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We demonstrate white organic light emitting diodes with enhanced efficiency (26.8 lm/W) and life

time (�11 000 h) by improved heat dissipation through encapsulation composed of a metal (Cu,

Mo, and Al) and mica sheet joined using thermally conducting epoxy. Finite element simulation is

used to find effectiveness of these encapsulations for heat transfer. Device temperature is reduced

by about 50% with the encapsulation. This, consequently, has improved efficiency and life time by

about 30% and 60%, respectively, with respect to glass encapsulation. Conductive cooling of

device is suggested as the possible cause for this enhancement. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4903800]

White organic light emitting diodes (WOLEDs) pre-

sented their strong candidature in solid state lighting applica-

tion in last few decades. It paves the way for efficient and

cost effective lighting sources and offers superior perform-

ance over other competing solid state lighting technologies

due to high color purity, low voltage operation, and avail-

ability of material combinations for white light production.1,2

WOLEDs with multi-emissive layers are leading in terms of

efficiency; however, these produce significant heating inside

the device. Heating inside the device leads to significant rise

of temperature and causes exciton dissociation and degrada-

tion. Thermal management in these devices may offer signif-

icant improvement of life time and efficiency.

The heat generation can be decreased by efficient dissi-

pation using external heat sinks attached to device.3–6

Several approaches have been adopted in optoelectronic

devices for efficient heat dissipation such as heat sink, cool-

ing panel, microstructure strip, two phase cooling, passive

cooling, immersion cooling, and micro jet cooling.3–10 In the

context of OLEDs, few efficient approaches have been pro-

posed which include fabrication of OLEDs on thermally con-

ducting substrate, insertion of heat transfer fluid in

encapsulation, use of thin film encapsulation, and immersing

the whole OLED in a thermally conducting fluid.11–14 These

methods have several disadvantages such as using thermally

conducting substrate is effective in reducing the device tem-

perature; however, can only be employed for top-emitting

OLEDs due to opaque nature of thermally conducting sub-

strate.11 Insertion of heat transfer fluid in encapsulation by

Ham et al.12 is used to transfer the heat from device to glass

encapsulation where a heat sink has been included for heat

dissipation; however, this complicates the device fabrication.

Zakhidov et al.13 have used high thermal conductivity

hydrofluoroether liquid for heat dissipation and immersed

OLED in this liquid which provided convective cooling of

the device and device temperature is reduced by 8%. This

approach affects the compactness of device and complicates

to implement on large area devices. Thick cathode layer as

heat sink has been used for bottom emitting OLEDs and

found effective in improving the lifetime;14 however, thick

cathode has low resistance to stress and cracks can be

formed.

A rather simplistic approach may be to use thermally

conducting encapsulation keeping electrical insulation from

cathode in bottom emitting OLEDs. In this work, we have

designed and developed metal encapsulations to improve the

heat dissipation from WOLEDs and monitored their effec-

tiveness in improving the performance.

Encapsulations are prepared by joining electrically insu-

lating mica sheet with metal sheet using a thermally conduct-

ing epoxy (silver). Mica provides the electrical insulation to

device from metal and also has high value of heat capacity

(0.88 J/gK) and temperature sustainability (700–800 �C).15

The selected thickness of mica was 100 lm for the efficient

transfer of temperature from the device to the metal sheet.

Three encapsulations were prepared with different metals Al,

Cu, and Mo to study the dependence of thermal conductivity.

These encapsulations were termed as ENC-A, ENC-B, and

ENC-C for Al, Cu, and Mo, respectively. The thickness of

metal sheet and the total thickness of encapsulation were 500

and 800 lm, respectively.

WOLEDs were fabricated on indium tin oxide (ITO)

coated glass substrates having a sheet resistance of 20 X/sq.

The device structure was ITO (120 nm)/0.4 wt. % F4-TCNQ

doped a-NPD (35 nm)/5 wt. % BCzVBi doped CBP (20 nm)/

5 wt. % Ir(ppy)3 doped CBP (4 nm)/0.75 wt. % Ir(btp)2acac

doped CBP (12.5 nm)/BAlq (30 nm)/LiF (1 nm)/Al (150 nm).

Where ITO was used as anode, 0.4 wt. % F4-TCNQ doped

a-NPD as hole transport layer, 5 wt. % BCzVBi doped CBP
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as blue emitter, 5 wt. % Ir(ppy)3 doped CBP as green emitter,

and 0.75 wt. % Ir(btp)2acac doped CBP as red emitter, BAlq

as electron transport layer, LiF as electron injection layer,

and Al as cathode. Current density-voltage-luminescence

(J-V-L) characteristics were measured with a luminescence

meter (LMT-1009) interfaced with a Kiethley 2400 program-

mable current voltage digital source meter. All measure-

ments were carried out at room temperature under ambient

conditions. Temperature measurements were performed by

using un-cooled type IR camera VarioCAMhr with spectral

range of 7.5–14 lm interfaced with computer and the ther-

mographic images were captured using IRBIS software.

