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(Received 11 February 2015)

We investigate the thermal characteristics of standard organic light-emitting diodes (OLEDs) using a simple and
clear 1D thermal model based on the basic heat transfer theory. The thermal model can accurately estimate
the device temperature, which is linearly with electrical input power. The simulation results show that there is
almost no temperature gradient within the OLED device working under steady state conditions. Furthermore,
thermal analysis simulation results show that the surface properties (convective heat transfer coefficient and
surface emissivity) of the substrate or cathode can significantly affect the temperature distribution of the OLED.

PACS: 72.80.Le, 85.60.Jb, 68.60.Dv

Organic light-emitting diodes (OLEDs), which
were first reported by Tang et all'l in 1980s, have
received considerable attention due to their potential
applications in flat panel displays and lighting. A par-
ticular challenge in achieving intense OLED sources
for illumination or other applications is to remove
heat efficiently.[” This is due to the fact that the joule
heat can accelerate degradation of the organic active
materials under the high currents required, such as
reducing brightness homogeneity, and reducing lumi-
nance, short lifetime, large spectral shift.[>~ 7 Ther-
mal analysis and improvement in the thermal stability
of OLEDs are essential for progress in their practical
applications, especially for large area devices where
joule heating can be substantial.l>*”) Therefore, many
research groups devoted to discuss thermal character-
istics of the OLEDs.[*~ ]

It is important to quantitatively understand the
thermal environment of the multilayer composite de-
vice under high current operation, and then to mit-
igate the effects of heating by optimization design
of devices and systems.”) Thus a simple and clear
thermal model of OLEDs for thermal analysis plays
an important role as mentioned above. Some mod-
els have been proposed. For example, Qi et al
completed thermal analysis of high intensity organic
light-emitting diodes based on a transmission matrix
approach.l”) Park et al. implemented a comprehensive
1D numerical model in which Poisson’s equation, drift-
diffusion equation, and heat flow equation are coupled

DOI: 10.1088,/0256-307X/32/8 /087201

to one another.['”) However, few OLED thermal anal-
ysis models involve the basic heat transfer theory. As
we know, there are three modes of heat transfer: con-
duction, convection and radiation. It is easy to un-
derstand and more intuitive relative to deep techni-
cal semiconductor physics and semiconductor devices.
In this work, we calculate the thermal properties of
OLEDs using a simple and clear 1D thermal model
based on the basic heat transfer theory.

Verified by experimental data in the literature,
the thermal model can accurately estimate the device
temperature. The calculated results show that there is
almost no temperature gradient inside the OLED de-
vice working under steady state conditions. Also, the
simulated results show that the device temperature
can be reduced by some ways, e.g., the surface emis-
sivity is increased by improving surface properties, or
the convective heat transfer coefficient is increased by
forced convection. In short, this model can be used to
study the thermal analysis of an OLED.

This work focuses on a standard OLED (Fig. 1)
and implements a comprehensive 1D thermal model
base on the basic heat transfer theory. The operating
OLED device should satisfy the following relations:
the input electric power is equal to the sum of the
increased internal energy of the device, light energy
consumption, as well as heat dissipation through con-
vection and radiation to ambient environment.

A typical OLED device consists of multilayer films
with hundreds of nanometers or less thickness and the

[13]
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area of device is about dozens of mm?. The thick-
ness of the OLED device is four orders of magnitude
smaller than the side length of its respective layer.
Therefore, the heat transfer problems of the OLED
devices can be as a one-dimensional plane wall heat
transfer problem in large-area multilayer films. Some
assumptions and simplifications are required to ensure
that a model is not unwieldy and to allow mathemat-
ical solution.

Cathode

Electron injection layer (EIL)

Emitting layer (EML)

Hole transport layer (HTL)

Anode

| Substrate

Fig. 1. Schematic view of the bilayer OLED structure.

