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Abstract—The temperature rise in flat-panel displays without
forced air cooling has been both modeled and experimentally
measured as a function of the display size. Both radiation and
convection are important processes for the transfer of heat to
the ambient. Because of much poorer convection and the lack
of lateral heat transport at large dimensions, for a fixed power
density large displays are expected to be substantially hotter
than small displays. This could adversely impact the reliability
of large displays based on organic light-emitting diode (OLED)
technology.

Index Terms—Convection, flat-panel displays, heating, organic
light emitting device, radiation, thermal effects.
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I. INTRODUCTION

SINCE THE seminal work of Tang and Van Slyke [1] there
has been an increasingly strong interest in developing flat-

panel displays based on organic LED’s (OLED’s), either based
on polymers or small organic molecules [2]–[4]. Two critical
issues for applications involving either class of material are the
thermal stability of the LED structure and the reliability of the
devices, which is also expected to depend on their temperature
[5]–[8]. In addition to depending on the ambient temperature,
the temperature of the organic devices will also depend on self-
heating due to the power dissipation of the devices themselves.
In this paper, we experimentally measure self-heating effects
and model the rise in the temperature of a display consisting
of a flat plate of glass as a function of size, orientation, and
power density. Only passive cooling and no active cooling
such as fans, thermoelectric coolers, etc., are considered. We
find that it is easily possible to have temperature rises of many
tens of degrees under technologically relevant conditions, and
that large displays will be much hotter than small displays for
a fixed brightness (and thus fixed power density).

II. POWER DISSIPATION IN ORGANIC FLAT-PANEL DISPLAYS

In this section, we make some estimates of the actual
power dissipation in future OLED display products, based
on published reports of device performance. Assuming a
Lambertian angular distribution of emitted light, the luminous
power efficiency of a display ( , expressed in lumens/watt,
lm/W) is related to its current efficiency (, expressed in
candelas/ampere, cd/A) as

(1)
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where is the drive voltage on the OLED. In practice,
is often constant over wide ranges of operation, so that
decreases as the current level and, hence, drive voltage

increase. Typical current efficiencies (in the blue and green)
range from 2 to 10 cd/A, and drive voltages for 100 cd/m
range from 3 to 10 V. Therefore, a typical luminous efficiency

at a luminance of 100 cd/m ranges from under
1 to 10 lm/W. Assuming an average display luminance
(brightness) of 100 cd/m corresponding to 314 lm/m, and
choosing a luminous efficiency of 3 lm/W, the display power
dissipation would be 100 W/m when all pixels are on, which
is certainly possible in many applications.

In a system application, however, there are several other
factors which will considerably increase this number. The first
is that a high contrast display is typically required, whereas an
OLED is a very reflective device because of the transparency
of the organic and high reflectivity of the metal cathode. The
most straightforward solution chosen by several groups is to
put a circular polarizer in front of the display, which greatly
reduces reflected light to improve contrast. While this ideally
leads to a 50% reduction in the emitted light, in practice this
emitted light is only 40% of the original OLED output.
Second, the above numbers are quoted for virgin devices,
but current efficiency decreases and drive voltage typically
increases with time of operation, further leading to a reduction
in luminous efficiency. Let us assume the OLED is operating
at 75% of its virgin luminous efficiency. The combination of
these two factors would cause the system luminous efficiency
to drop by a factor of 0.3 to 0.9 lm/W, raising the power
dissipation to 330 W/m.

A considerable further loss in efficiency occurs in passive
matrix operation, which is the addressing method used in two
system applications to date [9], [10]. In a passive matrix ap-
proach, the device is operated in a pulsed mode with low duty
cycle and a high peak brightness to give the desired average
luminance. For example, in a display such as a monochrome
quarter VGA, there are 240 lines, so with a simple architecture
the duty cycle for each frame would be about 1/2400.4%.
Therefore, when on, the device would operate at a current
level 240 times higher than a device operated at dc for the
same average luminance [9]. Even if this did not degrade the
current efficiency, increasing the drive current by a factor of
240 typically will increase the drive voltage by at least a factor
of two [5], [6], [9]–[11], reducing the luminous efficiency by
an equal amount. In a passive matrix approach for a large-
area display, significant power can also be dissipated in the
interconnect wires because of the high-current levels which
are required due to the low-duty cycles. This power can
easily be as large as the power in the OLED’s themselves,
further dropping the overall system efficiency by a factor
of two. Many approaches toward full color, such as white
emitters followed by RGB filters or a blue emitter followed
by color conversion modules for red and green also inherently
imply further energy inefficiencies. Therefore, it is clear that
if thermal considerations are not a first order parameter in the
system design, the luminous efficiency of the system can drop
far below 1 lm/W, and it is easy to design systems on paper
with a power density in excess of 1000 W/m.

