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This paper presents the results of a combined analytical, computational, and experimental study of

adhesion and degradation of Organic Light Emitting Devices (OLEDs). The adhesion between

layers that are relevant to OLEDs is studied using an atomic force microscopy technique. The

interfacial failure mechanisms associated with blister formation in OLEDs and those due to the

addition of TiO2 nanoparticles into the active regions are then elucidated using a combination of

fracture mechanics, finite element modeling and experiments. The blisters observed in the models are

shown to be consistent with the results from adhesion, interfacial fracture mechanics models, and

prior reports of diffusion-assisted phenomena. The implications of the work are then discussed for the

design of OLED structures with improved lifetimes and robustness. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4867051]

I. INTRODUCTION

Since their original development over 20 years ago,

organic light emitting devices (OLEDs)1 have received con-

siderable attention. This is largely due to their potential for

low-cost applications in “soft” lighting and flat panel dis-

plays.2 Furthermore, the possibility of patterning and stamp-

ing OLEDs into micron- and nano-scale patterns in flexible

and flat panel electronics has made them attractive for the

replacement of liquid crystal displays.1–21

There have also been recent efforts to mix the OLED

active layers with other inorganic/organic materials to

obtain Hybrid Organic-Inorganic Light Emitting Devices

(HOILEDs). These have been used to improve charge and

light transport in OLEDs.3–7 However, organic light emitting

devices are limited by their relatively low lifetimes due to

their restricted chemical stability in air.8 OLEDs also

have low quantum efficiencies and undergo a range of degra-

dation mechanisms during exposure to light and water

vapor/oxygen in the environment.9–15 The effects of environ-

ment have been partly solved by the development of encap-

sulation strategies.16,17 However, encapsulation does not

totally prevent degradation of OLEDs, although it has been

shown to significantly improve device lifetimes.18

So far, few numbers of studies have reported the effect

of adhesion on degradation in OLEDs. Recent studies reveal

the effects of dust particles on contact evolution in OLED

structures.19,20 Interfacial delamination around dust particles

or resulting nanovoids has also been suggested as a mecha-

nism for OLED failure.21,22 This has been shown to occur by

blister formation, bubbles, and spiral buckles present also in

encapsulated devices.21,23–26 However, the crack driving

forces for these interfacial failure mechanisms have not been

explored for the range of device geometries that are relevant

to OLED structures. There is also a need to compare the

crack driving forces with measurements of adhesion energies

for possible bi-material pairs in OLED/HOILED structures.

In this paper, the adhesion between the layers of

OLED/HOILED structures is studied using atomic force mi-

croscopy (AFM). The layer elastic moduli are also measured

using nanoindentation techniques. The measured moduli are

then incorporated into analytical and computational finite

element models for the estimation of surface contact and

crack driving forces. The delamination (blister formation)

observed during and after current-voltage measurements in

model OLED/HOILED structures (Figure 1) is explained

using fracture mechanics concepts.

II. MODELING

A. AFM force-displacement model

In the contact mode, AFM is used to measure the pull-

off force between two surfaces. The microfabricated cantile-

ver probe is attached to a scanner head that is lowered

toward the surface of the substrate at a constant velocity

(Figure 2). The measured tip displacement/deflection, x, is

then used to obtain the pull-off force from Hooke’s law. This

gives

F ¼ �kx; (1)

where k is the spring constant. However, the accuracy of the

AFM measurements of the adhesion force depends signifi-

cantly on careful measurements of the spring constant of the

AFM tip. The thermal tune method27 offers a real-time and

accurate technique for the measurement of the k values that
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are used in the calculation of pull-off forces. Although the

values for the spring constant are provided by most tip manu-

facturers, these are batch estimates that are often signifi-

cantly different from the actual values.

This method involves the measurement of the tip response

in the presence of thermal agitations and using a Lorentzian

line shape fit to obtain an accurate estimate of k from the result-

ing frequency spectrum of harmonic oscillations.

