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Abstract 

This thesis studies wrinkles in OLEO structures. An OLEO structure consist of several small 
molecule materials which are sandwiched between a thick glass plate and an aluminum film. If 
the temperature of the OLEO increases. the aluminium film is loaded by a compressive strain 
due to the different coefficients of thermal expansion of the OLEO structure. At a certain 
strain, it is energetically more favorable for the aluminium film to wrinkle than to further 
increase the compressive strain. 
The objective of this thesis is to create more insight in the mechanics of wrinkling, investigate 
the wrinkle phenomenon in OLEOs and bi-layers and confront the models with the 
experimental results to show how predictive the models are. 
An analytical bi-layer model is established to create more insight of the mechanics behind 
wrinkling. The bi-layer model consists of a stiff film on a compliant or viscous substrate which 
in turn is bonded to a rigid support. Both models are applicable for all thickness ratios of the 
film and substrate. The elastic model is based on the minimum strain energy of the film and 
substrate. It is shown that the wave length is a function of the thickness and Young's modulus 
of the substrate and film, and during the post buckling process the wave length stays 
unchanged. From the general equation, limiting cases for large and small substrate thickness 
are derived. The viscous model is based on stress equilibrium between the film and substrate. 
The model is valid for all thickness ratios and describes the growth rate as a function of the 
wave number, strain, film thickness and substrate thickness. From this equation a fastest wave 
number can be calculated in the general case and for the limits of the substrate thickness. 
Experiments are performed on complete OLEOs, OLEO strips and bi-layer samples to study 
the wrinkle pattern. Experiments on the complete OLEOs give realistic data of a device. Two 
dimensional waves are formed near the edge and 3-dimensional waves in the middle. The 
wrinkle pattern on OLEO strips is 2-dimensional. Evolution experiments on OLEOs showed 
no coarsening of the waves. The amplitude decreased during the experiment, which is probably 
a result of the development of an edge imperfection. Experiments on the bi-layers have shown 
that one group wrinkles at l 50°C (sample types S 1, S6 and S7), one group wrinkles above 
l 80°C (sample types S2 and S8) and a final group is insensitive for wrinkling (sample types 
S3, S4 and S5). Furthermore, the thickness of the film and substrate hardly influence the onset 
temperature but do influence the wave length. 
The experimental results are confronted with the elastic and viscous model. It is shown that the 
thin substrate limits are applicable. For the OLEO samples the Young's modulus and strain 
according to the model are extracted from the experimental results. The Young's modulus thus 

obtained is in the order of 104 Pa and the strain is lower than the thermally induced mechanical 
strain. The tendency of the bi-layer strips is compared to the tendency of the elastic model, no 
good agreement is obtained. 
The experimental wave lengths of the bi-layers are scattered around the predictions of the 
viscous model. The substrate thickness slightly affects the wave length, which is not captured 

in the model. The viscosity extracted from the experiments is in the order of 103 Pa• s which is 
about the viscosity of molten polymers. The tendency of the 3-dimensional waves observed in 
the complete OLEO is in agreement with the viscous model, although the model is elaborated 
for 2-dimensional waves. The 2-dimensional waves are longer than the predicted wave length, 
which is probably the result of the compressive strain that disappears during the formation of 
an edge imperfection. 
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1 Introduction 

1. 1 Background 
For many years Philips has been developing organic light-emitting diodes (OLEDs). In these 
light sources light is generated in a stack of organic materials. Figure 1.1 shows two examples 
of OLEDs, a flexible version in figure 1.1 (a) and a rigid variant in figure I. I (b). In both 
examples the light emitting area is a rectangle, although another form is also possible. The 
commercially available Philips Lumilblade OLEDs have an energy efficacy of approximately 
25 lumen per watt, which is more than the efficiency of the incandescent light bulb of 
approximately 14 lumen per watt. By using different combinations of organics almost any light 
color can be created. The large area, efficiency, freedom of form and color make OLEDs a 
promising light source. On the other hand, the reliability and lifetime are critical problems that 
need to be addressed. 

Figure 1.1: Examples of OLEDs. A flexible OLED (a) which emits warm white light and a rigid OLED (b)which 
emits white light. 

1.2 Wrinkling of the OLED 
This thesis focuses on the wrinkle behavior of rigid OLEDs. Figure 1.2 shows schematically a 
cross section of a state-of-the-art multilayer small molecule OLED [ 1]. In the magnification it 
is emphasized that the light-emitting material consists of many layers that are sandwiched 
between the cathode and anode. As electricity flows from the anode to the cathode, the 
generated light is emitted from the device through the transparent indium tin oxide (ITO) 
anode. 
The coefficient of thermal expansion (CTE) of the glass plate is lower than the CTE of the 
aluminium layer. Heating the stack therefore induces a compressive mechanical strain in the 
aluminium layer. Upon increasing the temperature, the uniform compressive strain and 
evidently the strain energy in the aluminium layer increase. At a certain strain, it is 
energetically more favorable for the aluminium layer to wrinkle than to further increase the 
uniform compressive strain. If the cathode wrinkles, the distance between the cathode and 
anode changes (figure 1.2) and this may result in a change in emission properties or, worse, an 
electric short circuit between the cathode and anode. 
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Figure 1.2 A cross section of a state-of-th e-art multilayer small molecule OLED /I]. The light- emilling material 
consists of9 separate layers. On top of these layers an aluminium layer is deposited. At the edge the aluminium 
layer is auached to the glass substrate. 

Besides wrinkling, other surface instability modes are known, for example cohesive failure and 
adhesive failure . A cohesive failure is a crack through the thickness of the film which is caused 
by tensile strain . An adhesive failure is a crack along the interface of a two film s caused e.g. by 
compressive strain . Several delamination patterns have been observed and described by 
Abdallah [2] and the favored instability mode between adhesive failure and wrinkling is 
described by Mei et al. [3] . 
In this thesis, only wrinkling will be considered. Two wrinkling patterns are shown in figure 
1.3. In case of uni-axial strain a 2-dimensional pattern is observed as shown in figure I .3(a). In 
case of biaxial strains a 3-dimensional pattern as show~~ figure I .3(b) is usually obtained. 