Fig. 1. Schematic diagram indicating thermal dissipation by radiative and
convective processes for vertical and horizontal displays.

III. M ODELING

An attractive goal is a display with only passive cooling (no
fans, thermoelectric coolers, etc.). Such displays may dissipate
power though: 1) the emitted light; 2) thermal radiation; 3) or
convection; and 4) laterally through the edge of the display
(e.g., via the electrical connections on the edge). Because of
the low energy efficiencies of organic light emitting devices
(OLED’s) ( 10%), the first mechanism will be ignored in
this paper. Furthermore, since in large displays lateral heat
conduction will be difficult, the last mechanism will also be
ignored in this work, and we will focus on the mechanisms
of radiation and convection. We will see that these two
mechanisms closely model experimental data for display sizes
larger than 1 cm. We will model the display as a thin plate,
which may have either a vertical or horizontal orientation
(Fig. 1).

The net thermal radiation from a surface does not depend
on the orientation of that surface, but it does depend on the
temperature and emissivity of the surface. It also depends on
the ambient temperature since the surface will absorb some
fraction of the radiation from the ambient which is incident
upon it. The net power dissipation per unit area (P/A) due to
radiation is

(2)

where is the display temperature, is the ambient
temperature, is the rise in the display temperature above
that of the ambient, is the Stefan–Boltzmann constant, and
is the emissivity of the display surface. For the relatively small
temperature rises in this paper (typically less than 50 K), this
may be approximated to be linear with .

(3)

It is common in heat transfer problems to define a heat
transfer coefficient “” which is the proportionality constant
between the power density transferred by a particular mecha-
nism and the temperature rise at a surface.

(4)

The heat transfer coefficient for radiation is then

(5)

Assuming an emissivity of 0.5 and an ambient temperature of
300 K, is equal to 3.3 10 W/cm K and is independent
of the display size.



STURM et al.: THERMAL EFFECTS AND SCALING IN ORGANIC LIGHT-EMITTING FLAT-PANEL DISPLAYS 77

The transfer of heat from flat plates by natural convection
(i.e., no forced air) has long been studied under the condition
that the flat plate is at a uniform temperature. Although that
is not exactly true for displays, we will later see data which
shows this is a reasonable approximation, and all modeling
of convection will be based on such an approximation. In
the modeling of convective heat transfer from flat plates
[12], [14]–[17], it is conventional to define a dimensionless
quantity known as the Rayleigh number (), which itself is
the product of two other dimensionless quantities, the Prandtl
number and the Grashof number:

(6)

(7)

(8)

where and are the thermal expansion coefficient,
density, viscosity, heat capacity, and thermal conductivity
of the fluid (e.g., air in our case), respectively, is the
gravitational constant, and is the critical dimension of
the plate. For vertical plates, is defined as the height of
the plate. For horizontal plates, is defined not simply as
the edge but as , where is the plate area and is
the plate perimeter [12]. Therefore for a square platefor
a horizontal orientation is different from that for a vertical
orientation. The difference arises from the actual distance that
air must travel across the plate, as can be seen in Fig. 1.
The Rayleigh number then depends on the critical size of the
display and the temperature rise of the display. In air near
room temperature, the Prandtl number0.71. For this paper,
we assumed the following room-temperature (RT) values for
the other constants: 3.3 10 K , 1.18 10
g/cm , 2.16 10 g/cm-s, 1.02 J/gK and
2.6 10 W/cm K [12], [13].