(i) In the OLED element, holes and electrons
injected from the anode and cathode, respectively,
are recombined in the light emissive layer to ex-
cite organic molecules forming the light and non-
radiative recombine to generate heat. It is well
known that the induced high carrier concentration
along with the electric field generate severe heat in
the organic films.l'>'"] In general, the recombination
zone of carrier is near HTL/EML interface or in the
EML,'>151] and a high electric field is induced near
the interface inside the electron transport layer (ETL)
layer.'>' 7181 A standard OLED as shown in Fig. 1,
the material of EML is used as both EML and ETL.
Thus we assume that the EML is a uniform inner heat
source.

(ii) The thermal model of the OLED is considered
as the constant material model. Due to the fact that
the thickness of the OLED device is very small, and
the variation of temperature changes in the thickness
direction is less than 10°C, the material physical prop-
erties in the thickness direction is ignored.

(iii) For simplicity, the contact resistance between
the OLED functional layers is not considered in the
current calculation.

We establish the thermal resistance model of the
total OLED device, as shown in Fig.2. The upper
and lower surface temperatures of the EML layer are
recorded as Temrup and TEMrdown, Tespectively. The
upper and lower surface temperatures of the glass sub-
strate are recorded as Tgyp and Tgdown, respectively.
The surface temperature of cathode is recorded as
Teathode- The ambient temperature is recorded as Ty, .
In Fig. 2, thermal resistance analysis is started from
the interface temperature Temrup and TEMLdown. This
is due to the fact that the EML layer has an inner heat
source. The thermal resistance analysis can not be ap-
plied for quantitative analysis due to the fact that the

heat flow is different for each z-section. Conductive
thermal resistance,convective thermal resistance and
radiative thermal resistance are recorded as Dyeg, Vies
and R,es, respectively.

OLED surface Ryee ELL Dy EML

Cathode D, ® TeLup HTL D,es Anode D

TeMLdown

Glass down surface Ryes

OLED surface Ve Glass Dyes
Tgdown §

Glass down surface Vies Glass up surface Ryes

Glass up surface Vyes

Fig.2. The thermal resistance analysis model for the
OLED device.

According to the law of conservation of energy, @,
is equal to the total heat exchange of the glass sub-
strate, the anode layer and a hole transport layer, ®-
is equal to the total heat exchange of the electron in-
jection layer and the cathode layer, and @ is the total
heat generated from the light-emitting layer. The ma-
jority of the energy of the injected charges results in
Joule heating rather than light emission for the OLED
device.[’] Thus it is assumed that all the electrical in-
put is converted to heat. From Fig.2, the following
relations is satisfied,

¢=¢1+¢2 =D, (1)

TEMLup — L cathode

Y

= dCathode/ (ACathode ACathode) +5EIL/(/\EILAEIL)(2)

¢1 = h(TCathode — Tsur) Acathode + ECathoded [T Cathode
— Tg]Acathode (3)

_ TEMLdown — Tgup

 Sanode/(AanodeAAnode) + 5HTL/(>\HTLAHIL)(’4)

Q2 = h(Tgup - Tsur)(Ag - ACathode) + EgU(Tgup
Tgup - ngown A

e

@2

- ngown)(Ag - ACathode) +

(Tgup — ngown)
O/ Ag

+ 8gO—[T:f?down - Tfur]Ag7 (6)

Ag = h(ngown - Tsur)Ag

where T, §, A\, A, €, h, P and o are the temperature,
thickness, thermal conductivity, area, surface emissiv-
ity, convection heat transfer coefficient, input power
and the Stefan-Boltzmann constant, respectively.

As described in the previous section, the EML is
assumed as a uniform inner heat source model. A
coordinate system is established. Set the HTL/EML
interface as coordinate origin, the thickness direction
of EML as the z axis with positive direction to the
cathode. The temperature distributions of the EML
are described by Poisson equation, as follows:

0°T () P
0%z AeMLIEMLAOLED

=0, (7)
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where T'(z) is the temperature of the EML film at
point x, Agymp is the thermal conductivity of the
EML film, dgyp, is the thickness of the EML film,
and AopLgp is the active emitting area. There are
two boundary conditions: T(0) = TemLdown and
T(0pmL) = TeMLup-