B. Adhesion theory

From a fracture mechanics perspective, the adhesion

energy, c, corresponds to the mode I energy release rate,

G.27 For crack growth between two dissimilar materials 1

and 2 with surface energies c1 and c2, respectively, the adhe-

sion energy is given by

Gadhesive � Gelastic ¼ c1 þ c2 � c12; (2)

where c12 is the interaction surface energy for the two mate-

rials and Gelastic is the mode I energy release rate for crack

growth between these materials.

Various adhesion models have been used to account for

the different materials and geometric properties of the inter-

acting layers. The Johnson-Kendall-Roberts (JKR) model28

is used for strong adhesive forces between materials with

large radii, while the Derjaguin–Muller–Toporov (DMT)

model29 is used to characterize weak interactions between

stiff materials with small radii. In the JKR case, the adhesion

energy is related to the adhesion force by

cJKR ¼
2Fadh

3pR
; (3)

where cJKR is the JKR-model adhesive energy, Fadh is the

adhesive force, and R is the radius of the contact surface.

In the DMT case, the adhesion energy and force are

related by

cDMT ¼
Fadh

2pR�
; (4)

where R* is the effective contact radius and Fadh is the adhe-

sive force.

In between the JKR and DMT models, the Maugis-

Dugdale (MD) model30 uses an analytical approach to calcu-

late the exact relationship between the adhesion force and

the adhesion energy. It involves an iterative process which

was further modified by the Carpick-Ogletree-Salmeron

(COS) model31 and later generalised for improved accuracy

by Pietrement and Troyon.32 The main advantage of this

model is that it can be used to characterize the entire

range of adhesion models and adopts a combination of

material and geometric properties. Carpick et al.31 use a

generally simpler set of equations that closely approximate

the Maugis’ solution through the calculation of a non-

dimensional transition parameter, k

k ¼ 2r0

R�

pK2c

� �1
3

; (5)

where

c ¼ hor0; (6)

where ho is the height at which separation occurs, r0 is a

constant adhesive force between the two materials in contact

and is non-zero at distances h< ho. As the separation height

increases to a value greater than ho, r0 ¼ 0. The value of K

in Eq. (5) is given as

K ¼ 4

3

1� �2
1

E1

þ 1� �2
2

E2

� ��1

: (7)

R*, the effective contact radius is expressed as

R� ¼ 1

Rtip
þ 1

Rsurf ace
: (8)

Generally, with the known material properties and other

experimentally measured variables, calculations are numeri-

cally done to obtain a value for k. This value is used to deter-

mine the corresponding adhesion model. For values of k> 5,

FIG. 1. Schematic of (a) model OLED

and (b) model of HOILED Structure.

FIG. 2. Schematic force-displacement curve depicting the various stages

(A–E) of cantilever-surface engagement.
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this corresponds to the JKR model, while the DMT model is

used for values of k< 0.1 and the MD model corresponds to

intermediate k-values (i.e., 0.1< k< 5). These expressions

relate the adhesive pull-off forces obtained from AFM meas-

urements with the actual adhesion energy values over a wide

range of models.

C. Surface contact

The surface contacts between layers relevant to

OLED/HOILED structures can be idealized from the na-

ture of roughness values that influence the contact and

adhesion across the interface.21,23–25,27 There is, there-

fore, a need to measure the average roughness and inves-

tigate their effects on contact between the thin-film

interfaces. It is also important to understand the influ-

ence of adhesion and mechanical contact on the path-

ways for charge transport, especially those between the

electrode/organic layer interfaces, where both electron

and hole transport occur.33 These will be explored in

this section using an analytical model of adhesion origi-

nally developed by Mastrangelo and Hsu34,35 for contact

in micro-electro-mechanical system (MEMS) structures.

The model has since been used subsequently in Refs. 19,

36, and 37 to model contact around dust particles in or-

ganic electronic structures.

We start by considering the contact of an upper layer as

a suspended cantilever beam around a dust particle on a sub-

strate layer. This assumes an arc-shaped or s-shaped adhe-

sion configuration, as described earlier by Mastrangelo

and Hsu (Figure 3). The total energy of the system, UT, is

given by

UT ¼ UE þ US; (9)

where UE is the elastic energy and US is the adhesion energy

for the segment in contact.

