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Thermal management is important for the efficient operation of organic light-emitting
diodes (OLED, or PHOLED) at high brightness, with the device operating temperature influ-
encing both lifetime and performance. We apply a transmission-matrix approach to analyt-
ically model the effects of thermal conduction, convection and radiation on OLED
temperature. The model predictions match experiment without requiring the use of fitting
parameters. This allows for the simulation of the thermal response of various device archi-
tectures, materials combinations and environmental factors under a variety of operating
conditions. Using these simulations, we find that 87% of the heat is dissipated through the
air space adjacent to the glass package cap. Furthermore, an air gap between the device cath-
ode and cap provides a significant thermal impedance. Minimizing the thickness of the inter-
nal air gap can lead to nearly room temperature operation, even at very high brightness.

� 2012 Elsevier B.V. All rights reserved.
The high efficiency, large color gamut, and ease of man-
ufacture of organic light-emitting diodes (OLEDs) have led
to their practical application in flat panel displays [1]. More
recently, large-area white OLEDs have also been found
suitable for lighting applications, with devices already
exceeding the efficiency of fluorescent panels [2,3].
However, the lifetime of OLEDs operated at the surface
luminance required for lighting (3000 cd/m2 or higher) is
sensitive to temperature, with 1.65� longer lifetime for a
decrease of 10 K [4]. Accurate methods for modeling and
designing temperature-tolerant device structures and
luminaries, therefore, are needed.

Here, we apply a recently introduced matrix method to
quantify one-dimensional heat-transfer from the active re-
gion of a multi-layer, packaged OLED by fully describing
the effects of conduction, convection and radiation. In an
extension of previous work [5], we employ an analytical
treatment for the effects of convection, allowing for an
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accurate determination of the packaged device thermal
properties using no undetermined, free parameters. With
this method, we describe approaches to minimizing the
temperature increase in high-brightness OLEDs that are
of particular interest in solid-state lighting applications.

As described previously [5,6], the transmission matrix
approach employs Laplace transforms of the heat transfer
equations. The solution to these equations through a single
layer is represented using:
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where bT iðsÞ and bQ iðsÞ are the Laplace transforms of the
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the characteristic impedance, and Ai, Bi, Ci, and Di are ma-
trix elements that can be approximated by polynomial
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Table 1
Rayleigh and Nusselt numbers at 25.5 �C.

Material Density
(kg/m3)

Volume
expansion
(1/K)

Viscosity
(kg/ms)

DT
(K)

Air 1.18 3.35 � 10�3 1.85 � 10�5 6
Rayleigh number 9.0 � 103

Nusselt number
(horizontal
plate)

5.3

Fig. 1. Device structure of an OLED. Heat, Qin, is input in the organic
emission layer and then splits to flow toward the top, QT

in, and bottom,
QB

in, device surfaces. Tin is then the temperature of the active layer, TS and
QS are the temperature and heat flow through the top device surface,
Troom is the ambient temperature, and QT

out, QB
out, and QRad

out are the heat
fluxes due to convection at the top surface, conduction at the bottom
surface, and radiation, respectively.
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expansions in the Laplace variable, s. Multiple layers are
handled in one of two ways: a series of layers are treated
as the product of the transmission matrices for the several
films, while layers placed in parallel, or parallel heat chan-
nels such as conduction and thermal radiation, are treated
by assuming that the incident heat flux splits between the
two independent channels with no flow between them.
This gives the final matrix as the sum of the channels:
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The parallel and series channels are then combined to
model heat transfer through arbitrary, multilayer, one-
dimensional systems. Full OLED modeling also requires
the inclusion of interface resistance [7] and the treatment
of radiation and conduction as parallel heat transfer paths.

Previous work treated convective transfer from the
device surface as an additional conductive layer whose
thickness was used as a free parameter to match the model
predictions to the measured data, thereby limiting its
predictive capabilities. Here, we model convection using
Newton’s Law of Cooling [8,9], Q conv ¼ hDT, where h is
the convective heat transfer coefficient of the ambient,
and DT is the temperature difference between the surface
and ambient. For forced convection, h is a constant, while
it is temperature-dependent for natural convection [9].
Now, Qconv is derived from the Nusselt number, Nu whose
form depends on the thermal environment and experimen-
tal geometry. For our analysis, we consider only the case of
convection in the laminar flow regime from the upper sur-
face of a heated, horizontally positioned packaged OLED. In
this case [8], Nu ¼ hL=Kamb ¼ 0:54Ra1=4, where L is the
characteristic length of the system, Kamb is the thermal
conductivity of the convective medium, and Ra is the Ray-
leigh number. Other orientations and geometries may be
considered by inserting the appropriate expression for
Nu. The Rayleigh number is then defined for a given
convective medium, in our case air, as:

Ra ¼ CPq2gbðDTÞL3

lKamb
ð3Þ

where CP is the heat capacity at constant pressure of the
convective medium, q is its density, l the viscosity, g is
the acceleration due to gravity, and b is the gas volume
expansion coefficient. From the foregoing, we find that
Q � DT5/4, which renders the Laplace transform of this
equation mathematically intractable. However, the tem-
perature rise for the devices studied is only 5–10 K even
under the highest intensity operating conditions [4,5]. This
small temperature change allows us to set the Rayleigh
number to a constant, thereby linearizing Newton’s Law
of Cooling and greatly simplifying the analysis. The param-
eters used to calculate this term and the values of Ra and
Nu are provided in Table 1. Applying this assumption for
a simulated input power of 1 kW/m2, we find that the
device reaches a steady-state temperature of approxi-
mately 85 �C. If we then change the Rayleigh number by
two orders of magnitude in the model, the steady-state
temperature changes by only 2%, indicating that the model
is largely insensitive to these changes.
Combining the analytical treatment of convection with
the matrix method allows us to derive an expression for
the device operating temperature, Tin, in terms of the input
heat flux, Qin, the heat transfer coefficient h, and the trans-
mission matrix elements to yield:
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where AT,B and BT,B denote matrix elements corresponding
to heat transfer through the top (T) and bottom (B) device
surfaces (see Fig. 1).

We tested the model using a 25 cm2, glass-encapsu-
lated, green phosphorescent OLED (Universal Display
Corp., Ewing, NJ) whose structure is shown schematically
in Fig. 1. Its layer thicknesses and material thermal



Table 2
Thermal constants and layer thicknesses used in model.

Layer Thickness
(mm)

Heat
capacity
at constant
pressure
(102 J/kg K)

Thermal
conductivity
(W/K m)

References

Glass 0.7 8.2 1.3 [10,11]
ITO 1 � 10�3 3.4 5.0 [5]
Organic active

region
1 � 10�4 17 0.2 [5]

Aluminum 1 � 10�4 9.0 250 [10]
Air (internal

gap)
1.9 10 0.026 [10]
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Fig. 2. Measured temperature of a 25 cm2 green phosphorescent OLED at
several different input current densities (points), compared to model
predictions (lines). Data are taken at current densities of 2 mA/cm2

(triangles), 3 mA/cm2 (circles), and 4 mA/cm2 (squares), with the current
turned on at time t = 0. Inset: thermal image of an OLED after 6 min
following the onset of a 3 mA/cm2 current step. Current was injected
around the device perimeter, which minimizes contact heating while
resulting in a uniform thermal profile. The box in the figure shows the
area which was averaged to obtain the device temperature. (For inter-
pretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Calculated fraction (n) of steady-state heat dissipated at a thermal
input power of 114 W/m2 via conduction through the bottom device
surface vs. thickness of the glass cap and substrate layers (squares) and
the internal air gap (circles). Arrows indicate values for the layers in the
experimental device in Table 1 and Fig. 2. The operating conditions
correspond to a luminance of 3000 cd/m2. The largest fraction of
generated heat is dissipated through conduction, with the thickness of
the internal air gap presenting significant thermal impedance to heat
transfer. The steady-state temperature increases as the fraction of heat
dissipated through highly efficient conduction decreases. The efficiency of
convective and radiative cooling also increase with device temperature.
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constants are given in Table 2. Current density-vs.-voltage
(J–V) characteristics were obtained using a Keithley 2400
source meter, while optical characteristics were measured
using a calibrated reference detector. Thermal surface
image measurements (Fig. 2, inset) were taken with a
non-contact infrared camera (FLIR A325) inside a box with
a black interior to eliminate stray reflections and to pro-
vide a stable thermal environment. Previous work has
shown that the temperature difference between the upper
surface and the organic light emitting layer (EML) is negli-
gible [5]. Hence, we can assume that the thermal image
temperature is the same as that of the EML. The input ther-
mal power was calculated from the total input electrical
power and the measured output optical power [5], Qopt,
using: Q in ¼ JV—Q opt. During thermal measurements, the
devices were suspended several millimeters above an opti-
cal table held at ambient temperature. The gap between
the table (which acted as an ambient heat sink) and the
device was too narrow to allow for convection, and hence
was treated as an additional thermally conductive layer.

The OLED surface temperature was measured as a func-
tion of time at several different current densities after the
onset of a current step at t = 0 and then compared to model
calculations, as shown in Fig. 2. The model is defined by
only the thermal parameters of the various layers and
the geometry of the setup (see Table 1). The operating
currents at the highest intensities result in a surface
luminance of �3000 cd/m2, with an external quantum effi-
ciency of approximately 19% at all current densities
studied.

