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Substrate thermal conductivity effect on heat dissipation and lifetime
improvement of organic light-emitting diodes
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We report substrate thermal conductivity effect on heat dissipation and lifetime improvement of
organic light-emitting diodes (OLEDs). Heat dissipation behavior of top-emission OLEDs
fabricated on silicon, glass, and planarized stainless steel substrates was measured by using an
infrared camera. Peak temperature measured from the backside of each substrate was saturated to be
21.4, 64.5, and 40.5 °C, 180 s after the OLED was operated at luminance of 10 000 cd/ m? and
80% luminance lifetime was about 198, 31, and 96 h, respectively. Efficient heat dissipation through
the highly thermally conductive substrates reduced temperature increase, resulting in much
improved OLED lifetime. © 2009 American Institute of Physics. [DOI: 10.1063/1.3154557]

Thermal stress and degradation of organic light-emitting
diodes (OLEDs) has been widely studied'~ because it is well
known that luminance and lifetime decreases for OLEDs op-
erated at elevated temperatures.“‘7 It has been also reported
that localized joule heating can degrade brightness homoge-
neity and this effect becomes worse as device temperature
increases with operation time.> Therefore, in order to further
improve operational lifetime, it is crucial to efficiently dissi-
pate heat generated inside the devices.

Effective heat-sinking can be obtained through substrate
if the substrate has good thermal conductivity as in the case
of silicon substrates (150 W/m-K) in microelectronics
applications.9 However, glass substrate that has been widely
used for OLED display and lighting applications typically
has low thermal conductivity (1 W/m-K), showing poor heat
sinking. It was reported that device temperature can increase
up to as high as 86 °C for OLEDs on glass substrates."*
Although silicon substrate is used for OLED
microdisplays,10 where it can act as a good heat sinker, there
is scaling-up limitation for large-area applications.

Stainless steel (SUS) substrate can be a good candidate
due to its relatively high thermal conductivity (16 W/m-K).
Although SUS substrate has been widely used for OLED
displaysn’14 and they can be key element for flexible OLED
lighting applications, there are few reports on their efficient
heat dissipation for potential OLED lifetime improvement.
Therefore, in this paper, we compared heat dissipation be-
haviors of top-emission OLEDs (TEOLEDs) fabricated on
glass (TEOLED-g), and SUS (TEOLED-SUS) substrates.
We also fabricated TEOLEDs on silicon substrates
(TEOLED-s) for reference. Thermal distribution and corre-
sponding OLED lifetime effects were analyzed for these
devices.

We used intrinsic silicon wafer with 200 nm thick ther-
mal oxide, Corning Eagle?”""™ glass substrate, and 304 SUS

“Electronic mail: yongtaek @snu.ac.kr. Tel.: +82-2-880-9567. FAX: +82-2-
872-9714.

0003-6951/2009/94(25)/253302/3/$25.00

94, 253302-1

substrates. Thickness of each substrate was 550, 500, and
100 mm, respectively, and their sizes were identical (1
X 1 in.%). Since surface roughness of the as-purchased SUS
substrates was as high as 500 nm in peak-to-valley value, we
planarized their surface with 3 um thick benzocyclobutene
(BCB) (purchased from Dow Chemical Co., CYCLOTENE
3022-46) layer, and achieved surface roughness of
155 nm. Surface roughness was measured by atomic
force microscopy for five points of 5X5 um? scan area in
22 in.? samples. No additional surface treatment was ap-
plied to all substrates after cleaning them in ultrasonic bath
of aceton and isoprophyl alcohol for 20 and 10 min, respec-
tively. For TEOLEDs, silver (Ag), molybdenum oxide
(MoO3),  a-napthylphenylbiphenyl ~ (NPB),  tris-(8-
hydroxyquinoline) aluminum (Alqs), and ytterbium (Yb)/Ag
were used as materials of reflective anode (300 nm), hole
injection layer (4 nm), hole transport layer (54 nm), electron
transport and light-emitting layer (53 nm), and semitranspar-
ent cathode (1/20 nm), respectively. Alq; index-matching
layer (45 nm) was finally deposited. All the layers were se-
quentially deposited by thermal evaporation method without
breaking vacuum and patterned through shadow masks to
define light-emitting area of 3 X3 mm?. All fabricated de-
vices were encapsulated by using glass caps with desiccant.