Combination of the two boundary conditions,
T(z), as

Ul

22AeMLIEMLAOLED
TeMLup — TEMLdown

T(ac) (5EML-T — 1'2)

5 T+ TEMLdown~ (8>
EML

We already know that &, and @, are the heat flows
at point 0 and at point dgn,, respectively. Thus

TeMLup — TEMLdown ¢2
OEML AEMLAOLED
P
T MeMLAOLED | (9)
22 EMLAOLED

We can calculate the values of @1, @2, Teathodes Loup,
Tsdowns TEMLup and TemLdown by simultaneous so-
lution of Egs.(1)—(9). Based on these parameters
mentioned above, we can determine the temperature
distribution and performed a thermal analysis of the
OLED device.

We used a device structure of Ref.[13] to
test the model. The devices structure con-
sists of a 150-nm-thick indium-tin-oxide (ITO) pre-
coated on a glass substrate, 60-nm-thick of poly
(3, 4-ethylenedioxythiophene):poly (styrene sulfonate)
(PEDOT:PSS) for an HTL, 60-nm-thick poly(9, 9-
dioctylfluorene) (PFO) for an EML, 1.5-nm-thick
lithium fluoride (LiF) for an EIL, and 150-nm-thick
aluminum (Al) for cathode. Its schematic diagram!'”]
is shown in Fig. 3. The parameter values required for
simulations are listed in Table 1. The ambient temper-
ature is 35°C.["*] The thermal conductivity of POF is
assumed to be the same as that of PEDOT:PSS. The
thickness of glass substrate is assumed to be 1.2 mm.
As shown in Fig. 4, our thermal model simulation re-
sults agreed well with the measured results in the
literature.['?”! However, we also see that our simula-

Table 1. The parameter values required for simulations.

tion results are smaller than that of the literature un-
der the high power density. It is well known that the
luminance decreases while the input power increases
during an OLED device running. It was not included
in our simulation calculation that the increased input
power is significant under the high power density, as
might be responsible for smaller simulation results. In
addition, the measured temperature was about 80°C
under 900 kW-cm~2, which is close to softening tem-
perature (Ty) of the PFO. The polymers show mor-
phological changes in the Ty region and the material
physical properties might change, which might be the
second factor for smaller simulation results. For all,
the thermal model can accurately simulate the tem-
perature of the device. Thus this model can be used
to study the temperature distribution and its impact
factors.

12 mm

12 mm

TG IB mm

Al

Emitting area

<>
J3mm

Fig. 3. The schematic diagram of the device in the liter-
ature.

45F
405_ —0— Measured data
35F —O0— Simulation data

30F
25F

AT (C)

20F
15F
10F

Ut
T

A N A A A .
0 200 400 600 800 1000

Power density ( kW-m~2)

Fig. 4. The relationship between AT and the power den-
sity of glass device.

Parameter Value

Glass surface emissivity (eg) 0.8[19]

Al surface emissivity (€cathode) 0.05[20]

Convection heat transfer coefficient (h) 2W-m~2.K~!
Thermal conductivity of glass substrate (Ag) 1.05 W-m—L.K—1[12]
Thermal conductivity of ITO (Aanode) 12W-m~1.K-1[12]

Thermal conductivity of PEDOT:PSS (Agir)
Thermal conductivity of PFO (Agmr)
Thermal conductivity of LiF (Agr,)

Thermal conductivity of Al (Acathode)

0.17W-m~1.K~1[21]
0.17W-m~—1.K-1

4.01 W-m~ 1K~ 122
237 W-m~ 1K1

087201-3
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Figure 5 shows the temperature distribution of the
device under 900 kW-cm~2. It can be seen that the
temperature gradient inside the OLED is quite small
when the OLED working under steady state condi-
tions. This is consistent with the previous research.['”

