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In this study, an analytical solution for the current distribution of a large-area organic light emitting

diodes (OLEDs) with parallel equidistant gridlines is derived. In contrast to numerical methods,

this analytical solution allows for a very quick scan of the OLED design space, even for very large

OLEDs, providing insight how different model parameters affect each other. The assumptions

within the analytical derivation are verified with finite element simulations of the same OLED.

Furthermore, the analytically calculated light distribution was experimentally verified by

measuring the light distribution on a large-area OLED. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4749419]

I. INTRODUCTION

Flexible organic light emitting diodes (OLEDs) are very

thin and light-weight light sources which are expected to rev-

olutionarize the way we apply and experience light within

office, home and urban environment.1–5 The current light

bulbs will be replaced with intelligent large area lighting:

lighting which allows for all kinds of customization by the

user, like cutting and bending. The future will probably pro-

vide some sort of electronic wallpaper which can be adapted

by remote control.

An OLED can be regarded as a thin layer of light emit-

ting material (organic semiconductor) which is sandwiched

between an anode and a cathode. As the light has to be able to

escape from the OLED, one of these two, anode or cathode,

needs to be transparent. Therefore, transparent conductors are

applied, like indium-tin-oxide (ITO) or poly(3,4-ethylenediox-

ythiophene) poly(styrenesulfonate) (PEDOT:PSS). However,

these transparent conductors are still fairly bad electrical con-

ductors in comparison to metals. For large-area OLEDs, this

leads to an inhomogeneous potential and current distribution

over the OLED and thereby to an inhomogeneous light output.

This inhomogeneity increases with increasing OLED area.

Currently, flexible OLEDs are still relatively small, in

the order of a few square centimeters. The near future will

show a race towards larger and larger OLEDs with a good

light homogeneity and a low power input. These demands

are contradictory as long as the resistance of the transparent

anode or cathode remains unchanged.

However, the application of thin metal grids to enhance

the conductivity of the transparent OLED electrode brings

large area OLEDs within reach.1,6–9 Such grids allow for

larger OLED tiles while still maintaining a reasonable power

consumption and light homogeneity. A schematic overview

of an OLED with a metal grid is shown in Figure 1. In this

device configuration, the anode of the OLED is formed by a

combination of metal gridlines and the transparent conduc-

tive polymer PEDOT:PSS. In order to achieve an efficient

injection of current into the OLED, two bus bars consisting

of aluminum are placed on both sides of the grid. The thick-

ness of the different layers is in the order of 100–500 nm.

The planar dimensions of the OLED can be in the order of

centimeters.

Modeling tools are used to optimize the grid pattern

dimensions and to predict the light homogeneity of OLEDs.7

Typically, finite element (FEM) and finite difference meth-

ods8,10 are very suitable to solve this kind of conductivity

distribution problems. However, due to the extreme aspect

ratio of the OLED tile (lm thickness vs. cm in planar direc-

tions) and differences in dimensions of the OLED structures

(nm layer thickness, vs. lm grid dimensions, vs. cm OLED

dimensions), large OLED tiles are very difficult to model

numerically, as an extremely large amount of elements is

required.

It is therefore preferable to use analytical models, since

they do not have this disadvantage. Furthermore, numerical

simulations may sometimes seem like a black box, analytical

equations may help to provide insight in how the different

parameters affect the result. However, very complex geome-

tries are impossible to model analytically.

Choi et al.6 presented an analytical model of an OLED

with equidistant lines. However, they ignored the voltage

drop along the metal grid, simplifying the voltage drop to a

1-dimensional issue. This was a reasonable assumption as

their OLED area was relatively small (7.3 cm2) and further-

more they used relatively thick metal lines with a high con-

ductivity (electroplated copper which was patterned using

lithography). However, in practice, thick metal lines mean

more topology (a very thin light emitting layer has to be de-

posited over the grid lines), more material and therefore

higher costs. Furthermore, for large-area OLEDs, preferably

printed metal lines are used that exhibit a 5–7 times lower

conductivity as compared to the bulk values of the metal.
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When using these practically more realistic specifications on

OLED area and grid properties, the voltage drop along the

metal grid needs to be taken into account.

