fabricated,
characterized, and analyzed by Van Mensfoort er al.'® The
prototype device consists of a glass substrate (1 mm), ITO an-
ode (120nm), PEDOT:PSS injection layer (100nm), NRS-
PPV active layer (200nm), and an Aluminium cathode (Fig.
2). The spectral dependence of the refractive indices and
extinction coefficients of the NRS-PPV and PEDOT:PSS
were extracted from Ref. 19, of the ITO from Refs. 4042, of
the glass (non dispersive BK7) and aluminium from Ref. 43.

We have generated spectrally resolved TE-polarized emis-
sion patterns of the prototype device hosting symmetrical and

dl
1P
<«—NRS-PPV—> PIZEP[;(;T Glass

< »>< > >
< > < ><¢ >

200nm 100nm

120nm lmm

FIG. 2. Physical configuration of the prototype device, based on the device
fabricated, characterized, and analyzed by Van Mensfoort et al’®
(Subsection IIT A).
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asymmetrical emission zones with varying mean positions and
widths, following Egs. (10) and (15). For symmetrical EZ pro-
files, we have considered six EZ mean positions (z’), namely,
60nm, 80nm, 100nm, 120 nm, 140 nm, and 160 nm, in con-
junction with three EZ widths W, namely, 2nm, 10nm, and
20 nm, corresponding, altogether, to 18 different EZ profiles.
The symmetrical effective spatial distribution is defined as

|z — ()]
<W/z>} 28)

.0 = Lo -
sym

For the asymmetrical distributions, we have considered
nine EZ profiles, exponentially decaying from the vicinity
of the anodic facet of the active layer towards the
cathode,'®**** with combinations of varying mean posi-
tions of (z) = 140nm, 160nm, and 180 nm, and varying
widths of W =2nm, 10nm, and 20 nm. The asymmetrical
(left-decaying) effective spatial distribution is consequently
defined for 2/ < W + (Z') as

7” , N 1 _W+ <Z/> —Z,}
Flan ) = e HHELZL o

and we note that the asymmetrical distribution peaks at
7 =W+ (<), as opposed to the symmetrical distribution
which peaks at z/ = (Z'). In both cases, provided the active
layer is wide enough d > W, the distribution expectation
value and standard deviation are (z') and W, respectively
(Fig. 3), and the parameter F is a normalization factor ensur-
ing thatf dz/f 7 w) = 1.

As our method yields estimations using individual spec-
trally resolved emission patterns, i.e., it does not rely on any
relations between different spectral components of the emis-
sion, we may disregard the spectral dependence of the prefac-
tors p(w)ﬁgxt(w) in Eq. (15) for the simulation purposes. We
have simulated emission in the spectral interval 4 €
[400nm, 800nm] in 5nm steps and angular interval 0 €
[—85°,85°] in 1° steps. No artificial noise was added to the
simulated data. The generated emission patterns were then
used as input to a software tool* that we have developed,
which implements the three steps of our analytical estimation
method (Table I). Detailed description of the processing steps
implemented by this software tool is enclosed in Appendix D.

Figures 4(a)—4(c) present representative simulated TE-
polarized spectrally resolved emission patterns for three dif-
ferent symmetrical EZ profiles, sharing the same width
W =10nm and differ in their mean position (z'). The output
of the first step of the estimation procedure (Table I/step 1),
namely, isolation of the image-source interference term
(Eq. (12)) and identification of the extrema angles, is pre-
sented in Figs. 4(d)-4(f) as well. The black markers in
Figs. 4(d) and 4(e) indicate positions of local maxima, as
were identified by the software tool. Similarly, the white
markers in Figs. 4(e) and 4(f) indicate local minima.

Figures 4(d)—4(f) indicate two important qualitative dif-
ferences between IS interference patterns of EZs with differ-
ent source-cathode separations,9 namely, the different
spectral regions in which the local extrema appear, and their
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type (minimum or maximum); the implications of these
observations on the estimation procedure will be addressed
in detail in Subsections III A 1 and IIT A 2.

1. Symmetrical emission zone profiles: Mean position
evaluation

Figure 5 presents the emission zone mean positions
evaluated via Eq. (23) (Table I/step 2) from local minima
(Fig. 5(c)) and local maxima (Fig. 5(d)), retrieved from data
simulated for the symmetrical distributions defined in
Eq. (28) (Fig. 3(a)). The extracted minima (Fig. 5(a)) and
maxima (Fig. 5(b)) angles on which the estimation relies are
also presented for reference (compare to Figs. 4(d)—4(f)).

To emphasize the simplicity of our method, we demon-
strate the estimation of EZ mean position (Table I/step 2) for

(a) "y -L‘ pattern <z'>=80nm, W=10nm

2.2
2
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o
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pattern <z'>=120nm, W=10nm

Angle ["]

T 5(1,0) (<2'>=120nm, W=10nm) (f)

0
Angle [°]

the local minimum observed in the simulated IS interference
pattern corresponding to (Z/) =120nm and W=10nm,
received at 0,,;, = 30° for A =490 nm (marked by a red hexa-
gon in Figs. 5(a) and 5(c) and in Fig. 4(e)). At this wave-
length, the refractive index of the NRS-PPV active layer'” is
n; =1.92 and the extinction coefficient of the Aluminium
cathode® is k_, =5.96, which translates into Timg =N1/K_>
=0.322 and k; =27n,;/A=0.0246nm " . For Opmin =30°, one
gets yac =0.97, which yields oimg = |£T | = 0.5824 radi-
ans. Substituting everything back to Eq. (23) using the condi-
tion for local minima and v =0, yields (z') = 119.76 nm,
which is the value marked by a red hexagon in Fig. 5(c).
Note that this simple back-of-an-envelope calculation yields
very accurate evaluation compared with the mean position of
the simulated emission zone {z') = 120 nm. Carrying out this
calculation iteratively for all identified local extrema of