It is also common to define the dimensionless Nusselt
number as

(9)

is the convective heat transfer coefficient (analogous to
for radiation) which is the proportionality constant between the
power density dissipated by convection and the temperature
rise of the display. In the heat transfer literature, the Nusselt
number is generally given as a function of the Rayleigh
number. Thus for a display of a given size and temperature
rise one first calculates the Rayleigh number, from which
one finds the Nusselt number depending on the geometry
in question. From the Nusselt number, one finds the heat
transfer coefficient and can thus calculate the power dissipated.
Because the power dissipation per unit area will not be exactly
uniform over the surface of the display [12], the heat transfer
coefficient derived from this method is an average over the
entire plate.

Table I shows calculated Rayleigh numbers for vertical plate
for sizes from 0.1 to 100 cm and for temperature rises of 1,
10, and 100 K. For Raleigh numbers less than 10, the flow
of air around the plate is laminar. This encompasses most of
the relevant conditions seen in Table I. In this case a boundary
layer forms and the diffusion of heat across the boundary layer

TABLE I
CALCULATED RAYLEIGH NUMBER FOR VERTICAL DISPLAYS OF VARIOUS

SIZES AND TEMPERATURE RISES�TD ABOVE AMBIENT

Vertical Height (Lc, cm) Temperature Rise (�TD , K)

1 10 100

0.1 0.069 0.69 6.9
0.3 1.9 19 190
1 69 690 6.9�103

3 1.9� 103 1.9� 104 1.9�105

10 6.9� 104 6.9� 105 6.9�106

30 1.9� 106 1.9� 107 1.9�108

100 6.9� 107 6.9� 108 6.9�109

determines the heat transfer. For laminar flow, the Nusselt
number generally scales as [12]

(10)

The heat transfer coefficient then scales as

(11)

The heat transfer coefficient increases weakly with the tem-
perature rise of the display and slowly becomes weaker as
the display becomes larger. For Raleigh numbers less than
about 10, although the flow is still laminar, the boundary
layer model breaks down, and the Nusselt number has less
dependence on the Raleigh number. Thus for small displays
with small temperature increases the heat transfer coefficient
depends less on temperature but goes down faster as the
display size is increased than for moderately larger Rayleigh
numbers. For very large Rayleigh numbers (typically above
10 ), the flow become turbulent and the Nusselt number scales
as , with the result that the heat transfer coefficient
becomes independent of size.

For vertical plates of uniform temperature, the Nusselt
number has been experimentally fit to the Rayleigh number
as [14], [15]

(12a)

(12b)

Note that between the ranges of 10 10 , this relation-
ship can be modeled more simply by [14]

(12c)

exhibiting the classical dependence for laminar flow.
For horizontal plates, there is a difference in the heat transfer

coefficient from the top and bottom surfaces, with the heat
transfer from the top being approximately twice as efficient as
that from the bottom. For the top surface [16], [17]

(13a)

(13b)

(13c)
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Fig. 2. Modeled average surface heat transfer coefficients as a function of
display sizeLD for convection for vertical and horizontal (face up and face
down) orientations and for radiation (independent of orientation).

For the bottom surface of a horizontal plate [14]

(14)

For a comparison of the convective heat transfer coefficients
for vertical and horizontal plates and of the radiative

heat transfer coefficient ( , independent of size), calculated
values of these coefficients are plotted versus display size,
assuming a temperature rise of 10 K, in Fig. 2. Display
size is defined as the vertical edge for a vertical plate
(equal to ), but equal to four times the ratio of area over
perimeter ( ) for a horizontal plate (equal to 4 ). This
is done so that a square display has the same-axis value in
the figure for both horizontal and vertical orientations. Note
that both radiation and convection are of a similar order of
magnitude for large displays. Note also that the heat transfer
coefficient falls as the size increases. This occurs especially
fast at small dimensions where the Nusselt number has only a
weak dependence on the Rayleigh number. Finally, note that
the heat transfer coefficients from the surface to the ambient
are small, on the order of 10–10 W/cm K.