6 

Figure 1.3 Wrinkling formation in an OLED sample. The contrast in these figures indicates the height of the 
surface. A 2-dimensional pallern (a) can f orm if the compressive strain is uni-axial and a 3-dimensional pattern 
(b ) can fo rm if the compressive strain is bi-axial. 
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1.3 Objective and outline of the thesis 
The objective of this thesis is beyond establishing the onset of wrinkling of one specific OLEO 
at a certain temperature. For the future development of OLEOs or, more generally, 
multilayered electronic devices, a model is required to create more insight in the mechanics 
behind wrinkling. An analytical bi-layer model is established for this purpose. The bi-layer 
model consists of a stiff film on a compliant or viscous substrate which in turn is bonded to a 
rigid support. Both models are applicable for all thickness ratios of the film and substrate. 
Throughout this thesis, the film is considered elastic and the material of the substrate is either 
elastic or viscous. The second objective is to experimentally study the wrinkle patterns due to 
thermally induced mechanical strain in OLEO and bi-layer samples. The tests on the OLEO 
samples give realistic data of a device. The bi-layers strips give the possibility to test the 
organic layers present in the full OLEO device individually. A third Objective is to confront 
the results obtained in the experiments with predictions made by the two classes of models. 
This comparison is to indicate which model is the most realistic and useful for understanding 
the phenomena observed and to make predictions for future designs. 
The elastic and viscous bi-layer models are derived in chapter 2. The experimental 
observations are reported on in chapter 3. Experiments are performed on complete OLEOs, 
OLEO strips and bi-layer strips. In chapter 4, the theoretical models are confronted the 
experimental observations. Finally, conclusions are drawn and recommendations are given in 
chapter 5. 
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2 Analytical models 

In this chapter, analytical models are derived for a 2-dimensional bi-layer which consists of an 
elastic film on either an elastic or a viscous substrate. In the case of an elastic film on an elastic 
substrate, wrinkling is a spontaneous process. The model predicts the wave length, critical 
strain and amplitude. For an elastic film on a viscous substrate, the development of waves is 
time dependent. In this case, the obtained equation predicts the initial growth rate as a function 
of wave length for an infinitesimal harmonic wrinkle. 
First, the bi-layer model is introduced that is used for both types of substrates. Next, the 
substrate is assumed to be elastic and the derivation of Huang et al. [ 4] is elaborated in detail. 
Finally, the substrate is assumed to be viscous and the derivation of Huang and Suo [5] is 
elaborated. 

2. 1 Bi-layer model 

Figure 2.1 depicts a part of an infinitely long stack in (a) the initially flat state and in (b) the 
wrinkled state. The stack consists of a film on a substrate which in tum is bonded to a rigid 

support. The film is initially uniformly compressed by a uniaxial strain £~ and is characterized 

by its thickness h, Young's modulus EI and Poisson's ratio v 1 . The substrate is characterized 

by the thickness Hand the material parameters Es, v_,. or '7 for respectively an isotropic elastic 

solid or an incompressible Newtonian fluid. Out of plane displacements are suppressed, which 
corresponds with a 2-dimensional plane strain solid or 2-dimensional flow. For the elastic film 
on the elastic substrate the origin is chosen such that the film wrinkles according a vertical 
displacement profile: 

w = A cos(kx), (2. l) 

where A is the amplitude and k the wave number defined by k = 2:r I A in which A is the wave 
length. In figure 2. l(b) the wave height Wis indicated instead of the amplitude, which is equal 
to 2A. In the derivation of Huang and Suo [5] for the viscous substrate, it assumed that the film 
wrinkles according to: 

w = A sin(kx). (2.2) 

Note that this wrinkle shape is simply shifted by a quarter period and therefore is essentially 
identical to (2.1 ). However, we nevertheless use the two different forms (2.1) and (2.2) for 
consistency with references [4] and [5] respectively. 
For in both the elastic and viscous model the in-plane displacement of the film is denoted by 
u . The substrate segment considered is bounded by the bottom, right, top and left sides which 
are indicated as boundary rP r 2 ,f'3 andf'4 respectively in the figure. 

Wrinkling of thin film structures: Experiments versus models 9 
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Figure 2.1 The bi-layer segment that consists of a substrate and a film. (a) the initial flat state and (b) the 
wrinkled state. 

2.2 Elastic film on an elastic substrate 

In the purely elastic analysis due to Huang et al. [4], wrinkling of the surface is a means of 
energy reduction of the system that consists of the film and substrate. Therefore, the strain 
energies of the separate components of the model are derived below and they are combined to 
obtain the energy of the complete system. By minimizing this energy, the wave length, critical 
strain and wrinkle amplitude can be calculated. Next, the general model is simplified for three 
limiting cases: a thick substrate, a thin compressible substrate and a thin incompressible 
substrate. Finally, the general results are plotted in a range that contains these limits to 
establish the transition regions. 

2.2.1 General analysis 

Boundary conditions for elastic substrate 
The displacement field in the substrate consists of componentu)x, y) and u_(x, y). At the 

bottom the substrate is fixed to the support and the displacements in the x and y-direction are 
consequently zero: 

u =u =0 X y (2.3) 

As result of the symmetry at boundaries r 2 and r 4 the displacement in the x-direction is and the 

shear stress are zero: 

u -(j -(j -0 
X X)' yx (2.4) 

To obtain analytical solutions it is assumed that the top surface of the substrate is free of shear 
stresses and the out of plane displacement is prescribed by Eq. (2.1 ), which gives respectively: 

(Y = (Y = 0 and u = w yx .n· . y (2.5) 

Huang et al. [4] showed the effect the assumption of vanishing shear stress by representing the 
displacement components by a Fourier series and numerically solving the governing equations. 
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In conclusion, the wave length and amplitude is not affected if the substrate is compressible for 
the whole regime of thickness ratios. However, if the substrate is incompressible, the 
assumption has no influence only if the thickness ratio is large. When the thickness ratio is 
small, the analytical solution is not exact anymore, but forms a good approximation. 

Strain energy of the film 

The strain energy of the film consists of two contributions: 
• Membrane energy. This energy originates from strains that are uniform in the thickness 

direction of the film; ' 
• Bending energy. This energy is dependent on the curvature of the beam and is due to 

bending strain in the film. 

The membrane energy is caused by in-plane strain. Contributions to the in-plane strain are: 
the initial strain, the gradient of the in-plane displacement u(x) and stretching of the midplane 

when it deflects according to cosine function; it therefore reads: 

£ = £ 0 + du +_!_(dw)
2 

xx xx dx 2dx 
(2.6) 

where £ xx is solely a function of x. In case the substrate exerts no tractions on the film, Eq. 

(2.5), strain £ xx is constant. Therefore, the derivative of £ xx with respect to xis reads: 

0 
d£xx d 2u dw d 2 w 

=-=-+---. (2.7) 
dx dx2 dx dx 2 

Substituting Eq. (2.1) for win this equation, integrating it twice with respect to x and using the 
boundary conditions Eq. (2.4) yields: 

u = .!_kA2 sin(2kx). (2.8) 
8 

By using this equation and (2.1) in (2.6), can be the membrane strain is expressed in k, A and x. 
The elastic energy stored in the membrane now reads per unit of length and width: 

- - 2 

U "' _ hE1 2 _ hE1 [ o I A2k2] ---£ --- £ +-
2 xx 2 xx 4 

(2.9) 

where E I is the plane strain modulus, defined as EI I (I - v; ). In case of a compressive strain 

we have £ ~x < 0 and the first term within the brackets in (2.9) is thus negative. The second 

contribution accounts for the fact that if a compressed film deflects the length of the film 
increases and the energy increases. 