(C) S lly Ived pattern <z >-160nm W=10nm

12
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T s(%,0) (<z'>=160nm, W=10nm)

800 800 ann
36 35 3
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FIG. 4. Representative TE-polarized spectrally resolved emission patterns [(a)—(c)], simulated following Eq. (10), and the respective image-source interference
patterns [(d)—()], extracted via Eq. (12) for the prototype device (Fig. 2). The presented patterns correspond to three different symmetrical emission zone pro-

files with constant width W = 10 nm and varying mean positions: (a) and (d) (z') = 80 nm; (b) and (e) (z') = 120 nm; (c) and (f) (Z') =

160 nm. For the IS inter-

ference patterns (d)—(f), black and white markers indicate position of local maxima and minima, respectively, as identified by the software tool implementing
the presented evaluation al gorithm.45 A red hexagon marks the local minimum at 0,,;, = 30° and A =490 nm in (e).
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FIG. 5. Evaluation of emission zone mean position from simulated emission pattern image-source interference extrema, corresponding to the device described
in Subsection IIT A hosting symmetrical EZ profiles. Six EZ mean positions (z') are considered, namely, 60 nm (blue), 80 nm (red), 100 nm (green), 120 nm
(black), 140 nm (magenta), and 160 nm (cyan), in conjunction with three EZ widths W, namely, 2 nm (circles), 10 nm (triangles), and 20 nm (squares), corre-
sponding, altogether, to 18 different EZ profiles. The generated emission patterns were simulated in the spectral interval 4 € [400 nm, 800 nm] in 5 nm steps.
We present the extracted IS interference minima (a) and maxima (b) angles, and the EZ mean position as evaluated from these minima (c) and maxima
(d) angles, as a function of wavelength and EZ profile. Averaged values for each EZ profile appear in dashed lines, along with the corresponding mean eval-
uated (z') of all EZ profiles with the same mean position (and varying widths); the deviation is also indicated. Red hexagons mark the local minimum at

Opmin = 30° and A =490 nm in (a) and (¢).

Figs. 5(a) and 5(b) yields the results summarized in Figs.
5(c) and 5(d).

As expected from the nature of the IS interference phe-
nomenon that is in the basis of the evaluation procedure, dif-
ferent source-cathode separations (i.e., different EZ mean
positions) produce distinct extrema in different spectral
regions (Figs. 5(a) and 5(b)); also, the type of extrema
(minima or maxima) varies with this parameter (see also
Figs. 4(d)—4(f)). Nonetheless, by considering the whole 1 €
[400 nm, 800 nm] spectral range we have achieved an accu-
rate evaluation of the EZ mean position for all EZ profiles
considered, with uncertainties below 5 nm.

Of course, standard OLEDs do not usually emit well
throughout a 400 nm spectral width. However, the results in
Figs. 5(a)-5(d) do not imply it is essential to utilize the com-
plete visible spectrum for the evaluation procedure, but
rather that for different emission zone mean positions, differ-
ent regions of the emission spectrum yield proper estima-
tions of this parameter. Hence, our method could probably
be applied to typical OLEDs without taking special design
measures to facilitate EZ evaluation (cf. Ref. 20, Sec. 4) if
the measurements extend over the entire available emission

spectrum (recall that we require only a single appropriate
monochromatic emission pattern to produce an estimation).
Even if the relevant spectral regions are located at the tails of
the EL spectrum (which is usually the case in optimized
OLEDs?), our algorithm may be applied successfully, due
to the fact that local extrema form a very distinct feature of
interference patterns, and can be accurately evaluated even
for low signal-to-noise ratios; this will be demonstrated in
Subsection III B for experimental data.

In consistency with our methodology, which treats the
spatial broadening as a perturbation (Sec. II/Assumption 3),
the results for the prototype device indicate that indeed the
mean position of the emission zone is quite decoupled from
its width, and the extrema angles (Figs. 5(a) and 5(b)) and
consequently the evaluated mean positions (Figs. 5(c) and
5(d)) are not very sensitive to this parameter.

2. Symmetrical emission zone profiles: Width
evaluation

Figure 6 presents the emission zone widths evaluated
via Eq. (26) (Table I/step 3) from the simulated IS
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FIG. 6. Evaluation of emission zone width from simulated emission pattern image-source interference fringe prominence, corresponding to the device
described in Subsection III A hosting symmetrical EZ profiles. The legend is as in Fig. 5. We present the extracted IS interference fringe prominence for the
minima (a) and maxima (b) angles presented in Figs. 5(a) and 5(b), and the EZ widths as evaluated from these minima (c) and maxima (d) angles, as a function
of wavelength and EZ profile. Averaged values for each EZ profile appear in dashed lines, along with the corresponding mean evaluated W for each EZ profile.

interference fringe prominence, corresponding to the local
minima (Fig. 6(c)) and local maxima (Fig. 6(d)) presented in
Figs. 5(a) and 5(b). The ratios between the forward emission
and the minima (Fig. 6(a)) or maxima (Fig. 6(b)) side lobe
emission on which the estimation relies are also presented
for reference.