Because these surface heat transfer coefficients are small,
the loss of heat from the display surface is by far the largest
thermal resistance in the thermal path from the OLED to the
ambient. The largest thermal resistance in the display plate
itself will be the resistance of the glass plate. The thermal
conductance (inverse of resistance) for heat flow through the
glass plate from one side to the other is

(15)

where is the thermal conductivity of the glass andis
the glass thickness. is on the order of 0.01 W/cmK, and
assuming a glass thickness of 1 mm, the thermal conductance
for heat flow through the glass will be 0.1 W/cm K.
The thermal conductances of any other layers in the OLED
structure itself (e.g., the metal and organic layers) will be
orders of magnitude higher due the much lower thicknesses
of these layers. Because the effective thermal conductance
of the interface to the ambient (the surface heat transfer

coefficients) are at least two orders of magnitude lower than
the conductance through the glass, the temperature across
the glass and OLED device itself will be nearly uniform,
with nearly all of the temperature differential to the outside
world dropped from the display surface to the ambient. In
one case, we developed a numerical model explicitly taking
into account all of the thermal resistances in a structure (in
a one–dimensional (1-D) approximation). In that example we
calculated a temperature differential across the glass of only
0.1 K, even though the temperature rise with respect to the
ambient was 23 K. This means that increasing the thermal
conductivity of the substrate will have little effect on the
display temperature in the case when there is no lateral heat
flow, as is expected in large displays.

IV. EXPERIMENTAL RESULTS

In searching the literature, we could find no set of exper-
imental data of the measured temperature rise of flat glass
plates as a function of size for different power densities and
orientations. Therefore, we conducted a set of experiments
using glass plates of 1 mm thickness which were coated on
one side with indium tin oxide, which had a sheet resistance of
about 15 . The glass was cleaved into different sizes ranging
from 3 3 mm to 300 300 mm . On two opposite edges
of samples, a thin (0.5 mm) strip of solder was placed on
top of the indium tin oxide to provide a low-resistance path
for sourcing and sinking current, and one thin (1 mm) wire
was connected to each solder strip for an electrical connection.
Electrical power was applied to these leads to cause uniform dc
power dissipation across the plate. Measurement of the voltage
profile across the ITO confirmed the assumption of uniform
power dissipation. The plates were then suspended in air in
either a horizontal or vertical orientation at a height of about
30 cm above a desk. The plate could thus dissipate heat from
both sides. There were no sources of blowing air (vent ducts,
fume hoods, cooling fans, etc.) in the room. The temperature
in several locations was measured on both sides of the glass
plate using a type K thermocouple with 3-mil diameter wires.
Several points were also measured using a thermocouple with
10-mil diameter wires. The difference in temperature between
the two wire diameters was less than 1 K, so we conclude
that there was no significant cooling of the surface caused by
heat conduction in the thermocouple itself. The experimental
errors in the measured temperature rises above ambient are
estimated to about 1 K.

Fig. 3 shows the temperature rise near the center of the back
(no ITO) side of two plates in a vertical orientation for a power
density of 220 W/m ( 5%) as a function of time. To reach
steady state a time on the order of 5–10 min is required, with
larger displays requiring longer time and reaching a higher
final temperature. The steady-state temperature rise was then
measured for a power density of 220 W/mat many points on
the back surface of plates in both a vertical and horizontal
orientation (Fig. 4). There was no significant difference if
the horizontal plates had the ITO sides (where the power
dissipation is actually occurring) up or down, consistent with
the above discussion that the same temperature is expected on
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Fig. 3. Temperature rise versus time for a plates near the center of the
non-ITO side of plates with vertical orientation of sizes 12 (H)� 20 (W)
cm2 and 3� 3 cm2 for a power density of 220 W/cm2.

either surface. Note that the horizontal plates had the largest
temperature rise near the middle. For example, the 1010 cm
plate had a temperature rise of18 K near the middle, but
only 14–15 K near the edges. This is expected since most
convection loss occurs on the top side [see (13), (14),] and on
the top side the air flows from the edge toward the center. The
vertical plates were warmest near the top and coolest near
the bottom, consistent with the flow of air upwards across
the structure. For a 10 cm10 cm plate, the temperature
was about 5 K higher near the top than near the bottom,
out of a total temperature rise of13 K. To first order then
we may consider the plate to be at a uniform temperature,
which justifies this assumption in the modeling of the previous
section.