The aim of this study was to determine and validate a

more sophisticated analytical solution of the light output for

large OLEDs (up to dimensions of tens of cm) with a thin

metal grid consisting of parallel equidistant lines. For valida-

tion, the analytical solution was compared with FEM calcu-

lations of the same problem to verify the validity of several

assumptions. Furthermore, the calculated analytical light dis-

tribution was also verified by experiments on large-area

OLEDs. As a final result, an example of a design space for

the light distribution in an OLED is given, to illustrate the

applicability of this analytical approach. When a given ho-

mogeneity of a large-area OLED is required the analytical

solution provides a fast and direct way to predict the optimal

grid design.

II. DERIVATION OF AN ANALYTICAL SOLUTION

Figure 2 shows a very small part of the OLED in Figure 1:

only an area containing half the width of a gridline (b1), half

the distance between two gridlines (l), and half the distance

between both bus bars (l2). The bus bar would be at the left

side of the figure, but is omitted together with the cathode.

Figure 3 is the cross section as shown in Figure 2. The light

emitting layer is labeled as light emitting polymer (LEP).

However, this can be any kind of emitter stack.

The derivation is started with the steady state continu-

ity equation for currents (div(j)¼ 0) within the PEDOT an-

ode (Figures 2 and 3), where j1, j2, and j3 are the currents in

the x, y, and z direction and tpedot, tgrid, and tlep are the

thicknesses of the PEDOT, grid, and LEP layers, respec-

tively. It is assumed that there is no x-component for the

current within the PEDOT, as in general the length of the

gridlines will be much longer than the distance between

them. Hence,

@j2

@y
þ @j3

@z
¼ 0; (1)

@j3
@z
¼ jlep

tpedot
; (2)

which leads to

@j2

@y
þ jlep

tpedot
¼ 0: (3)

Ohm’s law then relates the current density to the electric

potential Vi

ji ¼ r � E ¼ �r � rVi; (4)

�rpedot �
@2Vpedot

@y2
þ jlep

tpedot
¼ 0; (5)

jlep ¼
VpedotðyÞ � Vth

r
: (6)

With rpedot, the conductivity of the PEDOT:PSS and Vpedot

the electric potential within the PEDOT:PSS. The Vth is a

threshold value for the linearization of the current density—

voltage (j-V) curve of the OLED and r the slope of the linea-

rization (Figure 4). Note that this is only correct when it is

assumed that the whole cathode is grounded (V¼ 0). The

j-V curve was measured on a small area intrinsic OLED

without grid

FIG. 1. Schematic drawing of an OLED with bus bars (red) and gridlines

(blue).

FIG. 2. Overview of a unit cell of the OLED. Note that the bus bar and cath-

ode are omitted. FIG. 3. Schematic current flow within PEDOT: PSS.
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@2Vpedot

@y2
� VpedotðyÞ � Vth

r � rpedot � tpedot
¼ 0; (7)

which has the following general solution

VpedotðyÞ ¼ A1e
1
K�y þ A2e�

1
K�y þ A3; (8)

with
1

K2
¼ 1

r � rpedot � tpedot
: (9)

This equation can be solved using an assumption of symme-

try (Eq. (10)), and with the assumption that the voltage

within the gridline is known (Eq. (11))

@Vpedotð0Þ
@y

¼ 0; (10)

VpedotðlÞ ¼ VgridðxÞ; (11)

Vgrid is the electric potential within the grid. Combining the

general solution with the assumptions results in the follow-

ing solution for the voltage within the PEDOT:

Vpedotðx; yÞ ¼
VgridðxÞ � Vth

e
1
K�l þ e�

1
K�l

� �
� e1

K�y þ VgridðxÞ � Vth

e
1
K�l þ e�

1
K�l

� �

� e�1
K�y þ Vth:

(12)

Within this solution, Vgrid(x) is still unknown. Vgrid(x) can

be determined in a similar way with the continuity equation

for currents, but now for the gridline. Figure 5 shows a sim-

ilar image as Figure 2, with the difference that Figure 5

shows a small box with a schematic current overview. For

simplicity, it is assumed that the PEDOT is only next to the

gridline, and that the LEP is below the PEDOT and the

gridline

@j1

@x
þ @j2

@y
þ @j3
@z
¼ 0; (13)

@j2
@y
¼ jgrid2pedot

b1

; (14)

@j3

@z
¼ jlep

tgrid
¼ VgridðxÞ � Vth

r � tgrid
: (15)

With jgrid2pedot, the current flow from the grid to the PEDOT.

So,

@j1
@x
þ jgrid2pedot

b1

þ VgridðxÞ � Vth

r � tgrid
¼ 0; (16)

ji ¼ r � E ¼ �r � rVi; (17)

�rgrid �
@2Vgrid

@x2
þ jgrid2pedot

b1

þ VgridðxÞ � Vth

r � tgrid
¼ 0; (18)

jgrid2pedot ¼ jpedotðx; lÞ �
tpedot

tgrid
¼ rpedot �

@Vpedotðx; lÞ
@y

� tpedot

tgrid

¼ rpedot �
tpedot

tgrid
� VgridðxÞ � Vth

e
1
K�l þ e�

1
K�l

� �
� 1

K
� e 1

K�l � VgridðxÞ � Vth

e
1
K�l þ e�

1
K�l

� �
� 1

K
� e� 1

K�l
� �

¼ rpedot

K
� tpedot

tgrid
� e

1
K�l � e�

1
K�l

e
1
K�l þ e�

1
K�l

 !" #
�
�

VgridðxÞ � Vth

�
:

(19)

FIG. 4. Schematic j-V-curve of a small area intrinsic OLED without grid.
FIG. 5. Schematic current flow within the gridline.
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Filling this in within the former equation (and performing a little rework) gives

@2Vgrid

@x2
� rpedot

rgrid � K � b1

� tpedot

tgrid
� e

1
K�l � e�

1
K�l

e
1
K�l þ e�

1
K�l

 !" #
�
�

VgridðxÞ � Vth

�
� VgridðxÞ � Vth

rgrid � r � tgrid

¼ @
2Vgrid

@x2
� rpedot

rgrid � K � b1

� tpedot

tgrid
� e

1
K�l � e�

1
K�l

e
1
K�l þ e�

1
K�l

 !
þ 1

rgrid � r � tgrid

" #
� VgridðxÞ

þ rpedot

rgrid � K � b1

� tpedot

tgrid
� e

1
K�l � e�

1
K�l

e
1
K�l þ e�

1
K�l

 !
þ 1

rgrid � r � tgrid

" #
� Vth: (20)

This can again be solved with

@Vgridð0Þ
@y

¼ 0; (21)

Vgridðl2Þ ¼ Vinit; (22)

which are similar assumptions as used in Eqs. (10) and (11).

This gives, analogous to Eqs. (8)–(12)

1

K2

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rpedot

rgrid � K � b1

� tpedot

tgrid
� e

1
K�l � e�

1
K�l

e
1
K�l þ e�

1
K�l

 !
þ 1

rgrid � r � tgrid

vuut ;

(23)

VgridðxÞ ¼
Vinit � Vth

e
1

K2
�l2 þ e

� 1
K2
�l2

 !
� e

1
K2
�x þ Vinit � Vth

e
1

K2
�l2 þ e

� 1
K2
�l2

 !