Examination of Figs. 6(a) and 6(b) reveals an important
difference between the fringe prominence calculated from
destructive (minima related) and constructive (maxima
related) image-source interference. Whereas the fringe prom-
inence computed from destructive side lobes (Fig. 6(a))
exhibits a large dynamical range, with significant differences
between values corresponding to different EZ widths, the
fringe prominence values computed from constructive side
emission (Fig. 6(b)) are practically insensitive to variations
in EZ width. This explains why the estimation procedure
works rather well for emission zones for which the IS inter-
ference produces distinct minima (e.g., (Z) = 120nm,
140 nm, 160 nm, see Fig. 6(c)), while resulting in a complete
failure for emission zones which only produces interference
maxima (e.g., (z') = 60 nm, 80 nm, 100 nm, see Fig. 6(d)). In
fact, for EZ profiles with () =80nm and (z’) = 100 nm
we do not even get a valid evaluation (i.e., there is no real
solution to Eq. (26)). This suggests that in order to
achieve accurate evaluation of EZ widths, the OLED under

test should operate in conditions which produce IS interfer-
ence minima in a given spectral range, and these should be
used for the evaluation procedure (see also Flammich
et al.,20 cf. Figs. 2 and 3 therein). We emphasize that while
this sensitivity issue has a large impact on the EZ width eval-
uation, EZ mean position can be still accurately evaluated
from emission patterns containing only local maxima, as dis-
cussed in Subsection IIT A 1.

It is worth noting that the slight underestimation of the
EZ widths for broad emission zones (W =10nm and
W =20nm) originates in the approximated moment repre-
sentation of Eq. (17) (Sec. II/Assumption 3). This may be
improved by choosing different forms of approximation
(e.g., the Padé approximant) in case some knowledge on the
expected shape of the emission zone is available a priori.

3. Asymmetrical emission zone profiles

We now turn to examine the sensitivity of our evalua-
tion procedure to the exact shape of the spatial distribution.
To that end, we employ our method on simulated emission
patterns produced for the prototype device hosting asymmet-
rical (left-decaying) emission zones, as defined in Eq. (29)
(Fig. 3(b)). Figure 7 presents the mean position (Fig. 7(a))
and width (Fig. 7(b)) evaluated from the simulated IS
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FIG. 7. Evaluation of emission zone mean position (a) and width (b) from simulated emission pattern image-source interference fringe angles and prominence,
corresponding to the device described in Subsection III A hosting asymmetrical EZ profiles. Three EZ mean positions (z') are considered, namely, 140 nm
(blue), 160 nm (red), and 180 nm (green), in conjunction with three EZ widths W, namely, 2 nm (circles), 10 nm (triangles), and 20 nm (squares), correspond-
ing, altogether, to nine different EZ profiles. (a) Averaged values for each EZ profile appear in dashed lines, along with the corresponding mean evaluated (z')
of all EZ profiles with the same mean position (and varying widths); the deviation is also indicated. (b) Averaged values for each EZ profile appear in dashed

lines, along with the corresponding mean evaluated W for each EZ profile.

interference local minima and the corresponding fringe promi-
nence values. The results clearly indicate that the evaluation
procedure performs well also for asymmetrical distributions,
with accuracies comparable to those received for symmetrical
distributions with the same mean position and width (Figs.
5(c) and 6(c)), despite the significant differences in the full
moment series expansion of the two types of distributions.”

The disregard of high order moments Eq. (17) (Sec.
II/Assumption 3) does result in an overestimation of the EZ
mean position as the EZ width becomes larger (Fig. 7(a));
however, this drift does not deteriorate significantly the accu-
racy of the results, which remains better than 5% for EZ
mean position. As with the symmetrical distributions, apply-
ing the estimation method on data related to maxima angles
yields reasonable estimation of the EZ mean position, how-
ever, fails to recover the EZ width due to the limited dynami-
cal range of the fringe prominence values (not shown).

This verifies the robustness of our method, yielding
accurate estimations of the EZ mean position and width for
these two prototypical spatial distribution functions; thus, we
expect the method to perform well also for arbitrary EZ
profiles.

B. Application of the method on experimental data

After verifying our method in a controlled manner on
data sets simulated for a prototype device, we apply it to ex-
perimental data measured for a blue polymer OLED
(P-OLED) designed, fabricated, and characterized by
Roberts er al.** The P-OLED consists of an Aluminium cath-
ode, a 130nm thick light-emitting polymer (LEP) layer, a
15nm thick IL, a 35nm thick hole injection layer (HIL), a
45nm thick ITO anode, and a 0.7 mm thick glass substrate
(Fig. 8). TE-polarized and TM-polarized spectrally resolved
emission patterns were measured using an index matched
glass hemisphere attached to the bottom of the substrate,
which extends the angular content of the outcoupled emis-
sion (see note on the last paragraph of Appendix A).

The emission was measured for wavelengths in the
range 4 € [360 nm, 830 nm] in 10 nm steps, and angles in
the range 6 € [—70°, 70°] in 10° steps. As discussed in
Appendix D, our software tool*’ interpolates these data to
facilitate higher accuracy of extrema extraction, estimating
the emission over a finer grid of 5nm spectral steps and 1°
angular steps. Nonetheless, when presenting the results of
the estimation method in this subsection, we limit ourselves
to the measured angular interval and the set of wavelengths
in which emission patterns were actually measured; this
ensures the reliability of the error analysis.

Complete details regarding the device properties and
characterization techniques can be found in Ref. 44. The rel-
ative error in intensity measurement is estimated to be lim-
ited by 5% from comparison between emission values
measured at corresponding positive and negative angles,
which should be identical due to symmetry considerations; a
similar limit is assessed from deviations between repeated
measurements (not shown).