UT ¼ UE þ US ¼
3Elh2

2s3
� cw L� sð Þ for the arc� shapeð Þ;

(10)

UT ¼ UE þ US ¼
6Elh2

s3
� cw L� sð Þ for the s� shapeð Þ;

(11)

where s is the void length, I is the second moment of area, h

is the layer thickness, w is the layer width, E is the Young’s

modulus, c is the adhesion energy, and Lc¼ (L � s) is the

contact length which estimates the total amount of bi-layer

surface length in contact.

De Boer and Michalske38 further considered this adhe-

sion problem from a fracture mechanics perspective. The

detached length or void length s, is the “crack length.” The

total energy UT of the system has a single minimum corre-

sponding to the equilibrium s that can be found by setting

dUT/ds¼ 0 to obtain

s ¼ 3Et3h2

8c

 !1
4

for the arc� shaped contactð Þ (12)

and

s ¼ 3Et3h2

2c

 !1
4

for the s� shaped contactð Þ: (13)

Hence, increased adhesion energies result in lower levels of

detachment length, s, or improved contact that can enhance

the overall charge transport.

D. Interfacial failure models

Let us now consider the potential scenarios for interfacial

failure that can lead to blister formation in OLEDs/HOILEDs.

Such blister formation can occur due to stresses associated

with thermal mismatch from Joule heating or the vaporization

of impurities such as water and organic materials through

defects at interfaces.21,23–25 In both cases, the resulting stresses

can result in the coalescence and growth of interfacial voids

into larger cracks. The progressive formation of blisters in the

devices may, therefore, be considered as an interfacial crack-

ing problem. Furthermore, upon removal of the bias, the diffu-

sion of the entrapped gases can give rise to internal bubble

pressures that are sufficient to drive the growth of bubbles

nucleated during the bias.

In the case of interfacial failure due to thermal

mismatch-induced stresses,21,25 the potential effects of Joule

heating (due to charge transport) can be amplified by electri-

cal shorts11 and dust particles at interfaces. If such particles

have relatively high resistances compared to sorrounding

materials, they can result in significant heating in OLEDs, as

in Refs. 19 and 21. Thermal expansion mismatch can also

result from the differences in the thermal expansion coeffi-

cients of layers in OLED/HOILED structures. Both cases

can give rise to interfacial failure when the interfacial crack

driving forces exceed the threshold for interfacial crack

growth or the adhesion energies between the layers.

It is important to note, however, that this is not the only

form of degradation in the device. Blister formation could

also occur by the diffusion of decomposed gases through

FIG. 3. Schematics showing: (a) Arc-

shaped contact configuration and (b) S-

shaped contact configuration.
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pinholes, imperfections on the device via scratches from test

fixture pins used during the electrical characterization of the

device. These defects also form pathways for growth of blis-

ters also seen in earlier studies.21,39

The above blisters have been modelled by considering

the ideal gas pressure for a specified volume and temperature

at the buckling site associated with interfacial delamination.

By using specific gas pressures in the finite element compu-

tational models, we are able to establish a condition for

delamination due to pressure acting on the layer. The pres-

sure may arise from the diffusion of entrapped gases or

atomic species within the layers. In any case, the principal

stresses can then be estimated for bubble growth via crack

propagation. At the onset of bubble growth (crack propaga-

tion at crack site), the pressure exerted on the membrane can

be related to the in-plane stress by

rc ¼
Pcr

2t
; (14)

where r is the in-plane stress, P is the critical pressure for

delamination, r is the radius of curvature, and t is the layer

thickness. At this stage, the crack driving force, Gc, must

exceed the adhesion energy, c between the bi-layer interfaces

to enable interfacial delamination. This occurs when

Gc � c: (15)

III. EXPERIMENTAL METHODS

A. AFM adhesion measurements

In the contact mode, AFM was used to measure the av-

erage pull-off forces Fpull-off between thin-film layers. AFM

tips (Bruker Instruments, Woodbury, NY) coated with the

required complementary materials were used to measure the

force-displacement curves associated with adhesion and

pull-off of the possible bi-material pairs in the structures

illustrated schematically in Figure 1. The AFM tips were

dip-coated with the first material, while the second

corresponding material was coated onto a glass substrate

(Figure 4). It is important to note here that similar adhesion

forces were obtained when the order of coating was reversed

between the AFM tip and the glass substrate.