Figure 1 shows a schematic device structure and mea-
sured current density—voltage-luminance (J-V-L) curves for
the fabricated TEOLEDs. For thermal distribution and life-
time measurement, we selected bias conditions as summa-
rized in Table I to produce 10 000 cd/m? for each device.
Thermal distribution and peak temperatures of the TEOLEDs
were measured from backside of each substrate as shown in
Fig. 1 by using an infrared (IR) thermal image camera
(A60M from FLIR systems). IR thermal images were cap-
tured every 10 s right after the TEOLEDs were operated.
Figure 2 shows selected images of thermal distribution
changes with operation time. Temperatures in each image
indicate peak temperatures of the imaging area. Thermal dis-
tribution is highly localized around the light-emitting area
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FIG. 1. (Color online) J-V-L characteristics of TEOLEDs (schematic de-
scription of the TEOLED structure is included in inset).

for glass substrate while silicon and SUS substrates show
less localization property. Especially, for silicon substrate,
almost no localization was observed. Measured peak tem-
peratures went up to 64.5, 40.5, and 21.4 °C for glass, SUS,
and silicon substrates, respectively, indicating that heat gen-
erated inside the TEOLEDs was efficiently dissipated
through the silicon and SUS substrates. It is noted that al-
though the silicon oxide and BCB layers have poor thermal
conductivities of 1 and 0.3 W/m-K," respectively, they do
not seem to block heat dissipation through the substrates
because their thickness is very small in comparison with the
substrates. In addition, since the light-emitting area is larger
than their thickness, most heat generated in the TEOLEDs
will be directly transferred to the substrate with little lateral
diffusion. However, if the thickness of these layers becomes
large compared to the substrate thickness, there will be a
temperature gradient along the layers from anode to the sub-
strates and relatively large lateral diffusion will be observed.

Figure 3 shows measured temperature distribution (sym-
bols) over 25 mm across the light-emitting area of each
TEOLED. Temperature increase (AT) with respect to initial
temperatures of each substrate is plotted. TEOLED-g showed
the highest peak temperature increase of about 45 °C and
more localized thermal distribution in comparison with
TEOLED-SUS. TEOLED-s showed little temperature in-
crease. We also performed thermal simulation for each sub-
strate by using two-dimensional (2D) tool (named ATLAS)
from SILVACO Inc., which numerically solves 2D lattice
heat flow Eq. (1) with appropriate boundary condition pa-
rameters (2) as shown in the following equations to obtain
temperature distribution in the substrate region:

kV?T, + H=0 (under steady state condition), (1)

S=hX (T, -T.) (boundary condition), (2)

where T;, k, H, S, h, and T,,, are local lattice temperature,
thermal conductivity, heat generation in OLED, heat flux per
unit area, heat transfer coefficient, and external ambient tem-
perature, respectively. The simulated results are shown as
solid and dash lines, which correspond to different /4 values.

TABLE 1. TEOLED experiment conditions for 10 000 cd/m?.
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FIG. 2. (Color online) IR images of thermal distribution of TEOLED-g
(top), TEOLED-SUS (middle), and TEOLED-s (bottom) 10 000 cd/m?
taken from the backside of the substrates.