Figure 9 presents the measured TE-polarized spectrally
resolved emission patterns (Figs. 9(a)-9(c)) and the respec-
tive image-source interference patterns computed via
Eq. (12) (Figs. 9(d)-9(f)), for three different operating

o y
<«—[EP—> Glass Glass

— e —>—SG—>

130nm 15nm  35nm 45nm 0.7mm

FIG. 8. Physical configuration of the blue polymer OLED fabricated, char-
acterized, and analyzed by Roberts et al.** (Subsection III B).
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(a) Spectrally resolved emission pattern (0.03mA, 5.9V) (b) Spectrally resolved emission pattern (0.3mA, 8.7V) (c) Spectrally resolved emission pattern (1mA, 11V)
800 800 800 45
o 40
750 750 750
35
700 700 ™. 700 ‘
- - - %Y
Eexo Eexo ‘ Erekn
5 e00 3 LY % 600 =
c c 3
o K S | ™
2 550 % % 550
= 2 | H 15
. - -~ - -~ -
10
450 10 450
400 400 5
6 40 20 0 20 40 60 60 40 20 0 20 40 60 0 6 40 20 0 20 40 60 e
Angle [°] Angle [°] Angle [°]
(d) Ti5(1,0) (0.03mA, 5.9V) (e) T s(1.,0) (0.3mA, 8.7V) (f) T (,0) (1mA, 11V)

15

@
=3
S

800

~
o
S

750

~
o
S

700

@
o
S

650

o
=1
S

600

550
5
‘ 500
450 450
400 400
[
-60 -40 -20 20 40 60

0
Angle [°]

o
&
S
Wavelength [nm]

Wavelength [nm]

500

80

70

60

50

a0

30

N o b
10

60 40 20 20 40 60 0

0
Angle [°]

@
o
S

~
o
S

~
=3
S

-3
a
S

550

Wavelength [nm]

a
o
=)

60
{50
|
40
I {30
|
-’ . 20
10
0
60 40 20 20 40 60

0
Angle []

FIG. 9. Measured TE-polarized spectrally resolved emission patterns [(a)—(c)] and the respective image-source interference patterns [(d)—(f)] of the P-OLED
designed, fabricated, and characterized by Roberts er al.** (Subsection 111 B). Measurements were performed for three different operating conditions: (a) and
(d) low current (0.03 mA, 5.9 V); (b) and (e) medium current (0.3 mA, 8.7 V); (c) and (f) high current (1 mA, 11 V).

conditions: low current (0.03mA, 59V) (Figs. 9(a) and
9(d)), medium current (0.3 mA, 8.7 V) (Figs. 9(b) and 9(e)),
and high current (1 mA, 11 V) (Figs. 9(c) and 9(f)).

The distribution of the identified local extrema marked in
Figs. 9(d)-9(f) provides another support to the conclusions pre-
sented in Subsection IIT A 1. As was observed therein for simu-
lated data, local extrema of the experimental patterns are also
found in a rather wide spectral range, including regions far
away from the central EL Wavelength.44 This implies once
again that if the entire available emission spectrum is consid-
ered, recovering emission zone properties of OLEDs may be
realized without the necessity to specially design them.

Figure 10 presents the estimated values of EZ mean posi-
tion (Figs. 10(a) and 10(b)) and width (Figs. 10(c) and 10(d))
evaluated from minima (Figs. 10(a) and 10(c)) and maxima
(Figs. 10(b) and 10(d)) extracted from Figs. 9(d)-9(f) follow-
ing our method. However the scatter of the evaluated EZ
mean positions is greater than obtained for the simulated
emission patterns, it is clear that the excitons form preferably
far from the cathode/organic interface of the 130nm thick
active layer, quite close to the LEP/IL interface, with mean
exciton-cathode separations in the range of 100—130 nm (Figs.
10(a) and 10(b)). This would usually indicate that the electron
and hole mobilities (1, and p,, respectively) are imbalanced,
with the high mobility electrons injected from the cathode
flowing in the device faster than the low mobility holes
injected from the anode facet, causing the formation of the
excitons rather far away from the cathode (u-*° > (LEP).

In addition, if we account for the fact that our investiga-
tions so far (Subsection III A) have shown that EZ widths

evaluated from IS interference minima are more reliable, we
may conclude, by analyzing Figs. 10(a) and 10(c), that subtle
but consistent differences in the way excitons are formed in
each one of the current regimes exist; this is despite the fact
that it is hard to notice any significant differences between
the plots in Figs. 9(d)-9(f) by a mere visual inspection. The
estimated values imply that while the EZ mean position
remains more or less the same for all operating conditions,
the EZ width is consistently reduced for increasing applied
current and electric field, from W ~26.2 £ 3nm (low cur-
rent), via W~194*1nm (medium current), to
W~ 17.0 = I nm (high current); the same trend is observed
for the values estimated for each spectral line individually.
This observation supports the hypothesis that in the meas-
ured device electron mobilities are larger than hole mobili-
ties, as in such a scenario, increase in the external voltage
affects electron velocities more than it affects hole velocities,
causing the excitons to form closer to the LEP/IL interface.

1. Construction of the estimated emission zone profile

As implied by the formulation in Sec. II, our method
provides information regarding the first two moments of the
EZ profile, (z') and W; however, it does not indicate what is
the exact functional dependence that describes that profile.
In order to construct an equivalent exciton distribution, one
must use the physical characteristics of the device in con-
junction with the evaluated properties. We demonstrate such
a construction procedure using the P-OLED investigated in
this subsection. As the estimated values of the EZ mean posi-
tions and widths presented in Fig. 10 indicate that
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(b) Evaluated EZ mean position (from maxima)
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FIG. 10. Evaluation of emission zone mean position [(a) and (b)] and width [(c) and (d)] from measured emission pattern image-source interference minima
[(a) and (c)] and maxima [(b) and (d)] and respective fringe prominence, corresponding to the P-OLED device designed, fabricated, and characterized by
Roberts et al.** (Subsection I1I B). The raw emission patterns, presented in Fig. 9, were collected in three different operating conditions: low current (0.03 mA,
5.9V) (blue), medium current (0.3 mA, 8.7 V) (red), and high current (1 mA, 11 V) (green). Averaged values for each current regime appear in dashed lines,
along with the corresponding mean evaluated (z’') [(a) and (b)] and W [(c) and (d)]; the standard deviation is also indicated.