Next, the bending energy Uh is calculated. The average energy density of the film per unit of 
length and width as a result of bending is: 

uh=_!_ r). E1l [d2w)2 dx = h3E1 k4A2 (2.10) 
A .b 2 dx2 48 

where use has been made of Eq.(2.1) and / = h3 I 12. 
Strain energy of the substrate 
The energy stored in the substrate by deforming the top surface according to Eq. (2.1) can be 
computed as the work done by the traction between film and substrate. The horizontal (shear) 

Wrinkling of thin film structures: Experiments versus models 11 
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traction has been neglected - see Eq. (2.5). To determine the vertical traction, a-

11
, the 

equilibrium problem for the substrate needs to be solved. In appendix A thi s is done by 
formulating and solving the Navier equations for the di splacement components ux and u,. in 

the substrate. Based on the di splacement solution, the normal traction along the interface can 
be calculated as: 

a-
11 

= gE.,kw 

where 
(2.11) 

g(kH, v,) = (3-4vJcosh(2kH~ + 5- I 2v., + 8v} + 2(kH )2 ' 
· (6-8vJsmh(2kH)-4kH 

(2.12) 

is a dimensionless function of the substrate 's Poisson' s ratio and of the product of the wave 
number and substrate thickness. This function is plotted in figure 2.2 for different Poisson's 
ratios as a function of kH. It is monotonically decreas ing and converges to 0.5 if kH tends to 
infinity. By using a Taylor series for the hyperbolic cosine and sine for small values of kH and 
neglecting the higher-order terms, limit values for a thin compressible substrate and a thin 

incompressible substrate can be calculated respectively as g = (1-v, )2 / ((I - 2v, )kH) and 

g = 31 ( 4(kH )3) . These limits are clearly visible in the figure as g oc (kH r 1 for a compressible 

substrate and g oc (kH r 3 for an incompressible substrate (i.e. v., = 0.5 ). 

10
3 ---~~~~-~~~--~~~ 

O> 

~ 10
2 

' :.:; ' (,.) '· C: 

~ 

10-1 ~~~~~~-~~~~-~~~~ 
10-2 10-1 1 o0 1 o 1 

Dimensionless substrate thickness kH 

Figure 2.2 Dimensionless stiffness of the substrate. If kH ➔ 00 the stiffness converges to 0.5. 

U On the other hand, if kH ➔ 0 the stiffness scales as g oc (kH r I for compressible materials 
th 

and g oc (kH r 3 for incompressible materials. 

u 4 u 

Combined energy expressions 
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At this point, expressions for the energy in the film and substrate separately have been derived. 
These equations are now combined to obtain the total energy of the stack. Summing Eq. (2.09), 
(2. 10) and (2.13) gives: 

U(A k) = hE1 (co )
2 + hE1 (co +c .)k 2A2 + hE1 k4A4 

' 2 XX 4 XX l 32 ' 
(2.14) 

where 

c = (kh)
2 

+ gE., 

' 12 (kh)E1 
(2. I 5) 

This equation expresses the total energy of the system as a function of c~x, A and k. Except 

for the second contribution, all contributions are always positive. If in the second term 

c, + c~x > 0 this term is also positive an therefore the minimum energy is obtained for a flat 

film, for which kA = 0 On the other hand, if c~ + c, < 0, the second term is negative and a 

local minimum exists. 
By setting the derivative of Eq. (2.14) with respect to A to zero, the amplitude that minimizes 
the energy U can be found; it reads: 

(2. 16) 

Substituting Eq. (2.16) back into Eq. (2.14) gives the energy expressed as function of the wave 
number that is independent of the amplitude and reads: 

- -

U(k) = hEi (c~ f - hEi (c~ +c, ( (2.17) 
2 2 

Note that the wave number k enters this expression via c, to find the wave number that 

minimizes this energy the derivative with respect to k must be set equal to zero: 

(2.18) 

This means that the wave number is independent of the initial strain and amplitude. Therefore, 
the wave length does not change if the amplitude increases. The appropriate wave number can 
be found by numerically solving the equation (2.18) or analytically using the thin or thick 
limits of the dimensionless function g . 

Wrinkling of thin film structures: Experiments versus models 13 
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2.2.2 Limits for large and small substrate thickness 

The thick substrate limit, thin substrate limit for compressible materials and thin substrate limit 
for incompressible materials are derived by using the limit values for the dimensionless 
substrate stiffness g. The wave number is found by substituting value of g in Eq. (2.18) and 

rewrite this equation in terms of solve this equation to wave number. Subsequently, the 
equation in terms of wave number is expressed in wave length - as shown in the table. The 
critical strain E, is obtained by substituting the wave number in equation (2.15). Finally, the 

expressions of the wave number and critical strain is substituted in Eq.(2.16) to obtain the 
equation of the amplitude. The thick substrate limit corresponds with the results of Chen et al. 
[6]. The Power-law relations for the thin substrate limits have been predicted by Cerda and 
Mahadevan [7] using a scaling analysis, this derivation provides the explicit coefficients. 

g 2 E A 
C 

kH ➔ oo 0.5 

2,,-h[E1 r [-r '[ £' ) ± I ' h ;x+1 
3£., 

\ C 

kH ➔ 0, (l-v,)2 [ - r [ - r '2[ o ) 2:rh H E1(1-2v,) hEs(l-vf 
\ 3 :: +I v_, (l-2v., )kH I 2hE.,(1-vs)2 3H E1(1-2vJ 

kH ➔ O, 3 2,rhl[ E!_ r [- r <H::+1) V =0.5 4(kH)3 4: :;; ., h 18£, 

Table 2.1 the wave lenRth, critical strain and amplitude for limitinR thickness ratios. 

2.2.5 Results 

In the previous section three limiting cases of the general equation for calculating the wave 
length, critical strain and amplitude where given. In this section, results obtained using the 
general equation are plotted and compared with the limiting cases. In the rows of figure 2.3 the 
dimensionless wave length, critical strain and dimensionless amplitude is plotted versus the 
dimensionless thickness ratio HI h. The Poisson's ratio used in the first column is 0.4 and in 
the second column 0.5, which correspond respectively to a compressible and an incompressible 
substrate. At high thickness ratios the results are independent of the Poisson's ratio, as 
predicted by the thick substrate limits. For low thickness ratios, the wave length, critical strain 
and amplitude are influenced by the Poisson's ratio. In this case, the wave length for an 

incompressible substrate scales as 21 hoc (HI h (
6 

and for a compressible substrate 

as 21 hoc ( H I h (
4

• The critical strain scales as E C oc (HI h r"2 
for a compressible material and 

Ec oc (HI h r1 for an incompressible material. The coefficient of the amplitude for the thin 

compressible substrate limits goes to m3 (as shown in table 2.1 ). For an incompressible 

material it becomes ✓112 ( also shown in table 2. I) . 