The dependence of the steady-state temperature rise on
power density for two vertical plates is shown in Fig. 5. The
rise in temperature is somewhat less than linear. For example,
for the 12 cm 20 cm plate, the steady-state temperature
rise at 220 W/m is 14 K versus 92 K at 2200 W/m. This
is expected since as noted earlier, convective heat transfer
becomes more efficient (a larger) as the temperature rise
increases. Near the upper end of the laminar region (Rayleigh
numbers 10 –10 ), which includes most of the data in Fig. 5,
the heat transfer coefficient is expected to scale as .
Radiation also becomes more efficient at larger temperature
rises as the linearizing approximation of (3) is no longer valid.

Fig. 6 shows the temperature rise near the middle of the
plate at a power of 220 W/mfor plates of different sizes
and orientations. For vertical plates, this is near the average
over the plate surface while for horizontal plates it is near the
maximum temperature rise. Points are plotted for both the ITO
side of the glass and the bare side (referred to as the “glass”
side). First, note that the difference in the two sides is small, as
noted earlier. Second, note the horizontal and vertical plates
are the same temperature to first order. At first glance this
is surprising, since while the Nusselt number (and thus the
heat transfer coefficient) of the top side of a horizontal surface
is about the same as that from a vertically oriented surface
for a given , the bottom face of a horizontally oriented

(a)

(b)

Fig. 4. Map of measured steady-state temperature rises at the center on
the non-ITO side of (a) vertical and (b) horizontal (10�10 cm2) plates of
different sizes for a power density of 220 W/cm2.

Fig. 5. Steady-state temperature rise in the center of the non-ITO side versus
power density for vertical plates of sizes 12 (H)� 20 (W) cm2 and 3� 3 cm2.
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Fig. 6. Steady-state temperature rise in the center of a display as a function
of display sizeLD for horizontal and vertical orientations.

surface is a factor of two lower [see (12)–(14)]. However, as
noted earlier, the critical dimension for convection in the
horizontal orientation is less than that of the vertical orientation
for a given plate, compensating for the lower average heat
transfer coefficient a horizontal surface for the same.
Finally, note that the temperature rise has a significant size
dependence, increasing from5 K for an edge size of 1 cm
to 17 K for an edge size of 30 cm, even though all plates
were operated at the same power density. This clearly has
implications for the scaling of displays.

V. DISCUSSION AND ANALYSIS

The effective average total surface heat transfer coefficients
were extracted from the data by assuming that the

temperature profile across the glass plate is flat, and assuming
equal power dissipation from each surface.

(16)

The factor of two results from the fact that the display
plate dissipates power from two surfaces. The points are
plotted versus the critical display dimension in Fig. 7.
The experimental points surface heat transfer coefficients
are on the order of 10 W/cm K, similar to those of
the modeling. Fig. 8(a) and (b) compares the predictions of
the above modeling to the experimentally measured average
surface heat transfer coefficients. A quantitative comparison
requires an estimate of the emissivity in the range of 10 um,
which is that relevant for the radiation of objects near room
temperature. Glass is a good absorber in this range, so for
the glass plate we will assume an emissivity of 0.9. Because
of a plasma resonance, ITO is typically a good reflector
in the infrared [18]. Therefore, for the ITO-coated side of
the glass we will assume an emissivity of 0.1. The average
emissivity of the two sides is thus 0.5. In calculating the heat
transfer coefficient due to convection, one needs to assume
a temperature rise (for calculation of the Rayleigh number).
Because the experimental data ranged from5 to 18 K,
we assumed a temperature rise of 10 K. This is not critical
since the heat transfer coefficient is expected to scale at most
as in the laminar range. For vertical displays, the

Fig. 7. Extracted average surface heat transfer coefficients (from the
non-ITO side data) as a function of display sizeLD for vertical and
horizontal orientations.

convection on both sides is similar. For horizontal displays, the
heat transfer coefficient on the bottom side is half that of the
top for the range in which we could find data [see (13), (14)],
but this range only applies to plates with edges larger than

30 cm for a temperature rise of 10 K. Therefore, modeling
purposes we assumed that the Nusselt number (and thus the
heat transfer coefficient) for the bottom side of a horizontal
display was half that of the top side over the entire range
relevant to the experimental data. The average convective heat
transfer coefficient is then 0.75 of that for the top side. Finally,
for both horizontal and vertical plates the total average heat
transfer coefficient was defined and plotted as the sum of the
average radiation and convective coefficients in Fig. 8(a) and
(b).