HEEP > WEEP it would be reasonable to use an asymmetrical

left-decaying exponential distribution to describe the effec-
tive spatial distribution of the excitons.'®**4* Using the defi-
nition in Eq. (29), we may construct such a distribution
function for each pair of evaluated (z) and W from Figs.
10(a) and 10(c) and then average the resultant profiles.

Figure 11 presents the evaluated effective spatial distri-
bution resulting from such a procedure. The narrowing phe-
nomenon attributed to the mobility imbalance is indeed
observed for increasing current conditions. However, the
profiles indicate that a significant fraction of the excitons
resides in the IL, and these are the ones responsible for most
of the aforementioned narrowing.

Indeed, both LEP and IL of the measured P-OLED con-
tain fluorescent molecular sites.** Moreover, the electrical
characterization conducted by Roberts ef al.** implies that in
the IL the holes are those which have the higher mobility.

More specifically, they conclude therein that plF > uLEP

1
> ult > (LB Therefore, a more appropriate model for the
effective spatial distribution function would be an asymmetri-
cal bilateral exponential function, which peaks at the LEP/IL
interface and decays with widths W_ and W, to the left and to

the right of this interface, respectively (Fig. 5 of Ref. 44).

(x10 LEP L HIL
5} Evaluated Effective
Spatial Distribution
(Left-Decaying Exponential)

4 F
—_ Low current (0.03mA 5.9V)
§ Medium current (0.3mA, 8.7V)
= 3[| —— High current (1mA, 11.1V)
N

2 F
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0 . N -
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FIG. 11. Evaluated effective spatial distribution functions, based on esti-
mated EZ mean positions and widths presented in Figs. 10(a) and 10(c) for
the P-OLED measured by Roberts ez al.,** using the left-decaying exponen-
tial model. The three EZ profiles correspond to the low (blue), medium
(red), and high (green) current regimes. Two dotted lines indicate the posi-
tions of the LEP/IL and IL/HIL interfaces.
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Given the estimated values of the EZ mean position ()
and width W, and the desirable position of its peak d, such a
bilateral exponential function may be defined as follows:

1 - =
flild o) =— (30)
——

where

These definitions ensure that provided the LEP and IL are
wide enough, the mean and standard deviation of this func-
tion would be (z') and W, respectively.

Figure 12 presents the EZ profiles evaluated based on
this bilateral exponential model. With respect to Fig. 11, the
narrowing is now more symmetrical, in consistency with the
mobility imbalance in the various layers measured by other
means.** While in principle both models can describe well
the emission zone characteristics of the device, the electrical
discontinuity at the LEP/IL interface implies that the EZ pro-
files constructed based on the bilateral exponential model are
more probable from a physical perspective.

It should be noted at this stage that the results presented
in this subsection agree very well with the EZ properties
obtained by numerical fitting techniques for the same device,
presented by Roberts er al.** (see Subsection 3.5 therein) and
verified by other means as well, e.g., electrical simulations
and measurements. In particular, the EZ width W was
numerically estimated there to be 25 nm, 20nm, and 16 nm,
for the low, medium, and high current operating conditions
(see squares in Fig. 12 of Ref. 44), which are in a very good
agreement with the values extracted by our analytical
method (Fig. 10(c)); good agreement is achieved for the EZ
mean positions as well. These results indicate that the

15X 10 LEP IL_ HIL
Low current (0.03mA, 5.9v) | |
4r Medium current (0.3mA, 8.7V)
35| —— High current (1mA, 11V)
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FIG. 12. Evaluated effective spatial distribution functions, based on esti-
mated EZ mean positions and widths presented in Figs. 10(a) and 10(c) for
the P-OLED measured by Roberts et al.,** using the asymmetrical bilateral
exponential model. The legend is as in Fig. 11.
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accuracy of the suggested analytical algorithm is comparable
with that achieved by numerical methods, and that it may
perform well when applied to experimental data.

2. Effect of external quantum efficiency

When the variation of the EZ mean positions evaluated
from IS interference local maxima (Fig. 10(b)) is examined
in more detail, it seems that there exists a consistent mono-
tonic increase of the estimated values with increasing wave-
length. This allegedly contradicts our previous observations
(Subsection IIT A) that while inaccuracies in the EZ widths
evaluated from maxima are expected, the evaluation of EZ
mean positions from these angles should exhibit small uncer-
tainties (see, for comparison, Fig. 5(d)). If we disregard pos-
sible inaccuracies originating from emission pattern or
material dispersion measurement errors, we may relate this
monotonic increase in EZ mean position to the dependence
of the effective contribution of the HEDs to the EQE in
dipole position and radiation frequency, as formulated in
Egs. (13) and (14).

As laid out by Egs. (15)—(17), our evaluation procedure
is capable of estimating the effective spatial HED distribu-
tion f I (7, w) of Eq. (14), which is a product of the spatial
distribution of the excitons f(z/) and the relative EQE of the
HEDs ﬁ!xl (7, m)/ ﬁﬂxt(w), which is frequency dependent. In
other words, the effective spatial distribution we estimate
corresponds to the distribution of efficiently radiating exci-
tons in each wavelength, indicating the zone from which the
observed emission originates at that wavelength. Therefore,
optical processes altering the molecular lifetime, e.g., weak-
microcavity interference and cathode quenching effects,
which are frequency-dependent, are expected to shift the
weight of the evaluated effective distribution f I (7, w)
towards the spatial regions which outcouple best at the fre-
quency @.