It can be seen that changing the stiffness contrast E* = E J I Es shifts the transition area 

between a thick and thin substrate limit. 
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Figure 2.3 Wave length, critical strain and amplitude versus thickness ratio. The Poisson's ratio 
used is 0.4 and 0.5 for respectively the left and right column. 
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2.3 Elastic film on a viscous layer 

In this section the analytical model for an elastic film on a viscous substrate is derived based on 
stress equilibrium of the film and substrate. Thi s model predicts the onset growth rate as a 
function of wave number and thickness ratio for an initially slightly perturbed film . The film 
and substrate are first considered independently; the relations obtained are finally combined to 
obtain a general expression that describes the response of the substrate and film. From the 
general expression a thin and thick substrate limit are derived. 

2.3.1 General analysis 
Boundary conditions and definitions for viscous substrate 
In case of a viscous substrate the velocity or traction should be prescribed along the 
boundaries. Boundaries r 2 and r 4 are antisymmetric . This antisymmetry in combination with 

continuity of the velocity and stresses over the boundary requires: 

v, = CY xx = 0 at r 2 and r 4 (2.19) 

The velocity field at the bottom, i.e. on r,, is zero as result of the no slip conditions: 

v, = v, = 0 at r, . (2.20) 

In this analysis, and in agreement with Eq. (2.2), the boundary condition at r3 is given in terms 

of the velocity as: 

v, = v, (t)cos(k.x) 
-

v, = v, (t)sin(k.x) 
- -

(2.21) 

(2.22) 

where v, (t) and vx(t) are the time dependent amplitudes of the velocities. The stresses along 

the interface are similarly introduced as: 

CY,v = %(t)sin(k.x) at r 3 , (2.23) 

CYX). = i-0 (t)cos(k.x) at r 3 , (2.24) 

where %(!) and i-0 (!) are respectively the time dependent amplitudes of the normal traction and 

shear traction along the interface. 

Stress and velocity in the substrate 
To obtain the relation between stress end velocity at the interface, as derived in detail in 
appendix B, the stress, equilibrium and incompressibility equations are combined to obtain a 
partial differential equation. By introducing a stress and a velocity potential and using the 
boundary conditions this differential equation is solved. The velocities at the film-substrate 
interface thus obtained are: 
- I 
Vx(t) = -(Yj 2%(l)+ y22'Z"0 (t)), (2.25) 

2rtk 
- I 
Vv(t) = 

2
'f/k (Yi,%(!)+ Yi 2'Z"o(t)), (2.26) 

where 

(kH)2 
Y, 2 = (kH)2 +cosh2(kH)' 

I 2kH + sinh(2kH) and = _!_ sinh(2kH )- 2kH 
y22 =2 (kH)2 +cosh2(kH) Yi, 2 (kH) 2 +cosh2(kH). 
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The velocity components v" and v x are inversely proportional to the viscosity 77. The effect of 

the shear and normal traction on the velocity is determined by the dimensionless 
coefficients Yi 1, Yj 2 and y22 • These coefficients are graphically shown as a function of the 

wave number in figure 2.4. 
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Figure 2.4 Dimensionless coefficients. As kH ➔ 00 , the coefficients Yi 1, Yj 2 and y22 tend to 

I, 0 and I respectivelv. 

Stress in the film 
Linear plate theory is used to model the film, which implies that stress relaxation due to out of 
plane displacement is not included. However, this plate theory is sufficient to predict the 
growth rate for small perturbations. 
Consider a beam segment of length fu: as shown in figure 2.5. The left side of the beam is 
rotated by rp and subjected to a normal force N , a shear force P and a moment M . The right 

side of the beam is rotated by rp+ !'!.rp and subjected to N + !'!.N, P +Mand M + !'!.M . Finally, 

the segment is subjected to the distributed load q . 

P M M•::~•~ 
~ ~ ·· 

-- 1 ◄ ... I 
Figure 2.5 A beam segment of length fu: subjected to a normal force N , a shear force P, a 

~ oment M and a distributed load q . 

~ UllU ,v,uUVllUI '·"-:lu,uv,,uu, ........ v.., ........... u.:,. 

dN d 
---(Prp)=O, 
dx dx 
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d dP 
-(N<p)+--q=O , 
dx dx 

P+ dM =0 . 
dx 

Usi ng <p = dw I dx, M ""EI d 2w I dx2 and Eq. (2.28) in Eq.(2.29) gives: 

- d 4 w d 2 w dw 
q =-£1/--+--N +-T 

dx4 dx2 dx ' 
where: 

aN 
'r=- . 

ax 

(2.28) 

(2.29) 

(2.30) 

(2.3 1) 

The in- plane membrane force N consists of the initial compressive strain E~x and the gradient 

of the in-plane displacement au I ax and reads: 

- [ au] N = hE I E~x + ax (2.32) 

The initially flat film is perturbed by taking the displacements of the neutral line of the form: 

u(x,t) = B(t)cos(kx), 

w(x, t) = A(t) sin(kx). 

(2.33) 
(2.34) 

Equations (2 .33) and (2.34) are substituted in Eqs. (2.30), (2.31) and (2.32) and keeping only 
the first order terms of A and B gives: 

N = hE1 [£0 -Bk sin(kx)], 

r = -E1hk 2 Bcos(kx ), 

E 1hk2 2 · 
q =--(-12£0-(kh) )Asm(kx) . 

12 

Combining the substrate and the film 

(2.35) 

(2.36) 

(2.37) 

The equations for the substrate and film should be coupled to obtain the equations that describe 
the response of the system. As a result of (2.33) and (2.34) the velocities at the top surface of 
the substrate are: 

- dB 
Vx(t)=-, 

dt 
- dA 
v"(t)=-. 

. dt 

(2.38) 

(2 .39) 

Furthermore, comparing the tractions of the substrate, Eqs. (2.23) and (2.24 ), and the film, Eqs. 
(2.36) and (2.37), gives: 

T0 (t) =-E1hk2B(t), 

qo(t) = E1hk2 (-12£0 -(kh)2)A(t). 
12 .u 
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Substituting Eqs. (2.38), (2.39), (2.40) and (2.41) in Eqs. (2.25) and (2.26), these equations 
can be rewritten as: 

dB= TuaA- /JB, 
dt Yi1 

(2.42) 

dA =aA-In_/JB, 
dt Y22 

(2.43) 

where 

Erhk 
a=-· -(-12£0 -(kh) 2 )v and 

2477 
xx I I I 

Equations (2.42) and (2.43) are two coupled linear ordinary differential equations. They can be 
written in matrix notation as: 

y'=Dy where y'=[A:], 
- - - B 

a -/JYi2 

D= 
Y22 

ari2 -/3 

(2.44) 

Yi I 
Substituting the generals solution yk (t) = ake" allows one to rewrite the equation as: 