To find the effectiveness of as developed encapsulations,

we have performed the simulation by using COMSOL 4.2,

heat transfer module.16 This module solves the heat conduc-

tion equation by using the finite element method.17–19

Simulations were also performed on glass encapsulation for

comparison. The base temperature for all the encapsulation

was selected to be 350 K and the surrounding temperature as

300 K. Fig. 1 depicts the temperature variation across the

thickness of encapsulation. The temperature inside glass

encapsulation varies from 350 K to 300 K from bottom to top

due to the poor thermal conductivity of glass. At the same

time, all the developed encapsulations (ENC-A, B, and C)

have a proper heat transfer from the bottom to top and as a

result the temperature of the top of encapsulation is also

350 K. Therefore, all the developed metal encapsulations can

be used for efficient heat dissipation from OLEDs.

The effectiveness of these encapsulations for heat dissi-

pation was tested on WOLEDs having CIE coordinates

(0.31, 0.29). Four devices were fabricated and encapsulated

with glass cover slip of 800 lm thickness, ENC-A, ENC-B,

and ENC-C and for simplicity the devices were termed as

devices 1, 2, 3, and 4. First operating temperature of device

was measured using thermo graphic measurements by keep-

ing the biased WOLED at the focal point the IR Camera.

Fig. 2 depicts thermograms captured for devices 1, 2, 3, and

4. The device temperature at the center of pixel with respect

to the surrounding temperature is mentioned in all the

images. The device temperature is highest for device 1 with

glass encapsulation and it has decreased for devices 2, 3, and

4. Device 3 with Cu encapsulation was found to possess the

lowest temperature, which can be ascribed to the highest

thermal conductivity of Cu among all three used metals. We

have performed the measurements for 10 min, out of which,

the biasing been applied for 5 min and removed for rest of

the 5 min to obtain the cooling cycle.

The temperature measurements were performed at dif-

ferent voltages and the value of temperature rise (DT) with

respect to room temperature for all the devices with applica-

tion of voltage was obtained. Fig. 3(a) depicts the variation

of DT of devices 1, 2, 3, and 4 with the applied voltage. The

figure clearly indicates as the voltage is increased, DT

increases for all the four devices. However, DT is found to

decrease with metal encapsulations as compared to the glass

encapsulation. The value of DT is 12.8 �C for device 1 with

glass encapsulation at 17 V and as glass encapsulation is

replaced with Al encapsulation (ENC-A) this value has

reduced to 7.1 �C in device 2. This value, further, decreases

to 5.7 �C and 6.3 �C with Cu (ENC-B) and Mo (ENC-C)

encapsulation for devices 3 and 4. This decrease in DT may

be attributed to the increased thermal conductivity of metal

encapsulation as compared to glass. Due to this high thermal

conductivity, these encapsulations provide a proper heat

transfer from the device to the top of the encapsulation and

can thus transfer the heat to surrounding atmosphere. The

lowest value of DT was obtained for device 3 with Cu encap-

sulation because of its highest thermal conductivity (400 W/

mK) value.

The cooling cycle of the device after removing the

applied bias voltage is shown in Fig. 3(b) for all the devices.

It is clear from the figure that devices 2, 3, and 4 attain the

room temperature quickly in comparison to device 1 reflect-

ing the proper heat dissipation through the metal encapsula-

tion. This data then has been used to analyze the thermal

FIG. 1. Simulated temperature distribution across the glass, ENC-A, B, and

C showing the efficient heat transfer in case of all developed encapsulations. FIG. 2. Thermographic images for the devices 1, 2, 3, and 4 at 17 V.
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relaxation time. In this calculation, we have normalized the

temperature at y-axis and fitted the fall part exponentially.

The estimated relaxation time was found to be 6.08 s, 4.32 s,

4.45 s, and 4.00 s for devices 1, 2, 3, and 4, respectively.

Therefore, thermal relaxation time has decreased for metal

encapsulation in comparison to glass.

We have also measured the variation of temperature

from the centre of the pixel to the edge of the substrate by

taking the line profile as can be seen in Fig. 4. Figure depicts

the line profile of the temperature for devices 1, 2, 3, and 4 at

17 V after 30 s. The measurements have been taken along a

line as shown in the inset of this figure. This figure shows

that the temperature is maximum at the center of the pixel

and it decreases, symmetrically as the distance from the cen-

ter increases on both directions. It is evident that the maxi-

mum of the temperature profile resides at the highest

temperature for device 1 with glass encapsulation and the

maximum decreases for devices 2, 3, and 4 with metal

encapsulation. The lowest value of maximum temperature is

observed in case of device 3 with Cu encapsulation as also

observed in the previous paragraph. This measurement has

been used to calculate the lateral thermal diffusion length in

case of all the four devices similar to the method adopted by

Chan et al.,20 by fitting the temperature profile with a

Gaussian distribution and the half of the width at half maxi-

mum being the diffusion length. This length is been

evaluated at different times and the lateral diffusivity was

calculated using the following equation:

Ld ¼
ffiffiffiffiffi
Dt
p

;

where Ld is the diffusion length, D is the diffusivity, and t is

the time. Diffusivity is obtained as the slope of square of dif-

fusion length vs. time plot. The calculated diffusion length

and diffusivity for all four devices are summarized in Table

I. The calculated value of diffusion length is found to vary

between 2 and 3 mm for all four devices. This diffusion

length can be associated to organic layers only, because the

line selected to obtain the temperature profile of device only

includes the organic layers outside the device area.