Complete decoupling between the actual exciton distri-
bution f(z') and the EQE effects requires knowledge of the
orientation distribution of the dipoles, as well as considera-
tion of the relations between emission patterns measured at
different wavelengths (Eqs. (13) and (14)); these steps
require numerical fitting of the data. Nonetheless, to examine
the relations between the EQE effects and the trend observed
in Fig. 10(b), a simplified procedure can be harnessed to esti-
mate the relative EQE dependency in emitter position and
frequency. This is achieved by assuming that the internal
quantum efficiency does not vary much with dipole position
and orientation; using an equivalent dipole orientation of
oa="70° (Ref. 44) for Eq. (13); and considering that most of
the excitons are concentrated between z/ = 120nm and z’ =
130nm (Figs. 10(a)-10(c)) for normalizing Eq. (14).

Figure 13(a) presents the estimated relative EQE of
Eq. (14) as a function of emitter-cathode separation and wave-
length, for 2/ € [90nm, 130 nm] and A € [510nm, 640 nm]. It
is readily observed that while the dependency of the relative
EQE in 7 is rather small for A~ 640nm, as the wavelength
decreases emissive sites away from the anode (z/ — 90nm)
become more efficient with respect to those closer to it

(Z — 130nm). This dependency of ﬁ!xt(z’ ,w)/ﬁgxt(a)) in
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FIG 13. Relatlve effective contribution of the HEDs to the EQE
nex[ (Z,m)/n ex[( ) calculated via Eqgs. (13) and (14) and the simplified pro-
cedure outlined in the text, for emitter-cathode separations in the range
7/ € [90nm, 130nm] and emission wavelength in the ranges (a) A€
[510nm, 640 nm] and (b) A € [400 nm, 510 nm] (note the different color bar).

conjunction with Eq. (14) has two important implications:
first, it implies that the evaluated effective distribution
f I (zZ,w) at A~640nm, where the relative EQE is rather
indifferent to the emitter location, is a good approximation for
the actual exciton distribution f(z'); second, it 1mphes that as
the wavelength gets shorter, the mean position of f (7, ) is
expected to shift toward shorter emitter-cathode separation
distances. These two conclusions are in a very good agree-
ment with the mean position values estimated from local max-
ima (Fig. 10(b)).

We attempt to apply the same argumentation to the EZ
mean positions estimated from local minima (Fig. 10(a));
Fig. 13(b) presents the relative EQE for the relevant spectral
range A € [400 nm, 510 nm] (note the different color bar).
The plot reveals that due to the frequency dependence of in-
terference effects within the OLED weak-microcavity, the
relative EQE trend flips when the wavelength approaches
A2430nm, and the efficient emitter positions appear adja-
cent to the anode again; this is consistent with the estima-
tions in Fig. 10(a) evaluated at 1 € [450 nm, 460 nm].
Although the change in relative EQE trend appears to happen
at slightly longer wavelengths than predicted by Fig. 13(b),
the two results are in a qualitative agreement, providing
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another support to our interpretation of the variation of eval-
uated EZ mean positions with wavelength.

As a final note, although this coupling between the actual
exciton distribution and the relative EQE introduces an uncer-
tainty to the evaluated profile f(z'), the deviation of EZ mean
position due to this effect is limited by the EZ width.
Therefore, we may avoid a detailed analysis of the relative
EQE effects as conducted in this subsectlon and approximate
f(2') by averaging the resultant f (7, w) at various frequen-
cies, without significantly deteriorating the estimation accuracy.

IV. CONCLUSION

In conclusion, we have presented a rigorous derivation of
closed-form analytical relations between the constituent char-
acteristics of the effective exciton spatial distribution in
OLEDs, and the main features of the image-source interference
fringes, which may be retrieved from measured emission pat-
terns. The formulation results reveal that Bragg’s condition can
be used to evaluate the emission zone mean position and width,
respectively, from the angles of constructive and destructive in-
terference, and the respective fringe prominence. The method
was verified using controlled simulated emission patterns, and
employed successfully on experimental data, exhibiting good
agreement with the results of numerical techniques.

Our investigation suggests that due to differences in the
dynamical range of fringe prominence values for emission
patterns exhibiting distinct minima or maxima, evaluation of
EZ width from local minima is more reliable; extraction of
EZ mean position seems to perform equally well for IS inter-
ference minima and maxima. We have demonstrated that our
method yields accurate results for a wide range of source-
cathode separations without resorting to specially designed
OLED:s, provided that a wide spectral range is included in the
measurements. The interpretation of the estimated exciton dis-
tribution in the context of construction of the EZ profile and
the effects of the EQE frequency dependency was discussed
in detail and demonstrated using experimental data.

Although following an analytical approach introduces
inevitable approximations to the final results, the computa-
tional simplicity and physical clarity provided by our method
make it very appealing for preliminary design or production-
line verification, which usually do not require very high ac-
curacy. Moreover, the successful demonstrations presented
herein indicate that the assumptions our procedure relies on
are valid for many typical devices. Therefore, the method
introduced herein forms an efficient engineering tool, which
complements the numerical techniques exclusively solving
the emission zone problem to date.
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APPENDIX A: OLEDS WITH LAYERS THICKER THAN
THE ENSEMBLE COHERENCE LENGTH

For layers thicker than the coherence length defined
by the emission bandwidth or the spectral resolution of the
measurements, L.=c/Aw, Eq. (4) would produce spurious
weak-microcavity interference fringes which would not be
observable in measured data.”>”*® In more detail, if an inter-
ference process takes place between rays multiply-reflected
between two boundaries at z = d,,, and z = d,,,, the distance
between which satisfying |d,, — d,,| > L., then within the
spectral range of the source ensemble there would be an infin-
itely large number of frequencies that would yield construc-
tive interference and an equally large number of frequencies
that would yield destructive interference, for a given observa-
tion angle. Thus, when the integrated spectral response of the
ensemble is considered, the interference cross-terms related to
this process would be highly attenuated, and may be neglected
for any practical matters.”>"*” On the other hand, if the cavity
thickness satisfies |d,, —d,,| < L., then the interference
cross-terms are unaffected by the spectral broadening.