The adhesion experiments were performed at room-

temperature (25 �C) using a Dimension 3000 AFM system

(Bruker Instruments, Plainview, NY). Potential experimental

errors might occur due to the effect of interference from the

environment by processes such as oxidation from exposure

of coated AFM tips to humid laboratory air. Such processes

can be important since the experiments were not performed

in vacuum. However, in order to minimize the effects of oxi-

dation, the experiments were carried out as soon as the tips

were coated with the active materials. Nevertheless, the val-

ues obtained are reported with respect to standard atmos-

pheric conditions.

A schematic of a typical force-displacement curve is

presented in Figure 2. Initially, the AFM tip experiences neg-

ligible interactions with the surrounding medium and the tip

deflection remains close to zero (stage A). However, as the

AFM tip approaches the substrate, the adhesive interaction

occurs (stage B) with the surface of substrate layer.

Subsequently, elastic bending of the tip occurs as it is further

displaced towards the specimen (stage C). Upon reversal of

the displacement, the bending is reversed. However, the tip

does not detach at zero force, due to the adhesive interaction

(stage D). Hence, a negative force is needed to pull-off the

tip from the substrate; this corresponds to the pull-off force.

This procedure was repeated for different points on the sub-

strate. The measured pull-off forces were used to estimate

the adhesion energies using the DMT model.29 The adhesion

energies were, therefore, obtained with equations reported in

Sec. II.

B. Nanoindentation measurements

Nanoindentation measurements were carried out in each

of the layers of the OLED and HOILED structures (Figure 1)

using the Hysitron TriboScope Nano-mechanical testing

System (Hysitron Inc., Minneapolis, MN) coupled to a

Dimension 3100 AFM (Veeco Instruments Inc., Woodbury,

NY). The tests were performed using a Berkovich indenter

tip after calibration with a quartz reference material.

The above experiments were done on layers with thick-

nesses in the range of 80–200 nm for different layers of the

device. Indentation was carried out in a load-controlled feed-

back mode with peak forces in the range of 0.25–30 lN.

These were characterized with a 5-s loading to the peak

force, followed by a 5-s hold segment, and a 5-s unloading

segment. The numerous repeated indents with increasing

peak forces at different points were used for the depth

profiling.

C. Device processing and characterization

25� 25 mm2 glass slide substrates were washed in a solu-

tion of Dextran 90 detergent, rinsed in de-ionized water and

blow-dried with nitrogen. Indium Tin-Oxide (ITO)-coated

FIG. 4. SEM image of AFM tip and

schematic illustration of tip interaction

with coated substrate.
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glass structures (100 nm thick) were produced by sputtering

from an ITO ceramic target using an Edwards Auto E306A rf

magnetron sputtering deposition system (Edwards Limited,

Sussex, UK). The sputtering process parameters were

0.64 W/cm2 rf power density, 0.8 sccm Ar flow rate, deposi-

tion pressure of 3.2� 10�3 Torr, and deposition temperature

of �25–30 �C as obtained from a previous work.40

The film thickness was measured in-situ using a an

Inficon thin film controller. This was later confirmed by pro-

filometry measurement using a Veeco Dektak 150 surface

profiler (Bruker Instruments, Santa Barbara, CA). The

samples were subsequently annealed at 250 �C for 75 min.

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate

(PEDOT:PSS) (Sigma Aldrich, St. Louis, MO) was then fil-

tered and spin-coated using a Laurell spin processor (Laurell

Technologies, North Wales, PA) at 1500 revolutions per mi-

nute (rpm) for 30 s to obtain a layer of PEDOT:PSS with a

thickness of 80 nm, confirmed by profilometry measurement.