Since it is difficult to accurately measure i for each sub-
strate, we used minimum and maximum values of 4 as 0.005
(solid) and 0.01(dash)W/cm? K in our simulation, assuming
natural air convection at the backside of each substrate. We
used an embedded poly(phenylenevinylele) (PPV)-based
OLED module for convenience, and adjusted input electrical
power (821 mW) and device efficiencies according to the
measured data. Since light-emitting area is much larger than
OLED thickness and we focused on thermal distribution
through the substrates, it is believed that using PPV-based
OLED module will not make much difference for our simu-
lation purpose. In this 2D simulation, we can define light-
emitting and substrate areas only in one dimension along
device cross-section. Therefore, the simulation results may
not fully represent three-dimensional thermal conduction be-
haviors, producing temperature distribution different from
the measured data. This difference is more apparently ob-
servable for substrates with high thermal conductivity, such
as SUS and silicon, for which the simulation results show
higher AT than that of the measured results for both / values.
This is because only one-dimensional thermal conduction
path is considered and thus, relatively smaller amount of heat
conduction is considered for 2D simulation leading to more
heat accumulation for the simulation result. However, for the
substrate with low thermal conductivity such as glass, our
simulation result showed a good agreement with the mea-
sured data, depending on A values. Overall, both measured
and simulated temperature distribution well represented ten-
dency in temperature distribution change for substrates with
different thermal conductivities.

In order to further investigate thermal stress effect on
device lifetime, we performed lifetime test by applying con-
stant current to the TEOLEDs. Current levels were adjusted
so that each device produces initial luminance of
10 000 cd/m?2. As shown in Table I, current variations for
each device were within 5%. Relative luminance change and
operation voltage change (AV) are plotted with the operation

Voltage Current Current density Electrical input power Luminous efficiency Power efficiency
(V) (mA) (mA/cm?) (mW) (cd/A) (Im/W)
TEOLED-g 7.7 10.7 118.32 82.4 9.03 3.70
TEOLED-SUS 8.0 10.4 115.56 83.2 9.34 3.67
TEOLED-s 8.3 10.3 111.55 85.5 9.34 3.54
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FIG. 3. (Color online) Temperature distribution across the localized heat
spot: symbols and lines represent measured and simulated results, respec-
tively. Solid and dash lines (g, SUS, Si) represent the simulated results for
h=0.005 and 0.01 W/cm? K for each device. Lifetime measurement results
are also included in inset.

time in the inset of Fig. 3. TEOLED-g and TEOLED-s
showed the largest and smallest degradation for the same
stress time, respectively. After 250 h of operation, AV values
were about 1.7, 1.2, and 0.96 V, for TEOLED-g, TEOLED-
SUS, and TEOLED-s, respectively. The times of 80% lumi-
nance reduction from initial luminance were about 31, 96,
and 198 h, for TEOLED-g, TEOLED-SUS, and TEOLED-s,
respectively.

Since OLED degradation is closely associated with sur-
face roughness of bottom electrodes, we measured their sur-
face roughness for all devices. All devices showed similar
surface roughness of 2.7+ 1.2 nm in root mean square and
23*£5 nm in peak-to-valley values, indicating surface
roughness does not play a major role in lifetime difference.
In addition, if we analyze the relationship between 80% life-
time and peak temperature values by using an equation of
“lifetime ~exp(AE/kT)” that was reported by Aziz ef al.'®
for 50% lifetime of a-NPB/Alq; based OLEDs, we can ob-
tain an activation energy (AE) of about 0.39 eV. This activa-
tion energy is related to the ionization potential difference
between «a-NPB and Alqs;, which was reported as
0.35%0.15 eV. Our extracted activation energy is consistent
with these values and degradation behavior seems to follow
the operation temperature induced degradation behavior re-
ported by Aziz et al. Therefore, it can be concluded that the
lifetime improvement in our TEOLEDs is from effective heat
dissipation through the substrates and corresponding smaller
temperature increase.

In this letter, we analyzed heat dissipation of TEOLEDs
through various substrates and corresponding lifetime behav-
iors. Efficient heat dissipation through silicon and planarized
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SUS substrates further reduced peak temperature of the
TEOLEDs, resulting in increased lifetime in comparison
with glass substrates. It is noted that if highly efficient de-
vices are used and corresponding peak temperature is little
increased, substrate thermal conductivity effect on lifetime
improvement can become smaller. However, since the OLED
temperature increase is still an important issue in typical
OLED display or lighting applications, highly thermally con-
ductive substrates will be promising substrate candidates for
such applications in terms of heat dissipation and corre-
sponding lifetime improvement.
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