The coherence length relevant to our discussion is given
by’’ L. = max{Leens, Lemeas }» Where the ensemble coher-
ence length L. .,s=c/Aw is inversely proportional to the
source spectral width Aw, and the spectral resolution of the
measurement Al,..s (in wavelength units) dictates the mea-
surement coherence length LL.,meaS:/IZ/Qn’Aimeas). In typi-
cal OLEDs, the coherence length of the ensemble is of the
order of L, ¢ps ~ 3 um—-20 um,*® while a typical measurement
resolution of Adye,s = 1 nm dictates L, meas ~ 25 um—100 um
(for the visible spectrum 4 € [400 nm, 800 nm]). In any
case, as the OLED organic stack is usually submicron thick
and the substrate usually ~1 mm thick, only the weak cavity
formed between the cathode/organic and substrate/air inter-
faces would be affected by this spectral broadening effect.’

The practical consequence of this observation is that the
expression for the weak-microcavity contribution (Eq. (4))
should be modified as to neglect all interference cross-terms
originating in multiple reflections between the substrate/air
interface and the OLED organic stack and cathode. This is
facilitated by separating the substrate/air interface from the

WM factor of Eq. (4), similarly to Shcherbakov ez al.,*

1
|1 T (k)R (ke)e=2F (=)
— 1

n=1 |1+rn(kt) n+1(kt)
1

x ~ -
1 — [T (k)Rn-1 (k)|

Twm(k:) =

.’:l

—2jBy1 (dni1—d) | %

(AD)

where the modified total reflection coefficients are defined as
to disregard the substrate/air interface via the recursion base
condition, namely,

=2jByi1 (dus1—dy)

Dbt e —d)  (A2)

ﬁn(kt) F (kl‘) +§n+l(k1)
1+ T, (k)R o1 (r)e
Ry(k) =0,
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and we introduce the total reflection coefficients in the
reversed direction for n >0, considering the reflection from
the OLED organic and cathode stack of waves reflected back
(to the left) from the substrate/air interface,

2 fil k En k =2jp, (d —dn—l)
Ro(k,) = (At) +R,—1(k)e
Rl R h)e ]
S Talk) 4 Ty (ke ¥Rl
) =

1+ 1A—‘l(kt) f_l (k;)e=%bi(di—d) ’

and lA"n is defined via Eq. (7).

In case the optical measurements are performed using
an index-matched half—sphere,19’44’49’50 the reflection from
the substrate/air interface can be neglected for emission pat-
tern calculations, and the formulae (2)—(5) remain valid, pro-
vided we replace the air layer with a semi-infinite substrate,
extending to z — oo.

APPENDIX B: OLEDS WITH ORGANIC LAYERS
BETWEEN THE CATHODE AND THE ACTIVE LAYER

In many cases, it is sufficient to consider an OLED
structure such as the one depicted in Fig. 1, in which the
cathode and the active layer are adjacent (Sec.
II/Assumption 1).18*20’44 For more general scenarios, in
which the active layer is separated from the cathode by
another stack of M —1 organic layers (i.e., positioned
between layer (—1) and layer (—2) in Fig. 1), the model
can be used without change as long as their optical
properties do not deviate much from these of the active
material; we then use an average refractive index to repre-
sent the optical constituents of the layer *1, e.g., as in
Ref. 49.

If a mean medium approximation for these organic layers
is not applicable due to significant refractive index differen-
ces, the electromagnetic model should be modified such that
the local reflection coefficient I'_; in Egs. (2), (4), (A1), and
(A3) is replaced by the total reflection coefficient R _;, taking
into account all multiple reflections at interfaces situated to
the left of the active layer (see Ref. 9 for its definition).

Subsequently replacing I'_; with R_; and noting that
the emission zone mean position (') is defined as the dis-
tance to the left interface of the active layer d_; =0 would
retain the validity of Egs. (15)—(20); however, the approxi-
mations (21) and (22), which lead to the analytical form of
the extremum condition (23), would not be strictly applica-
ble. Nonetheless, an approximate Bragg condition similar
to Eq. (23) may be derived, where oy, = |L§_1 |. In prin-
ciple, this approximate condition would be valid as long as
the dominant reflection from the interfaces to the left of the
active layer would still arise from the cathode/organic
boundary, and the main influence of the stack would be
limited to variation of the phase accumulated during propa-
gation from the source to the cathode and back.
Quantitative evaluation of this generalization is left for
future work.
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APPENDIX C: EVALUATION OF EFFECTIVE DIPOLE
ORIENTATION

As mentioned in Sec. I, a thorough discussion in the
evaluation of effective dipole orientation is beyond the
scope of this paper. However, it is worthwhile to denote the
steps that may be taken in order to estimate this parameter.
Our concept for evaluating the effective dipole orientation
relies on the fact that the VEDs do not emit to the forward
direction due to their intrinsic radiation pattern (Eq.
(8)).20-30:31 Thig implies that we may use the measured TM-
polarized emission in the forward direction, together with
the EZ profile estimated according to Subsection IIB, as a
means to predict the TM-polarized emission pattern that
would have been produced by HEDs alone; the deviation
from this prediction would indicate the relative contribution
of VEDs.

Formally, we define the effective contribution of the
VED:s to the EQE in analogy to Eq. (13),

n/2
B () = j doh(z)sinacostan (7, @, 0),  (CI)
0

transforming the expression for the measured TM-polarized
emission pattern of Eq. (11) into

il (@) (2, 0)"S1 (02, 0)

dy
MS,.(0;0) = p(w J dz Xt A ,
=P (@) | & | (o 05207, 0)

(C2)

where we used the definition of the effective spatial VED
distribution function

Fr( o) =ik (2 o) fid (o) (C3)

o 7L
the normalization factor ensures fod dZf (Z,w) = 1.