SC};= DC}; or (D-ls)(}; = Q (2.45) 
Nontrivial solutions can be found by requiring that the determinant is zero: 

det(D-l_s)=O ⇒ (a-s)(-/3-s)+ ari 2 f3Yi 2 =0 
Yi I Y22 

The two solutions of this second order equation,the eigen values: 

s1 =_!_[(a-/3)+ (a-f3)2+4a/J(l--151...._)J 
2 Yi 1Y22 

s2 =_!_[(a-/3)- (a-/J)2 +4a/J(I- '12 )J 
2 Yi1Y22 

The general solution of (2.47) and (2.48) therefore takes the form: 
A(t) = A1 exp(s1t)+ Ai exp(sif) 

B(t) = B1 exp(s1t) + B2 exp(sif) 

(2.46) 

(2.47) 

(2.48) 

(2.49) 

(2.50) 

where [ Al Bl r and [ A2 B2 rare the eigenvectors associated with SI and S2; they satisfy: 

!!i_ = (a-s1)Y22 B2 = (a-s2)Y22 (2.51) 

Al /JYi2 Ai /3Yi2 

Finally, let the initial amplitude at t = 0 in Eqs. (2.49) and (2.50) be Ao and B0 respectively, so 

that: 

(2.52) 

Wrinkling of thin film structures: Experiments versus models 19 



Robert van Liebergen 
The signs of the eigen values determine whether the amplitude of the perturbation increases or 
decreases. First, the sign of parameters a and /J is di scussed. Parameter /J is a product of 

positive factors including y22 , which as shown in figure 2.4 is always positive. The sign of the 

parameter a is determined by (-I 2E~, -(kh )2 ) which is related to the Euler buckle limit defined 

by: 

k,h = .J-12£, , (2.53) 

where k, is the critical wave number and £ , the critical strain. If the applied strain £ ~, exceeds 

the Euler buckle limit, parameter a is positive. 

The factor (1- 'fi2 / Yi I y22 ) in s1 and s2 is shown in figure 2.6 and is positive over the whole 

range of kH. 

....!... 0.8 

"";... 0.6 
N 

~ 
"'.' 0.4 

' 

0.2 

2 3 4 5 
kH . [-] 

Figure 2.6 Th e fa ctor (I - 'Tiz / Yi I y22 ) versus kH. 

When the critical strain is exceeded, the product 4a/J(l - 'fi2 / Yi I y22 ) is positive. The positive 

sign projects s2 somewhere on the negative real axis and projectsv s1 to the positive real axis. If 

the critical strain is not exceeded, eigen values s1 and s2 are both negative. 

The growth rates are linearly related to the plane strain modulus £1 of the film and inversely 

proportional to the viscosity 7J of the substrate. Eigen value s1 is visualized by plotting the 

normalized form s177 IE versus kh in figure 2.7 for different thickness ratios H/h, where the 

applied strain is £: = ---0.28% . 
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Growth rate versus wave number 
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Figure 2.7 Growth rate versus wave number where the applied strain is E: = -0.28% . On 

the open interval kh > k,h the growth rate is negative. On the interval O < kh < k,h the 

The normalized critical wave number k,h is not influenced by the thickness of the substrate 

and k,h divides the horizontal axis in two intervals. In the open interval kh > k,h the critical 

strain is not reached and the growth rate is negative. On interval O < kh < k,h , the strain 

exceeds the critical Euler buckling strain, which results in a positive growth rate. On the left 
side of this interval, for kh ➔ 0, the normalized growth rate of large waves approaches zero. 
The material below the film has to be transported over a large distance and the driving force 
associated with membrane energy reduction in the film is small. On the right side of this 
interval, for kh ➔ k,h, the normalized growth rate of small waves approaches zero. The 

transport length of the viscous matter is short but the strain only slightly exceeds the critical 

strain. Furthermore, in this interval, the maximum normalized growth rate s,,,r/ I E1 can be 

located at the fastest growing wave number k,,,h. This maximum normalized growth rate is 

dependent on the thickness ratio and applied strain. 
In figure 2.8(a) and figure 2.8(b) respectively the fastest wave number and fastest growth rate 
are plotted versus the compressive strain for different thickness ratios. Both the wave number 
and growth rate increase when the strain increases. The growth rate increases for an increasing 
thickness ratio and vice versa for the wave number. 
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Figure 2.8 Fastest wave number and corresponding growth rate versus strain. 

2.3.3 Limits for large and small substrate thickness 
The expressions obtained for the growth rate and wave number van be simplified significantly 
for thick and thin substrates, i.e. in the limits kH ➔ 00 and kH ➔ 0. Growth rate s1 , according 

to equation (2.47), is calculated by using the appropriate limits for parameters y11 , ]'j 2 and y22 . 

Table 2.2 gives the expressions obtained in these limits. In the second and third row the 
parameters y11 , y12 and y22 are given for respectively a thick and thin substrate limit. From 

growth rate s1 the fastest wave length A.
111 

and fastest growth rate s,,, can be determined. The 

thick substrate limit predict waves a factor ✓3 longer than the Euler buckle limit. The thin 

substrate limit predict waves a factor -✓312 longer than the Euler buckle limit.Figure 2.7 

shows thi s tendency: For a higher thickness ratio H I h the normalized wave number k
111

h 

increases. 

Y11 Y1 2 Y22 SI A.
111 

I h s,,, 

kH ➔ oo I 0 I - 2:r 
-

Ehk [-12£0 - (kh)2] £ 1 [ O J'2 

✓-4£~ 
- -4£ 

24r, xx 12r, xx 

kH ➔ O 2(kH)3 I 3 (kH)2 2kH 
E1hk(kH)3 [-l 2£o -(kh)2 

2:r 
16£! [-£0 ~r 

144r, .u ✓-8£~ 9r, .u h 

Table 2.2 Thick and thin substrate limit. 

The thick substrate limit and thin substrate limit correspond respectively with the results of 
Sridhar et al. [8] and Huang and Suo [9]. 
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3 Experiments 

In this chapter, the observed wrinkle patterns as a result of thermally induced mechanical strain 
are shown. Experiments are performed on OLEOs and bi-layer stacks. The chapter will start 
with an overview of the performed experiments. It then introduces the experimental setup. In 
the following paragraphs the experimental wrinkling observations are explained and the 
corresponding results are di scussed. 

3. 1 Overview of experiments 
A chart of the experiments is shown in figure 3.1 . Experiments are performed on OLEOs and 
bi-layer stacks. The geometry of the samples is either a strip or a complete OLEO. Experiments 
on the complete OLEOs give the most realistic information. However, the disadvantage is that 
no information during the evolution can be gathered as the full OLEO samples do not fit in the 
microscope' s hot stage. Therefore, the OLEOs can be diced to smaller strips to perform in-situ 
experiments. On the strips temperature scan experiments and evolution experiments are 
performed. In the temperature scan experiments, the OLEO strip is heated at a constant heating 
rate. This allows one to investigate the onset temperature of wrinkling and the relevant 
temperature range. In the evolution experiments, the OLEO strip is kept at a constant 
temperature and the wrinkle evolution in time is observed. 