Therefore, the diffusion across this line has only occurred

due to organic materials. The thermal diffusivity value

obtained is found to be in the range of 0.029–0.09 mm2/s.

This value has ranged from 0.02 to 0.1 mm2/s as obtained

from different methods for other organic materials.21–23 In

these reports, it has been observed by Lim et al.,21 Assael

et al.,22 and Cahill23 that the variation observed in these

measurements are the limitation of measurement techniques.

Therefore, the variation in diffusivity value obtained in all

four devices, in our case, may be due to the limitation of the

measurement technique.

To observe the effect of the reduction of operating tem-

perature on the device performance, luminescence was meas-

ured for all devices. Fig. 5(a) shows the variation of power

efficiency (PE) with voltage for devices 1, 2, 3, and 4. The

maximum value of PE is found to be 21.9 lm/W, 26.5 lm/W,

26.8 lm/W, and 26.3 lm/W for devices 1, 2, 3, and 4, respec-

tively, at 5 V. In case of devices with metal encapsulation,

the increase in PE may be attributed to the maximum har-

vesting of excitons because the reduction of device tempera-

ture in these devices will reduce the possibility of exciton

dissociation. Excitons are generally dissociated due to higher

FIG. 3. (a) Variation of DT with volt-

age for device and (b) normalized vari-

ation of temperature with time at 17 V,

for devices 1, 2, 3, and 4.

FIG. 4. Variation of temperature with distance from the center to the edge of

devices 1, 2, 3, and 4 at 17 V after 30 s. The inset of the figure shows the pic-

ture of the device with the line across which the temperature variation was

taken.

TABLE I. Diffusion length and the diffusivity for devices 1, 2, 3, and 4 at

17 V after 30 s.

Diffusion length (mm) Diffusivity (mm2/s)

Device 1 2.46 0.085

Device 2 2.08 0.029

Device 3 2.18 0.043

Device 4 2.67 0.081
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operating temperature of OLEDs.24,25 The geminate pair dis-

sociation rate is dependent on temperature as26

kd Tð Þ ¼ a� T3=2 � exp �DE

kT

� �
;

where a is temperature independent term,26 T is the tempera-

ture, k is Boltzmann’s constant, and DE is binding energy of

geminate pair. From this equation, it is evident that the gemi-

nate pair dissociation rate is higher for higher temperature

and which is responsible for lower efficiency in case of glass

encapsulated device.

Further, the luminescence has been measured as a func-

tion of operational time for lifetime measurements. Fig. 5(b)

depicts the luminescence as a function of operational time

for devices 1, 2, 3, and 4 at an initial luminescence of 100

Cd/m2. This figure shows that the luminescence has

decreased with the operational time for all four devices.

Device 1 with glass encapsulation is found to have a faster

rate of decay of luminescence as compared to devices 2, 3,

and 4. We have calculated the half lifetime values for these

devices, which were estimated as the time at which the lumi-

nescence reduced to half of its initial value. Devices 2, 3,

and 4 with metal encapsulations are found to have an

improved lifetime as compared to device 1 with glass encap-

sulation. Device 3 with Cu encapsulation is found to be most

sustainable device with a half lifetime of 11 000 h. This

increase in lifetime may be attributed to the high thermal

conductivity of metal as compared to glass and Cu having

the highest. Device parameters for all the four devices are

summarized in Table II. The lifetime values have increased

by almost 1.6 times by using the developed encapsulations

with metal sheets. This table also includes the values of

current efficiency (CE) and PE for these devices and it can

be seen that both CE and PE have increased for devices 2, 3,

and 4 with metal encapsulations as compared to device 1

with glass encapsulation. The enhancement in PE was found

to be nearly 30%, 31%, and 29% in devices 2, 3, and 4 with

respect to device 1. This reflects the potential of the devel-

oped encapsulations.

We have designed and developed metal encapsulations

with three metals Al, Cu, and Mo all with high thermal con-

ductivity. Device temperature measurements on WOLEDs

have revealed that these metal encapsulations have an effi-

cient heat transfer from the device to the top of the encapsu-

lation for WOLEDs. The effect of metal encapsulation has

also been studied on the WOLED performance and a maxi-

mum CE of 51.1 Cd/A, PE of 26.8 lm/W, and half lifetime of

11 000 h were measured in case of Cu encapsulation. Nearly,

32%, 30%, and 60% enhancement of CE, PE, and lifetime,

respectively, were observed for devices 2, 3, and 4 as com-

pared to device 1 and the conductive cooling of the device

has been suggested as the possible cause for this

enhancement.
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