Using the moments of f I (Z/, w) recovered in Subsection
II B and the measured emission at 0 =0 we may estimate the

product p(w)fq!xt(w)f H(z’,w) and subsequently, via Egs.

(1)—(4), the HED contribution to the TM-polarized emission
pattern for all relevant angles. Subtracting this result from
Eq. (C2) yields the emission pattern produced by the VED
ensemble alone. Finally, the procedure formulated by Eqgs.
(12)—(27) can be repeatedSl in an analogous manner for this
isolated VED emission pattern to estimate

p()ija (0)f (2, w). The ratio between this parameter and

p(w)f]ﬂm(w)f“(z’,a)), which was already evaluated, yields

exactly the ratio between the effective contributions of the
VEDs and HEDs to the EQE (Egs. (14) and (C3)), namely,

n/2
J doh(o)sin o cos?a 1y (2, o, @)
0

= ;o (C4)

next (Z/’ w) T[/z
J doth(a)sin® o g, (2, o, @)
0
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which can be used to deduce the nature of the orientation dis-
tribution /(a).

APPENDIX D: EMISSION ZONE ESTIMATION
SOFTWARE TOOL

For the sake of completeness, we provide herein details
regarding the processing steps implemented by the software
tool “Where Is My Emission Zone?++" (WIMEZPP),
developed to apply the analytical EZ estimation algorithm
described in this paper to simulated and experimental data.*’
The main routines in WIMEZPP employ the three steps of
our method (Table I): isolation of the image-source interfer-
ence term; identification of the extrema angles and evalua-
tion of the emission zone mean position (Subsection II B 1);
and retrieval of the fringe prominence and estimation of the
emission zone width (Subsection IIB 2).

To reduce noise-related issues, which may become
critical when isolating the IS interference pattern (which
requires a division of the input data by an analytical func-
tion, possibly obtaining small values), and to facilitate
proper identification of local extrema, a pre-processing
interpolation step is implemented. This step consists of a
cubic polynomial interpolation of the input emission
values between neighbouring spectral and angular grid
points, which is provided, for instance, by the standard
MATLAB procedure fit (gridPoints, rawData,
‘cubicinterp’ ). After applying this step, the raw data
are not represented by a set of sampled grid points any-
more, but by a set of cubic polynomial coefficients, which
are associated with each interval between two original grid
points. In another words, the raw data is now a smooth
function, which can be evaluated and differentiated in each
desirable point with reduced noise-related problems. In
addition, when obtaining this interpolation we demand that
the emission would vanish as the observation angle goes to
*90°, thus increasing the accuracy of local extrema identi-
fication near the limits of the measured angular interval,
relying on physical rationale.

For our purposes, it is sufficient to interpolate the input
data to match a 2D grid with spectral resolution of 5 nm and
angular resolution of 1°. Nonetheless, when presenting the
results of the estimation method (Subsection III B), we have
limited ourselves to the specific measured wavelength val-
ues, and the measured angular interval; this ensures the reli-
ability of the error analysis.

Although interpolation does not add any information
content to the raw data per se, it serves as an important
accessory tool to interpretation of the data, especially if auto-
matic accurate detection of local extrema, such as required
by WIMEZPP, is to be implemented. The reason for that is
the fact that local extrema are a rather “global” property of a
function, in terms of sampled grid points: in case a local
extremum lies between two neighbouring grid points, it is
important to know how to connect these points in order to
achieve an accurate evaluation of extrema angles and emis-
sion. Using the physical constraints that the emission pattern
must be smooth both with respect to angle variation and
wavelength variation, and that emission must vanish as the
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observation angle approaches the horizon, we are able to rep-
resent the raw data as a physically consistent smooth func-
tion and consequently evaluate these parameters accurately.

It is important to note that this pre-processing step is not
essential if highly resolved measurements in the angular do-
main are available. Moreover, if the analytical estimation is
applied “manually” on a single (monochromatic) emission
pattern, plotting the IS interference pattern using a standard
visual software tool such as MATLAB or Microsoft Excel is
usually sufficient for an accurate evaluation of both local
extremum angles and fringe prominence values by inspection
(these tools usually plot interpolated data by default). An
example to such a manual application can be found in Ref.
24, highly emphasizing the simplicity and efficiency of the
proposed method.

Lastly, to ensure a physically consistent identification of
local extrema in noisy experimental data, which is a critical
step in our estimation method, we follow these rules

1. We restrict ourselves to local extrema found in the angu-
lar range |0] € [10°,80°]. At small observation angles
|0] < 10°, the dominant local extremum should appear at
0 =0°. This local extremum cannot be utilized to deduce
emission zone properties as it is always present due to the
symmetrical nature of the emission pattern (Eq. (1)); con-
sidering nearby identified local extrema increases the risk
that experimental errors which deteriorate this symmetry
will become pronounced. At large observation angles
|6] > 80°, the measured data are usually less reliable due
to low intensity and possible contributions of edge emis-
sion, thus we disregard this angular region as well.

2. Only one local extremum of each class (local maximum
or local minimum) is allowed in the range [10°, 80°]. As
it is not probable to discover more than one local
extremum of each class in IS interference patterns pro-
duced by OLEDs with typical emitter-cathode separation
distances, if such a case is encountered, the emission pat-
tern at the wavelength under consideration will not be
processed as we assume the cause for this discrepancy is a
high noise level.

3. Due to the symmetry requirement of the emission pattern
noted in item 1 above, we only consider an identified local
extremum 6., € [10°, 80°] to be proper if a corresponding
local extremum —0., + A0 is identified in the interval
[—80°, —10°] within an allowed tolerance of |A0| < 5°.
As in item 2, deviation from this symmetry condition is
an indication for a noisy measurement at this wavelength,
and this local extremum will not be processed for EZ
estimation.
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