Stack 

Geometry: Complete 
c:..----------

Experiment: Temperature 
scan 

Figure 3.1 Chart of the experiments. 

OLED 

Strip 

Temperature Evolution 
scan ex eriment 

Bi-fayer 

Temperature 
scan 

Physically relevant OLEO layers, as shown in figure 1.2, are tested individually using 
experiments on bi-layer samples. The bi-layer samples consist of a glass plate, on which a 
small molecular material is deposited. Subsequently, on top of the small molecular layer an 
aluminium layer is applied. 
Although experiments are performed to visualize surface wrinkles, two other instabilities are 
observed: The surface imperfections and edge imperfections. Figure 3.2(a) shows an example 
of a surface imperfection and with a waviness pattern developed around it. In figure 3.2(b) an 
example of an edge imperfection is shown. Experimental observations on these instabilities are 
described in detail in appendix C. 
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Figure 3.2 Instabilities. A surface impe1:fection (a) and an edge imperfection (b). 

The equipment used for the experiments is as follows. 

Hot stage. 
The hot stage is used in combination with a microscope to observe the evolution of wrinkles in 
time. It is used either for experiments where the heating rate is constant or for experiments 
where the temperature is constant in time. The Mettler Toledo FP82HT hot stage can handle 
samples with maximum dimensions of 30x50x2 mm. The temperature is adjustable from room 
temperature up to 300°C. The maximum heating rate is 30 °C/min. 

Oven 
The complete OLEDs exceed the dimensions of the hot stage and are heated in an oven on an 
aluminium block. The aluminium block is used to obtain a fast heating rate due to conduction 
and for thermal capacity. The temperature in the oven is adjustable. 

Optical microscopes 
For in-situ microscopy on the hot stage the Leica DMLP microscope is used. This microscope 
is equipped with the differential interference contrast technique to visualize height variations. 
The objectives of this microscope have a long working distance to focus on the sample in the 
hot stage. In most experiments an objective with a magnification of 20 times with a numerical 
aperture of 0.4 is used. With this microscope, a wave height below 20 nm cannot be observed. 
The microscope is equipped with a camera to capture the image. The maximum storable frame 
rate is in the order of I image per 10 seconds . The pixel size of the captured images is 
manually determined by making use of a caliber. 
If necessary, the calibrated microscope, Leica DMRM, is used. The differential interference 
contrast images obtained via this microscope have a higher resolution compared to the images 
obtained from the DMLP microscope. The microscope is equipped with a DFC 295 digital 
camera. The camera in combination with the Leica Application Suite software makes it 
possible to determine lateral dimensions. 
The differential interference contrast technique cannot be used for quantitative height 
measurements. For this purpose, the WYKO NT2000 interferometer is used. Smooth surfaces 
are measured in the Phase Shift Interferometry (PSI) mode and rough surfaces in Vertical 
Scanning Interferometry (VSI) mode. 
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3.2 Complete OLEDs 
The experiments on complete OLEDs focus on the wrinkle pattern of unprepared OLEDs. The 
uniformity of the pattern and the size of the wrinkles is investigated at different temperatures. 

Preparation of the samples 
An OLEO with an active area of 40x40 mm2 is used for these experiments. For terminology 
and illustration the complete OLEO is depicted in figure 3.3. In the overview the different 
numbered positions on the functional layers, used in the subsequent analysis and relative to the 
electrical connections ( + and -), are indicated. Detail A-A shows the lid that is sealed to the 
glass plate. The lid protects the OLEO layers against moisture and oxygen in the environment. 
For further increasing the lifetime of the device, the getter, fixed to the lid, attracts moisture 
that enters the cell by diffusion through the seal line. 

+ 

A 
Detail A-A 

Getter 
~"~~ N-111t:t--------'--OLED layers 

A 

Lid 
Seal 
Glass plate 

Figure 3.3 Schematic illustration of the OLED used for the experiments. In the top view (left) the boundaries 
and measurement positions are shown with electrical connections ( + and -) . The cross section ( right) shows the 
lid that is sealed to the glass plate. 

Experiment 
A furnace in which an aluminium block is placed is heated for two hours at the desired 
temperature to ensure thermal equilibrium. Next, the OLEO cell is heated in the furnace on the 
aluminium block. Placing the OLEO on an aluminium block with a predefined temperature 
causes the temperature in the OLEO to rise by heat conduction via the glass plate. The 
characteristic time t at which the equilibrium temperature is reached at distance 8 from the 
heated surface can be approximated by [ 11]: 

52 
t=- (3.1) 

4a' 
where the diffusivity a relates to the speed at which thermal equilibrium can be reached and is 
defined by a= k I pC,, with k the thermal conductivity and pC" the thermal capacity. 

The properties of soda lime glass are: a density p of 2500 kg/m 3
, a heat capacity c,, of 840 

J/(kg -K), a thermal conductivity k of 0.96 W/(m -K) and the thickness of the glass plate 8 

of 7 -10-4 m. These parameters give a characteristic time in the order of 0.1 seconds. In the 
present experiments a heating time of one minute is used. 
After heating, the samples are picked out the oven and cooled to room temperature on a cold 
aluminium plate. Finally, the lid is removed to characterize the aluminium cathode. These 
experiments are performed from 150°C to 210°C in steps of 10°C. 
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Method of measurement 
The wave length and wave height are measured with the interferometer in PSI mode. In figure 
3.4(a) a typical obtained 3-dimensional surface pattern is shown. The surface contains small 
regions with parallel waves; for example, line A intersect such a region. The cross section of 
line A is plotted in figure 3.4(b). The wave height Wis measured as the difference in height 
between the local maximum and the next local minimum. The wave length /4 is measured as 
the horizontal distance between two peaks. 
,m A A 
135 nm 

15' 

200 

1,0 

100 

50 

" ~ 20 2! 30 

Figure 3.4 A typical 3-dimensional wrinkle pattern and a cross section of some aligned waves. In ( a) line "A" 
is perpendicular to a group of aligned waves, the height of which is plotted in (b). 

Measurements are performed at 5 different spots as depicted in figure 3.3. At the edge, spot 1 
to 4, 2 measurements are performed at each spot. In the middle, spot 5, 4 measurements are 
performed. Finally, the average wave length and wave height of the wrinkles at the edge and in 
the middle is determined. 
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Results 
The observed instabilities are: surface wrinkles, surface imperfections and edge imperfections. 
Details on the surface imperfections and edge imperfections are given in appendix C. In figure 
3.5 the surface wrinkles are shown at different temperatures at the same magnification. At each 
temperature, the lower image is of spot 5, at the middle of the sample, and the upper image is 
representative for spots 1, 2, 3, and 4, at the edges of the sample. At l 50°C no wrinkling is 
observed(not shown). At l 60°C the wave pattern near the edge and in the middle are identical. 
From I 70°C onwards, the wave pattern at the edges changes to a 2-dimensional pattern. The 
alignment of the waves increases with the temperature. In the center of the specimen, 3-
dimensional wrinkles are observed at all temperatures. 