Poly (2-methoxy-5-(20-ethylhexyloxy)-1,4-phenylenevi-

nylene) (MEH-PPV) (Sigma Aldrich, St. Louis, MO) was

prepared in the laboratory by dissolving 100 mg of MEH-

PPV solute in 20 ml of chloroform. The mixture was stirred

at 700 rpm in the dark for 6 h. For the hybrid layer in the

HOILED structure (Figure 1(b)), titanium oxide (TiO2)

nanoparticles with an average diameter of 25 nm were added

to 3 ml of MEH-PPV solution and the two solutions were

then mixed for 6 h to form a hybrid blend. The blend was fil-

tered using 0.25 lm mesh-sized filter. It was then spin coated

onto the PEDOT/ITO-coated glass at 800 rpm for 1 min.

The samples were subsequently baked in air at 110 �C for

15 minutes, before evaporating the final aluminium cathode

layer to complete the final device using an Edwards Auto

E306A vacuum thermal evaporator (Edwards, Sussex, UK).

The thickness of the Al layer was 150 nm.

The current-voltage characteristics were measured using

a Keithley 2400 source meter (Keithley Instruments Inc.,

Cleveland, OH). The turn-on voltages were determined from

forward voltage tests which involved the sweeping of a for-

ward bias current within the normal operating range of the

device (typically from 0 to 30 mA for a 1.5 mm2 junction).

The resulting voltage across the diode was then measured;

the turn-on voltage was recorded in the region where the rel-

atively low change in voltage drop across the device sud-

denly occurs, after the initial rapid increase of the voltage

with the current. In the case of the degradation studies, the

above test was repeated at specific time intervals for dura-

tions up to 60 min. The cyclic tests were used to study shelf

life devices under conditions that mimic operating condi-

tions. Subsequently, changes in the cathode surfaces of the

devices were observed under an optical microscope

(Celestron LLC, Torrance, CA) and a Scanning Electron

Microscope (Carl-Zeiss Evo MA-10 SEM, Oberkochen,

Germany) following the removal of the bias.

IV. RESULTS AND DISCUSSION

A. Surface morphology and contact in thin film layers

The results of the surface profilometry measurements of

films deposited on glass and ITO-coated glass are presented

in Table I. The lowest roughness average (Ra) value obtained

for ITO thin film on glass is 0.72 6 0.01 nm. The majority of

the layers have average roughness values within reasonable

limits (<5%), when compared to the actual thicknesses of

the deposited layers (Table I). For example, a roughness of

0.72 nm is obtained for a 100 nm-thick ITO layer.

Low surface roughness also aids in ensuring that an

ideal contact is obtained between adjacent layers in the de-

vice model as shown from the theoretical model in Sec. II C.

Also, improved surface contact enhances better adhesion

which improves the charge transport across bi-layers where

there are less voids. Hence, there is likely to be improvement

in the overall charge transport across such interfaces of rela-

tively less rough surfaces, with large areas of contact occur-

ring between the layers in the resulting OLED/HOILED

structures.

B. Nano-indentation measurement of Young moduli

Significant variations were observed in the sample mod-

uli and hardness values, as shown in Table II. However, the

nature of measured hardness values was similar at equal

indent depths. This suggests that a depth threshold (approx.

10% of thickness) might be helpful as in metals,41 although

this could also depend on film roughness to thickness ratio.

Table II provides a summary of nano-indentation results

obtained for basic layers which make-up the OLEDs. These

results are used in the analytical and computational model-

ling of contact and adhesion discussed in the subsequent

sections.

C. Adhesion of Bi-material pairs

Adhesion energies were calculated from adhesion forces

using the DMT model. The measured adhesion forces and

energies are summarized in Table III and Figure 5. The error

bars indicated in the figure are as a result of several measure-

ments taken across the substrate surface. The highest

TABLE I. Roughness average, thickness, and transmittance (T) for different

layered structures.