� e�
1

K2
�x þ Vth:

(24)

The relation between the luminance (cd/m2) and the electric

potential V is similar to the relation between the current den-

sity j and the electric potential V. Hence, the luminance L

can easily be determined from the electric potential by

L ¼ b �
�

Vðx; yÞ � Vth

�
: (25)

III. ANALYTICAL CALCULATIONS

The analytical solution for the electrical domain of the

anode (Eqs. (12) and (24)) were programmed within MATLAB

(Mathworks, Natick, MA). This analytical solution can han-

dle infinitely large model dimensions while maintaining a

high accuracy. However, it includes some assumptions.

These assumptions were: (1) within the PEDOT the current

flow was only assumed perpendicular to the grid lines, (2)

the effects of the bus bar were not taken into account (loca-

tion of the anode connection), (3) the bus bar and cathode re-

sistance was not taken into account, and (4) the j-V is

linearized at a certain brightness. Assumptions 1 and 2 are

correct when the length of the gridline (dimension of the

OLED) is much larger than the grid pitch. In most cases, this

will be easily obtained, as producers of OLEDs will aim at

minimal visibility of the grids. Hence, grid widths will be

minimized and a smaller grid width will also require a

smaller grid pitch to still obtain acceptable light homogene-

ities. Assumption 4 results in a conductivity of the LEP layer

which is dependent on the voltage/electric field. Due to the

linearization of the j-V curve, this dependence is reasonable

correct when the light output distribution of the OLED de-

vice is close to the linearization point. However, the conduc-

tivity is also known to be dependent on the carrier

concentration and temperature.11–13 The analytical model

does not take this into account. In case of an inhomogeneous

temperature distribution, caused by joule heating, the analyt-

ical model will not provide a correct solution.

To determine the effect of these assumptions, the homo-

geneity of the light emission of large area devices was also

calculated numerically using FEM.7 FEM allows modeling

of very complex grid geometries without the analytical sim-

plifications or assumptions, but often a limited computer

memory (and time) places a practicality restriction on the

dimensions of the model. The FEM model was used as a

benchmark and as a check for the validity of the analytical

assumptions.

The OLED design parameters in the model were defined

as follows (see also Table I). The applied voltage was chosen

such that a maximum light output of 5000 cd/m2 for general

lighting purposes was obtained. The grid, bus bar and cathode

were assumed to be made of Aluminum, with an electrical con-

ductivity which was 43% of the bulk conductivity (measured).

For the analytical model, the following dimensions were

used (Figure 2): l¼ 1 mm, b1¼ 0.1 mm, and l2¼ 6 cm

(Figure 6(a), note the difference in x and y dimensions).

Symmetry is assumed along 3 boundaries (lower, right and

upper boundary). In this way, one can model an OLED with

a length of 12 cm and an “infinite width.” Hence, it should

be noted that the analytical model only models a unitcell

area (e.g., Figure 2). The maximum and minimum light

TABLE I. Model properties.

Width (m) Thickness (m) r (S/m)

PEDOT 100� 10�9 4.0� 104

LEP 80� 10�9

Linearized j-V Vth¼ 4.4 V,

r¼ 0.012 m2/AV

Grid 1� 10�4 440� 10�9 1.53� 107

Bus bar 10� 10�3 440� 10�9 1.53� 107

Cathode 100� 10�9 1.53� 107
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output within the unitcell are also the maximum and mini-

mum light output for the cell.

Five comparisons between the analytical and numerical

solutions were made:

1. using exactly the same assumptions for the numerical

model as were made for the analytical model;

2. assuming a bus bar, the anode connection is along the

complete length of the bus bar;

3. modeling a quarter of an OLED with a reduced element

density (10 times less for the same volume);

4. including an anode connection on the bus bar;

5. including a cathode.