Fig. 8(a) shows these three modeled lines for the average
surface heat transfer coefficients (radiation, convection, and
total) along with the experimental points. The data points are
in good quantitative agreement with the models for vertical
plate edges greater than 1 cm, which are the sizes of tech-
nological interest for products. For sizes of 1 cm or less, the
models underestimate the heat transfer coefficient and thus
overestimate the temperature rise. This may be due to lateral
cooling (through the glass plate and then the electrical leads) in
the smaller plates. Fig 8(b) shows a similar comparison for the
horizontal displays. In this case the models predict about a 20%
larger heat transfer coefficient (or 20% smaller temperature
increase) than is actually observed for larger sizes. In any
case, it is clear that the models presented above reasonably
model the steady-state temperature rises of displays under the
condition of uniform power dissipation. Given our confidence
in the models, one can combine (5)–(9), (12c), and (16) to yield
a general equation for the average steady-state temperature rise

in a vertically oriented flat-panel display of height
with an average surface emissivity, both flat sides exposed
to ambient air, operating at luminance:

m

(17)
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(a)

(b)

Fig. 8. Comparison of modeled and experimental heat transfer coefficients
as a function of display sizeLD for (a) vertical and (b) horizontal displays.

In the above equation, is given in meters and is
given in degrees kelvin, to yield a result of W/m. The factor
of reflects an assumption of Lambertian emission. The above
equation is valid for Raleigh numbers between 10–10 , cor-
responding to ( /cm) 1.4 10 , which
encompasses most conditions of technological interest.

The above data is especially relevant for the scaling of
OLED technology in which thermal issues are a primary
concern. Many devices fabricated in the lab for reliability
testing are on the order of a few mm in size. Extrapolating
the data of temperature rise for a power density of 220 W/m
in Fig. 6 to 1 mm, one would expect a temperature rise of
only 1 K in such an isolated device. On the other hand,
the same device structure at the same power density but of
a size of 20 cm would experience a temperature rise nearly
20 times larger. Assuming a similar scaling with power as
in Fig. 6, for a power density of 1000 W/m(which is not
unrealistic according to the discussion earlier in the paper)
the temperature rises for devices of 1-mm and 20-cm size
would be about 4 and 60 K, respectively. The much higher
temperature of large devices is an indication that they may
have far worse reliability than smaller devices at the same
power density.

Our modeling and experiments assumed uniform power
dissipation across the plate and that both sides were exposed to
the ambient. These are both the most optimistic assumptions
one could make. In practice, an OLED display will probably
have one surface covered for environmental sealing, and both
sides may be further encased in some kind of packaging,
contrast enhancing plates, etc. There may be further power
dissipation in the package from driver electronics, etc. Further,
while a desired luminance such as 100 cd/mis an average
over the display surface, the light emitting devices will not
cover the entire surface due to space for interconnect wires,
isolation between pixels, etc. The actual OLED’s will operate
at a higher power density and thus a higher temperature than
that found in our work for the same average power density
(over the entire display surface). On the other hand, cooling
fins and high emissivity surfaces (to increase radiation) may
lead to temperatures lower than those in our work. Further
experiments and two- or three-dimensional (2-D or 3-D)
thermal modeling will be required to determine and minimize
the display temperature in actual products.

VI. SUMMARY

We have shown that the self-heating of flat-panel displays
can be accurately modeled as a combination of radiation
and convection. Most significantly, the temperature rise of
large displays will be substantially higher than that of small
displays, so that that thermal problems become worse as
one scales a technology to larger dimensions. This may be
especially critical for displays based on OLED’s, and thermal
issues should be a first-order consideration in display system
design. This work also highlights the importance of system
luminous efficiency as a primary design criteria for OLED-
based products.
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