Structure

Ra

(nm)

Thickness

(nm)

T (%)

at 450 nm

ITO/Glass 0.70 6 0.03 100 95

PEDOT:PSS/Glass 3.5 6 0.3 100 98

PEDOT:PSS/ITO (heated at 100 �C) 3.9 6 0.3 100 85

PEDOT:PSS/ITO (heated at 250 �C) 3.6 6 0.2 100 85

MEH-PPV/Glass 11.7 6 0.8 110 20

Aluminium/Glass 1.7 6 0.1 200 …

TABLE II. Summary of nanoindentation results.

Material Young’s modulus (GPa) Poisson’s ratio

MEH-PPV 11.5 6 2.2 0.3

PEDOT:PSS 1.42 6 0:08 0.3

ITO41 116.00 0.35

Aluminium41 70 0.3

Dust Particle41 70 0.3
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average pull-off force is obtained between organic-organic

PEDOT:PSS/MEH-PPV layers. The PEDOT:PSS/MEH-

PPVþTiO2 interface had the highest adhesion energy of

20.8 J/m2, while the organic-metallic MEH-PPV/Al layer

interface had an average adhesion energy of 0.8 J/m2. The Van

der Waals forces and hydrogen bonding that exist in the

polymer-polymer blends are likely the dominant form of bond-

ing that enhance the adhesion between the organic-organic

layers.

The adhesion results also show that the addition of TiO2

nanoparticles to MEH-PPV blend results in an increase in ad-

hesion energy, when compared with PEDOT:PSS/MEH-PPV

and MEH-PPV/Al layer interface. This will be shown later to

be associated with improvements in the initial current-voltage

characteristics of the HOILED structures over OLED struc-

tures. It is important to point out here that the effect of the hu-

midity could also affect the surface interaction of the AFM

tips with the coated surfaces during the adhesion force meas-

urements. This might lead to some form of systematic errors,

as reported in earlier studies,42,43 where the impact of the me-

niscus on the value of recorded adhesive forces used in the

calculation of adhesion energies was discussed.

D. Surface contacts

The analytical estimates of surface contact length ratios,

Lc/L, are presented in Figure 6. From the contact model

proposed, a higher contact length ratio is predicted for

increasing adhesion energies. The contact also increases for

materials with higher Young’s moduli. Hence, stiffer materi-

als, such as the hybrid MEH-PPV:TiO2 layer, should result

in enhanced contact compared to MEH-PPV alone. The cur-

rent results also show that increased adhesion energy results

in increased surface contact for the s-shaped contact profiles

(Figure 3). Hence, the design of improved contact can be

achieved by the selection of bi-material pairs with increased

adhesion energies. This is clearly the case for the OLED

structures in which the Al layer exhibits higher adhesion

energies with hybrid MEH-PPV:TiO2 than those with

PEDOT:PSS (Table III and Figure 5). Hence, the use of

hybrid MEH-PPV:TiO2 layers should therefore, enhance sur-

face contact of HOILED structures with Al cathodes (Figure

1(b)), compared to pristine OLED structures (Figure 1(a))

with MEH-PPV alone.

E. Stress distributions and crack driving forces

The normalized maximum principal stress distributions,

normalized about the maximum stress value, r0, associated

with different TiO2 particle sizes are presented in Figure 7.

The results show that the principal stresses increase with

increasing TiO2 nanoparticle sizes. Hence, increasing TiO2

nanoparticle size is likely to result in film failure in the

hybrid structures. The computed stress distributions around

the TiO2 nanoparticle-induced voids are also more likely to

induce cracks than the surface discontinuities between the

regular OLED structures.

The occurrence of delamination or interfacial failure

between the layers can be explained by the thermal stresses

associated with Joule heating in the regions around the em-

bedded particles at the interfaces between the layers. Such

heating has been demonstrated in prior photo-thermometry

work to result in high temperatures greater than 90 �C in the

regions around the dust particle in OLED structures.21

Incorporating this average temperature into the finite element

model will enable us to estimate the relative stresses due to

the effects of possible particles and thermal expansion mis-

match for the Al-MEH-PPV bi-layer interface (being the

weakest interface from adhesion energy values).