The FEM models, used for the first and second compari-

son, had the same dimensions as the analytical model; the

dimensions of the unitcell (Figures 6(b) and 6(c)). The FEM

models, used for the comparisons 3 to 5 were a quarter of a

full 12� 12 cm2 OLED; hence 6� 6 cm2 (28 gridlines, Fig-

ures 6(d)–6(f)). COMSOL 3.5 a (Comsol AB, Stockholm, Swe-

den) was used to perform the FEM calculations. The light

emitting polymer was modeled with solid volume elements,

whereas the anode and cathode were modeled with a layer of

2D elements.

To verify the analytical model with the real working

OLED, the light emission of a 12� 12 cm2 OLED was

experimentally measured. The light-emitting polymer Livi-

lux was used as emitter and the PEDOT:PSS anode consisted

of Orgacon
TM

HILHC5. Material parameters and dimensions

are given in Table I. The grid width and pitch were 0.2 mm

and 2.2 mm, respectively.

The analytical approach was used to simulate the real

working OLED. The dimensions of the model were

0.11 cm� 6.0 cm. The grid width is 0.1 mm. The dimensions

of the unitcell are half the grid pitch (0.22 cm), half the grid

width (0.2 mm), and half the experimental OLED dimension

(12 cm). The unitcell is similar to the situation of Figure 2.

The IVL was linearized around 500–600 cd/m2, as that was

the maximum light output of the experimental OLED. All

other properties are given in Table I.

The analytical solution is applied to calculate the OLED

grid design space for an OLED with the same PEDOT, LEP,

and grid properties as discussed before (Table I). The grid

FIG. 6. (a) Brightness variation along the

x and y coordinates of a 0.11 by 6 cm2

OLED as obtained by our analytical

model, ((b)–(f)) all obtained with COMSOL,

(b) numerical simulation of the 0.11 by

6 cm2 OLED, (c) show the effect of a bus

bar, (d) a 6� 6 cm2 OLED with a reduced

element density (quarter of 12� 12 cm2

OLED), (e) anode connection onto bus

bar, and (f) cathode.
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width and grid pitch were used as parametric input variables.

The analytical equation was solved for the length of the

OLED, assuming an allowed light drop of 20%.

IV. RESULTS AND DISCUSSION

Figure 6(a) shows the light distribution from a unitcell

(like the situation in Figure 2) calculated with the analytical

model. It is a topview of the unitcell where the light distribu-

tion below the gridline and the PEDOT:PSS is made visible.

Note the difference in x and y dimension. Figure 6(b) shows

the exact same situation but then simulated with FEM. The

results are essentially undistinguishable. The minimum

brightness at the top right of the OLED (Figure 6(a)) is

78.6% (�21.4%) of the brightness at the edge of 5000 cd/m2

for both approaches (3931 cd/m2 vs. 3936 cd/m2). This light

drop does not exactly match 20%. The reason for this is that

for the current comparison, a grid design with just nice

rounded dimensions was selected.

In these first two figures, the bus bar is omitted and the an-

ode connection is just on the left edge of the grid line. Adding

an actual aluminum bus bar (Figure 1), of which the complete

left side is the anode connection (Figure 6(c)) leads to a negli-

gible change (3936 cd/m2) in comparison to analytical model

(Figure 6(a)). If a quarter of the OLED is modeled within FEM

with exactly the same boundary conditions as used for the sim-

ulation of Figure 6(c), the exact same minimum light output is

achieved (Figure 6(d)). Note that in Figure 6(d) the x and y

dimension are again scaled similarly. Although in this case, the

element density, due to computer memory reasons, is much

lower. This similar result indicates that a sufficient amount of

elements was used in both simulations.

Adding a realistic anode contact on the bus bar (Figures 1

and 6(e)) leads to a small increase in light drop (from �21.4%

to �22.9%, Figure 6(e)). And finally adding an Al based cath-

ode with a thickness of 100 nm, instead of complete grounding

of the bottom OLED area lead to a further increase in light

drop to �27.1% (Figure 6(f)). However, note that the maxi-

mum light output is also reduced in the last two cases, from

5000 cd/m2 to 4800 and 4707 cd/m2, respectively.