160°C 110°c 180°C 
' I ' I i I 

I I' 

\ ' . . ' I ' ' \ I' • 

Figure 3.5 The surface topology at different temperatures. The upper photo depicts the edge of the sample and 
the lower photo the middle of the sample, all photos are on the same scale. 
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Between the 2-dimensional and 3-dimensional wrinkles a transition region exi sts. Furthermore, 
in the 3-dimensional area the edge of the getter can be indentified as a thin line where the 
alignment of the 3-dimensional waves pattern changes slightly. However, the wave length and 
wave height look similar. In figure 3.6 the different zones are sketched and typical dimensions 
are given. 

~ OLEO layers 

~~-TRANSITION AREA 

-+---B:t---m!:,~~-GETTEREDGE 
,-------, 

10 

3-dimensional wrinkles 

2-dimensional wrinkles 

Figure 3.6 Different zones with wrinkles. A 2-dimensional pattern is observed near the edges and a ] 
dimensional pallern in !he middle. 

In figure 3.7 the average wave height and average wave length are shown for the wrinkles in 
the middle and near the edge. Large variations are observed during the measurements of the 
wave height and wave length. Therefore, the graphs are solely used to visualize the trend. 
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Figure 3.7 Wave lenglh and wa ve heigh! versus tempera/ure. 

The wave length in the middle decreases slightly as the temperature increases, from 
approximately 9 µm at l 60°C to 8 µm at 2 I 0°C. In the range of 160°C to 180°C the wave 
length at the edge and in the middle are almost the same. From 180°C on, the wave length at 
the edge starts to increase while the wave length in the middle slightly decreases. The height 
of the waves in the middle and at the edge increases. 
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Discussion 
Figure 3.5 clearly shows the formation of waves dominantly normal to the edge at I 80°C and 
higher. It is expected that the strain near the edge is anisotropic due to a relaxation mechanism. 
Huang and Suo [4] investigated with model calculations how the anisotropy of the strain 

components <x and c;'., influences the pattern. In this paper, an elastic film on a compliant 

substrate is considered. The results of Huang and Suo [4] are shown in figure 3.8. For all cases 

is E
0 constant and above the critical strain. As the ratio E

0 I E 0 increases towards I the 2-u D u 

dimensional pattern changes to a 3-dimensional pattern. 
In our experiments, it can therefore be assumed that the strain at the edge is anisotropic ( 

E~, I <x < 0.5 ) from I 80°C onwards. 

s 0 I s 0 = 0 .2 yy xx 

Figure 3.8 f 4] Wrinkle patterns as result of different biaxial strain ratios. In all cases c:, is constant. As the 

strain becomes more isotropic( E~, IE~ ➔ 1 ), the 2-dimensional pattern changes to a 3-dimensional pattern. 
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3.3 OLEO strips 
On the OLEO strips temperature scan and evolution experiments are performed. OLEO strips 
can be fitted into the hot stage to perform in-situ microcopy to visualize the evolution. 

Preparation of the samples 
The OLEO trips are diced out of an OLEO cell after removing the lid. In figure 3.9 the diced 
OLEO is shown; the cutting direction is parallel to the connection sides. The width of the 
samples is IO mm and the length of the active area is unchanged with respect to the full OLEO. 
The aluminium layer stays attached to the glass plate at boundary 1 1 and 1 ~(see figure 3.3). To 

avoid delamination by dicing the OLEO, the dicing is done by scratching through the OLEO 
layers and into the glass plate. Next, the plate is broken along this scratch. Prior to testing, the 
samples are stored in an argon chamber where the humidity is below I ppm to avoid 
degradation. 

co 
-q-

I ~idth 

Figure 3.9 Diced OLED strip. The dicing direction is parallel with the plus and minus. 

3.3.1 Temperature scan 

Experiment 
To avoid degradation, the time between getting the samples out of the argon chamber and 
performing the experiments is minimized to maximum 3 hours. The samples are heated in the 
hot stage where nitrogen flow is used as protection. Two experiments with different heating 
rates are conducted to test the influence of the heating rate. One experiment is performed with 
a heating rate of I 0°C /min and one with a heating rate of 20°C/min. No difference is observed 
between these experiments. The lower heating rate is used in the remaining experiments. A 
starting temperature of 150°C is used. At 240°C vapor is noticeable and the experiment is 
stopped. 

Method of measurement and post processing 
The Leica OMLR is used with a total magnification of 200 times. Each 5°C an image is 
captured of the same spot. A part of this image, that is in focus and shows the tendency of the 
experiment, is used to visualize the wrinkle pattern of the cathode. 

30 Wrinkling of thin film structures: Experiments versus models 



TU/e T echnische Universiteit Eindhoven 
Results 
The result of the temperature scan is shown in figure 3.10. It should be mentioned that the 
result of image 3.9(a) is captured with the Leica DMRM microscope. The wrinkles formed at 
I 70°C are aligned over the area. Towards I 80°C the alignment of the pattern increases. In the / 
range of 190°C to 200°C the wave length and height increase. By further increasing the 
temperature the alignment starts do decrease. 

a) 160°C b)l70°C 

d)l80°C e) 190°(1 

= 12.4p,n 

g) 220°(, h) 230°C 

c) 175°C 

):.- = 13 .3pn1 

f) 200°(~ 

o 240°c 

Figure 3.10: Temperature scan. By comparing the contrast of the images the tendency of the amplitude can be 
observed. 

Wrinkling of thin film structures: Experiments versus models 31 



Robert van Liebergen 
Discussion 
The results of the OLEO strips correspond with the results observed at the edge of the 
complete OLEO. The 2-dimensional zone, as shown in figure 3.6, of the complete OLEDs is 
approximately 4 mm wide. The width of the OLEO strips is IO mm, which implies a similar 
degree of constraint on the film. 

3.3.2 Evolution experiments 
The goal of the evolution experiments is to investigate if the obtained pattern further evolves in 
time at a constant temperature. These experiments are performed on identical samples as used 
for the temperature scan experiments. 

Experiment 
For each experiment, two samples are heated in the hot stage from a starting temperature of 
I 50°C. A heating rate of 10°C/min is applied until the desired temperature is reached. The first 
experiment is performed at I 60°C. Further experiments are done at steps of I 0°C until 200°C. 
Above 200°C a spontaneous development of the edge imperfection is observed, which makes 
the experiments less useful. Once the desired temperature is reached, one sample is directly 
picked out of the hot stage and measured with the interferometer. After two hours the second 
sample is cooled to room temperature and measured with the interferometer. 