FIG. 5. Summary of measured adhesion forces and adhesion energies.

TABLE III. Summary of adhesion forces and energies (calculated using the

DMT model).

Tip coating

Substrate

coating

Average

force (nN)

Adhesion

energy (J/m2)

MEH-PPV:TiO2 PEDOT:PSS 81.93 6 23.23 20.75 6 4.55

MEH-PPV:TiO2 Glass 101.30 6 26.58 16.03 6 3.83

Aluminium MEH-PPV 10.00 6 1.20 0.8 6 0.05

Aluminium MEH-PPV:TiO2 31.00 6 2.20 5.9 6 1.70

MEH-PPV:TiO2 ITO 93.54 6 28.72 5.15 6 1.04

ITO Glass 58.24 6 14.33 9.31 6 1.20

ITO27 PEDOT:PSS 30.00 6 6.70 1.70 6 0.38

MEH-PPV PEDOT:PSS 59.00 6 6.00 15.00 6 3.00

FIG. 6. Plots of surface contact ratio, Lc/L, versus surface adhesion energy

c(J/m2).
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The maximum principal stress distribution model

associated with a typical interfacial crack/delamination is

presented in Figure 8; this model indicates regions of high

stress associated with crack-tips. The delamination between

two surfaces will occur when the crack driving force exceeds

the critical interfacial adhesion energy (c). The dependence

of the energy release rate on the crack length for different

pressure is featured in Figure 9. This shows that the minimal

crack length necessary to induce delamination decreases as

the pressure from entrapped gases44 increases. For example,

a crack driving force threshold, Gc¼ 0.8 J/m2 with a critical

crack length, ac of 4.5 lm at a pressure of P2 decreases to

3.1 lm with a pressure increase to P3 (where P3> P2).

Interfacial interactions between surfaces may also increase

the overall energy release rates compared to predictions

from AFM calculations when higher mode mixities are

present.45

It is of interest to note that when the computed crack

driving forces exceed the measured adhesion energies at

crack lengths that are comparable to the range of blister/bub-

bles sizes (3–50 lm) observed in the specimens that were

imaged during the current-voltage experiments (Figures

10(a) and 11). This suggests that the observed blister forma-

tion is due to delamination around TiO2 nanoparticles at the

interfaces. Thus, the faster degradation in the HOILED struc-

tures may be attributed to the higher principal stresses and

crack driving forces in these structures. The bubbles

observed on the other hand could be caused by the diffusion

of gases through layer imperfections (in form of scratches

and pinholes) due to the hygroscopic nature of the

PEDOT:PSS used as a HTL.46–48 It is also important to note

here that the pressures from the bubbles observed in Figures

10 and 11 were not visible in devices not subjected initially

to bias for �60 min. This suggests that the bias is associated

with the nucleation of bubble or black spot formation at the

sub-micron scale that cannot be resolved by optical micros-

copy. However, upon removal of the bias, the subsequent

diffusion of the entrapped gases, and the constituent

FIG. 7. (a) Relationship between maximum principal stress and particle

size. (b) Maximum principal stress distribution around a TiO2 nanoparticle.

FIG. 8. (a) Finite element model of a Bi-layer structure with an interfacial

crack. (b) Maximum principal stress distribution around an interfacial crack.

FIG. 9. Dependence of energy release rate on crack length for different pres-

sure values, Pi showing the critical point for interfacial delamination.
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diffusing atomic species, give rise to sufficient pore pressure

that is sufficient to drive sub-critical interfacial crack growth

processes. This explains the sustained growth of the pores,

even after the removal of the bias.