The accuracy of the model suggests that it can be useful
in designing devices with optimized thermal characteris-
tics. In Fig. 3 we plot the fraction of heat dissipation (n)
via conduction through the bottom device surface vs. the
total heat loss, as a function of thickness of the layers
(i.e. the glass package cap, squares; or the internal air
gap between cap and cathode, circles) between the emis-
sion region and the conductive bottom surface. The simu-
lations were performed for a constant input power of
114 W/m2 that is applied at t = 0. Arrows in Fig. 3 corre-
spond to thicknesses of the measured device. The discrep-
ancy between heat dissipation through the two surfaces
can be partly explained by the device structure, as shown
below, and partly through the different heat transfer
mechanisms through the top and bottom surfaces.

Changing the glass cap thickness does not substantially
change n. It is apparent that heat is primarily dissipated via
conduction in the packaged device, and that natural con-
vection to the ambient is a comparatively inefficient heat
removal pathway. The efficiency of heat removal through



Fig. 4. (a) Effects of thickness of the glass substrate and cap layers. From
top to bottom, lines correspond to individual layer thicknesses of 0.1, 0.7
(actual thickness), 1.0, and 10 mm. Variation in glass thickness changes
the rate of thermal equilibration, but does not significantly affect the
ultimate equilibrium temperature. The 10 mm simulation did not fully
reach equilibrium on the time scale shown. (b) Effects of changing the
encapsulated air gap thickness. From top to bottom, lines correspond to a
thickness of 10, 1.9 (actual thickness), 1.0, and 0.1 mm. For the thinnest
layers, there is no significant heating of the device. Devices were modeled
for an input thermal power of 114 W/m2, assumed to be turned on at time
t = 0.
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the top surface of the device is, therefore, limited by con-
vection which is not readily adjusted through changes in
device architecture. Forced convection could increase the
cooling efficiency, albeit at the risk of increasing lighting
fixture cost and complexity.

The bottom device surface also has potential for in-
creased heat extraction via conduction to the ambient.
The glass cap and the internal air gap thickness have large
effects on heat transfer, as they are by far the thickest lay-
ers. Using the same assumptions as in Fig. 3, we modeled
the effect of changes in the thickness of these layers on
device heating, with the results shown in Fig. 4a. We find
that the thicknesses of the glass layers do not have a
significant effect on the steady-state temperature. Instead,
the thickness of the glass determines the thermal equili-
bration rate following the onset of device heating. In
contrast, the internal air gap (Fig. 4b) presents the most
significant bottleneck to heat transfer. For the thinnest
air layers considered, (0.1 mm), there is almost no heating
predicted for the device at 3000 cd/m2. This corresponds
to a larger percentage of heat being removed through
conduction via the bottom surface, as seen in Fig. 3,
suggesting that optimal device architectures can operate
at room temperature; a highly promising result for
the future commercialization of OLEDs for lighting
applications.

When the internal air gap limits thermal diffusion, the
gap between the bottom surface of the device and the
heat-sink must also contribute to device heating. Indeed,
we found that the thickness of the air gap has a significant
effect on operating temperature, as predicted by the
model. Also, the device showed a temperature rise of
approximately 1.5 �C when attached directly to a Cu
heat-sink. This indicates the existence of an heat-transfer
bottleneck due to the internal air gap.

While simulations were performed for a green PHOLED,
lighting applications require white PHOLEDs. Nevertheless,
we can extend the analysis to white PHOLEDs using data of
Levermore et al. [4]. There, an input power of 489 W/m2 re-
sulted in a brightness of 3000 cd/m2, as compared to the
input electrical power of 132 W/m2 for the green devices.
If we assume identical device structure with an equivalent
percentage of input electrical power dissipated as heat,
then this device gives a steady-state temperature of
47.8 �C. A temperature rise of approximately 10 �C was re-
ported, suggesting the panel, in that case, was used with a
heat sink.

In summary, we have extended the transmission matrix
method for modeling heat transfer in OLEDs, providing a
full analytical treatment that includes free convection, con-
duction and radiation. The model accurately predicts the
thermal profile of OLEDs while providing an understanding
of the factors that determine device operating tempera-
ture. In particular, we find that the internal air gap be-
tween the package lid and substrate provides the largest
impedance to heat transfer, and that elimination of this
gap allows operation at near ambient temperature even
at high brightness. Further optimization of the thermal
performance of OLEDs and other photonic devices can be
obtained using the methods presented.
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