Figure 6 shows the device temperature with differ-
ent convective heat transfer coefficients of the sub-
strates. It can be seen that the device tempera-
ture can be greatly reduced when increasing the sub-
strate convective heat transfer coefficient, especially
in switching from natural to forced convection. When
the convective heat transfer coefficient is increased to
100 W-m~2.K~!, the increase of device temperature
slows down significantly. When the convective heat
transfer coefficient of the substrate is smaller, the heat
dissipation from OLED anode increases rapidly with
increasing the substrate convective heat transfer co-
efficient. Thus the device temperature of the OLED
sharply declines. However, when the convective heat
transfer coeflicient of the substrate increases to a cer-
tain limit, the heat dissipations from anode are close
to the heat generated by the OLED. At this time, the
temperature of the surface of the substrate is almost
equal to the environmental temperature. From Fig. 7,
we can see that the device temperature can be greatly
reduced when increasing the substrate surface emis-
sivity with similar reason.

72.231
o L
~ 72.230
o L
-
3
5
@
g L
8 72.220f
g
15}
2
° L
272228
> L
D
[@)

72 227-I PR PO T SR SR TR SR [N SO RN SR S (N T R SR S |

T =200 —100 0 100 200
Device thickness (nm)

Fig.5. Simulation results of temperature distributions

inside the bilayer OLED.

Figure 8 shows the device temperature with differ-
ent convective heat transfer coefficients of the cath-
ode. It is shown that the device temperature reduced
greatly when increasing the cathode convective heat
transfer coefficient the same as increasing the sub-
strate convective heat transfer coefficient. From Fig. 9,
we can see that the device temperature is decreased
almost linearly when increasing the cathode surface
emissivity. This is due to the fact that the heat dis-
sipation of the cathode surface is improved with in-
creasing the cathode surface emissivity. However, the
surface area of the cathode is much less than that of
the substrate. The heat dissipation through the cath-
ode surface is much smaller than that through the

substrate surface.

C)

Device temperature (

C .+ 0 0 U SR ST SR NN TN SN ST SR [N TN N ST SN [T SR S S S |
0 50 100 150 200 250
Substrate A (W-m™2K™1)

Fig. 6. Device temperatures versus convective heat trans-
fer coefficient h of the substrate.
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Fig. 7. Device temperatures with different substrate sur-
face emissivities.

60

50

Device temperature (°C)

40

-I PO SR ST SN [N TN ST ST SRR N TN SN ST SR (NN ST ST WU SN (N ST SO S S |

0 50 100 150 200 250
Cathode h (W-m~2.K™1)

Fig. 8. Device temperatures with different cathode con-
vective heat transfer coefficients (h).

From what has been discussed above, the device
temperature can reduce when increasing the surface
emissivity and convective heat transfer coefficient of
substrate or cathode. The above simulation is device
temperature without encapsulation. In practice, the
OLED was encapsulated to avoid oxygen and mois-
ture. As shown in Fig. 1, glass was used as a substrate

087201-4
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for a bottom-emission OLED. The surface emissivity
of the glass substrate is 0.8, much larger than that
of the metal cathode, thus a practical approach of
heat dissipation is adapted cathode encapsulation and
heat sink, which has a higher surface emissivity.['”
The more effective approach to remove heat is by
increasing convective heat transfer coefficient, such
as increasing airflow velocity by fans, thermoelectric
cooler.

37

36

35

34

Device temperature (°C)

02 04 06 08 10
Cathode surface emissivity

°©
=3

Fig.9. Device temperatures with different cathode sur-
face emissivities.

In summary, a simple and clear 1D OLED ther-
mal model based on the basic heat transfer theory has
been implemented, and its feasibility has been verified
by comparing with previous work. The temperature
distribution of the function layer and substrate can
be simulated according to this model. For a standard
OLED working under steady state conditions, there
is almost no temperature gradient within the organic
films. For a given OLED, the device temperature can
be accurately estimated by the thermal model in this
study. Based on this model, the device temperature
can be reduced with suitable ways, such as the surface
emissivity is increased by improving surface proper-
ties, or the convective heat transfer coefficient is in-
creased by forced convection. As a result, the model

can be applied to understand and control the temper-
ature response of a range of important optoelectronic
devices.
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