The above results are also consistent with the results

from prior studies10,13,14,18,21,23,49,50 on which bubble forma-

tion, black spots, and pinholes were attributed to the diffu-

sion of entrapped gases and atomic species within the OLED

layers. Furthermore, as the bubbles grow, they interact and

coalesce, giving rise to the formation of larger bubbles as

shown in Figures 11(a)–11(d). Also, the oxidation of organic

layers can give rise to black spot formation, while pinholes

may form as a result of scratches from the test fixture pins

(during electrical characterization) and the formation and

growth of large blisters with sizes comparable to the film

thicknesses.

F. Current–voltage measurements and driving forces
blister growth

Typical current density-voltage (J-V) plots obtained for

the OLEDs/HOILEDs tested over time are presented in

Figures 12(a) and 12(b). Initial turn-on voltages of 10 V and

5 V were recorded for OLEDs and HOILEDs, respectively.

The degradation rate (i.e., the turn-on voltage as a function

of time) is shown in Figure 13. It is observed that the

HOILEDs degrade faster than the OLEDs from the trend of

the turn-on voltage values. However, further work is needed

to reveal the underlying degradation mechanisms associated

with the measured changes in the current-voltage character-

istics (Figures 12 and 13).

G. Implications

The current results show that the incorporation of TiO2

nanoparticles into the active MEH-PPV layer increases the

FIG. 10. (a) Optical microscopy image of aluminum cathode layer of OLED

after 4 days. (b) SEM image of aluminum cathode layer of OLED after

4 days.

FIG. 11. Optical microscopy image showing evolution of blisters/bubbles in

a degraded OLED (a) after day 1; (b) after day 2; (c and d) after day 4.

FIG. 12. Current density–voltage (J-V)

curves showing the degradation in

OLED structures. (Jo, Vo¼max. value

of V, J recorded at each time)

HOILED structures. (Jo, Vo¼max.

value of V, J recorded at each time).
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overall level of adhesion between the active layer and the

surrounding Al-cathode layer or PEDOT:PSS layers

(Figure 5). Although, the increased adhesion promotes

increased surface contact (Figure 6) and enhances the charge

transport, the device degradation is faster in HOILED struc-

tures compared to that in OLEDs. The higher degradation

rate in the HOILED structures (compared to that in the

OLEDs) could, therefore, be attributed to the higher princi-

pal stresses (Figure 7) and energy release rates or crack driv-

ing forces (Figure 9) in the HOILED devices obtained from

computational studies. These promote the formation of de-

fective sites within the active layer the devices. Subsequent

degradation processes include the oxidation and diffusion of

gases through defects also reported in earlier studies.10,14,18

Further studies are clearly needed to refine the design of

HOILED structures in ways that can reduce the stress con-

centrations associated with incorporated TiO2-nanoparticle

reinforcements. These might include efficient methods for

orienting and dispersing nanoparticles in the active layer.

These will also improve the effective charge transport across

the active layer. There is, therefore, a need to explore the

effects of TiO2 nanoparticle orientation and morphology on

the adhesion and charge transport across the interfaces layers

in OLED/HOILED structures.

V. CONCLUSIONS

This paper presents the results of a combined experi-

mental and analytical/computational study on the adhesion

and degradation of model OLED/HOILED structures. The

contact lengths between the layers in these devices are

shown to depend on the adhesion energies and the elastic

moduli of adjacent layers. The analytical and computational

models also suggest that the principal stresses and crack

driving forces (energy release rates) increase with increasing

TiO2 nanoparticle size. The blisters that occur during current

density-voltage measurements are observed when the crack

driving forces exceed the adhesion energies between the

active MEH-PPV/ Al-cathode layer. This is predicted by the

fracture mechanics models that show that the critical crack

sizes are comparable to the measurements of blister sizes

observed in the experiments. Finally, the failure of the

OLED and HOILED structures by blisters and bubble forma-

tion is attributed to the diffusion of entrapped gases and

atomic species as well as the resulting pressure-induced

delamination that occurs due to the interfacial crack growth

between the active and cathode layers where initial defects

are formed during electrical characterization of the device.

These interfacial defects then grow due to the effects of pres-

sure associated with entrapped gases that diffuse even after

the removal of the bias.
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