Now having verified that the analytical model gives a

very acceptable initial prediction for the light output of large

area OLED devices, we compare the calculated light output

distribution with experiments on a large-area OLED. To this

purpose an OLED (12 by 12 cm2) was fabricated on 15 by

15 cm2 heat-stabilized Teonex
VR

polyethylene naphtalate

(PEN, DuPont Teijin Films) with a moisture barrier. The

moisture barrier was stacked with a planarization layer to

spatially separate defects in these films. PEDOT:PSS (Agfa

Orgacon
TM

HILHC5, 100 nm) and the light-emitting polymer

(Merck Livilux
TM

, 80 nm) were deposited from solution by

spin coating under ambient conditions. The cathode con-

sisted of barium (5 nm)-aluminum (100 nm). The metalliza-

tion around and within the active area was deposited by RF

sputtering. The devices were encapsulated with the same

thin film moisture barrier.

The measured homogeneity of the experimental OLED

was roughly 84% at a brightness of 500–600 cd/m2, compar-

ing the value in the center of the OLED (Figure 7, distance:

6 cm) with the maximum value. This corresponded fairly

well with the calculated homogeneity of the analytical model

which was 81%, where the maximum and minimum light

output was calculated to be 599.6 and 486.7 cd/m2 at 5.35 V.

Only the area near the bus bar (Figure 7, distance: 0–1 cm)

showed a clearly different pattern in light output.

An example of the OLED grid design space (for a 20%

light drop) is given in Figure 8. The x and y axis display the

grid width and grid pitch, according to Figure 1. The three

different curves within the plot display different OLED

dimensions (6� 6 cm2, 9� 9 cm2, and 12� 12 cm2). The

combination of grid width and grid pitch of a certain curve,

displays the combination of the grid and OLED dimensions

which will result in a 20% light drop within the OLED. For

example, if one would like to use 100 lm gridlines (grid

width 0.1 mm), one can make a 12� 12 cm2 OLED using a

grid pitch of�0.1 cm, a 9� 9 cm2 OLED using a grid pitch

of �0.19 cm, and a 6� 6 cm2 OLED using a grid pitch of

0.36 cm. If one would like to manufacture an OLED with

FIG. 7. Homogeneity comparison of experimental OLED and the analytical

model.

FIG. 8. Example plot of OLED design space at 20% light drop. The black

star shows the settings of Figure 6(a).
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only 2.5% grid coverage (and 20% light drop), then the fig-

ure shows that this limits the maximum size of the OLED to

6� 6 cm2. A possible option would be to use a grid width of

approx. 0.0625 mm in combination width a grid pitch of

0.25 mm. Note also that fine grids (smaller grid widths and

pitches) allow for larger OLEDs.

Increasing the grid width, when the grid width is still

small, also allows for higher grid pitches. Hence, in that

case, the limiting factor is the grid width; the largest voltage

drop will occur within the grid. This is also clearly visible in

Figure 6 where the voltage drop is along the gridline (note

the corresponding star in Figure 8). Increasing already large

grid widths leads to less increase in grid pitch (as the slope

of all curves decreases) indicating that the grid pitch

becomes the limiting factor. The largest voltage drop will

then take place within the PEDOT.

V. CONCLUSION

In this paper, an analytical solution is presented for the

light output of infinitely large sized OLEDs with parallel

equidistant metal gridlines. The calculated light output of the

model was verified with the measured light output of an ex-

perimental OLED and the assumptions within the model

were verified with FEM calculations. The results clearly

show that the voltage drop within the grid lines cannot be

neglected. The voltage drop along the gridline becomes a

more important issue with larger OLED sizes like the OLED

size of 144 cm2 which was used in this study.

We show that this analytical approach provides a quick

overview of the parameter space and the relations between

the parameters for designing a large-area OLED.
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