Method of measurement 
The in-situ information of one specific spot is used to visualize the evolution of the surface. 
The interferometer is used to characterize the waves. The wrinkles are measured at 30 different 
spots randomly over the surface. Besides the average wave length and wave height, also the 
standard deviation of each set is calculated. 

Results 
As a consequence of the low resolution of the microscope used for the in-situ microscopy, no 
pictures during the evolution of the surface at 160°C and 170°C can be shown. However, the 
surface is captured with interferometry to visualize the pattern, as shown in figure 3.1 I. Figure 
3.1 I (a) shows the surface at the beginning of the evolution at I 60°C. In figure 3.11 the 
statistical obtained wave length and wave height is shown. At 160°C, the wave length is almost 
constant and the wave height increases from 4.7 nm to 6.9 nm. 
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Figure 3.11 Evolution of the surface at 160°C and 170°C. The pattern at 160°C (a) stays constant during the 
experiment. At 170°C the evolution starts with aligned waves (b). After two hours (c), the alignment and 
amplitude is decreased (note the change in color scale). 
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At 170 °C another behavior is observed. At the start of the experiment aligned waves are 
formed, see figure 3. 11 (b) . At the end a wave pattern is hard to distinguish, see figure 3. 11 (c). 
Note that the legend that shows the height has changed compared with figure 3.11 (b ). From the 
statistics, it is observed that the average wave length increases from 9 to 12 µm and the wave 
height decreases from 33 to 4 nm (figure 3. 12). 
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Figure 3.12 Statistical results of evolution experiments. ( a) the wave height and (b) the wave length. 
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The in-situ experiments at 180°C and 190°C show the same tendency. The result of 190°C is 
used as an example and is shown in figure 3.13. At the beginning of the experiment, fi gure 
3.13 (a), regions exist with parallel aligned waves. During the evolution these regions grow and 
the pattern becomes more uniform, figure 3.13(d). The wave length stays constant and from the 
decrease in contrast it can be deduced that the wave height decreases during the experiment. 
The in-situ results at 200°C are slightly different, as already at the beginning of the experiment 
the whole surface is uniformly wrinkled. In appendix D the full results of the in-situ 
experiments are shown. 

a) t=O min b) t=33 min c) t=66 min d) t=120 min 
Figure 3.13 Evolution at /90°C. The pattern stays unchanf!.ed and the amplitude slif!,htly decreases. 
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Discussion 
During the experiment at I 60°C the pattern remains 3-dimensional. This may imply that the 
organic materials have a high viscosity and/or elastic stiffness at this temperature, so that the 
stress in the film cannot relax towards the edge of the strip. At higher temperatures 2-
dimensional waves are observed, which indicates relaxation of the film perpendicular to the 
diced sides. The high temperature viscous properties of the organic layers (stack) seem to 
determine this behavior. 
It is remarkable that the wave height at 170 to 200°C decreases during the experiment. It is 
assumed that the decrease in wave height is caused by the development of the edge 
imperfection and the end wave height is caused by plastic deformation . Both aspects are 
discussed in more detail below. 
In figure 3.14 the edge of an OLEO strip is shown at a low magnification. Both images are at 
I 80°C, but figure 3. I 4(a) is taken at the beginning of the experiment and figure 3. I 4(b) at the 
end of the experiment. At the beginning sporadically an edge imperfection is observed. During 
the experiment, new edge imperfections develop and all edge imperfections increase in size. At 
the end the complete edge is covered with large edge imperfections. Quite a number of bulges 
are inflated at high temperature and deflated in ambient conditions or as a result of leakage. As 
result of an extended film in the inflated situation, the film is folded when the imperfection 
deflates, see figure I .14(b). The folded imperfection indicates plastic deformation. The red 
arrow in figure 1.14(b) points to wrinkles in the imperfection. Probably, the film is plastically 
deformed in a wrinkled shape. The measured bulge width varies from 400 to 800 µm, with a 
maximum height of 4 µm. Despite some attempts to avoid this problem by mechanically 
clamping the aluminium layer to the glass plate, no improvements were obtained. 

I 
Figure 3.14 The increase of an edge imperfection during the evolution experiments. At the beginnr g of the 
evolution a sporadic imperfection is observed ( a). At the end of the evolutioh the whole edge is cov red with 
large imperfections (b ). ( 
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3.4 Bi-layer strips 
The influence of the different organic layers on the wrinkling on the aluminium film and the 
effect of the thickness of the aluminium film are investigated in experiments on bi-layer strips. 

Preparation of the samples 
On a round glass wafer of 0.7 mm thick eight trapezium shaped regions of different organic 
materials are deposited to a thickness H . On top, an aluminium layer of thickness h is 
deposited. For all organics samples are made in thickness ratios H I h = 30 I I 00, I 00/200 and 
100/100. 
The trapezium shaped regions are diced to strips. To prevent delamination of the aluminium 
layer during dicing, a scratch is made through the aluminium layer and in to the glass plate. 
Next, the wafer is broken along this line. The width of the strips is 5 mm and the length of the 
organic area is approximately 18 mm. At the edge the aluminum film is attached to the glass 
plate. The 8 small molecule organic materials used are confidential; they are referred to as 
sample types I to 8. The samples are stored in a nitrogen chamber to avoid degradation. 

Experiment 
The time between dicing and performing the experiments is approximately 2 months. The 
samples are heated in the hot stage with nitrogen as protection gas. The settings of the hot stage 
are: a starting temperature of I 00°C, a heating rate of l 0°C /min and an end temperature of 
210°c. 

Method of measurement 
The Leica DMLP is used to capture the surface. Dependent of the activity of the film the rate 
of capturing is determined. The average wave length of a spot is determined by dividing the 
length of a group of aligned waves by the number of waves. Finally, two results of two spots 
are averaged to determine the average wave length of the captured image. 

Results 
In appendix D the captured images of the experiments are given. Figure 3.15 shows the start 
temperature of wrinkling of each sample type for different thickness ratios. It is observed that 
sample types S3, S4 and SS show no surface wrinkling. 
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Figure 3.15 The start tempera re of wrinkling. 
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It is remarkable that sample type S2 at H/h= I 00/200 and S8 at H/h= I 00/30 show no surface 
wrinkli ng and it is recommended to repeat these experiments. It is noticeable that the thickness 
ratio hardly influences the wrinkle onset temperature. The materials can be roughly grouped in 
a group that wrinkles at I 50°C (sample types S 1, S6 and S7) and a group that wrinkles above 
I 80°C (sample types S2 and S8). 
As shown in figure 3.16(a), the initial wave length is affected by the thickness ratio. The test of 
each sample type shows the same tendency: the thickness ratio 100/200 gives the highest wave 
length, followed by 100/100 and finally 30/1 00. 
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temperature scan. 
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3.5 Summary of observations 

A summary of observations is listed below 
• Under the presently used experimental conditions no wrinkling is observed for the 

complete OLEO stack up to 150 °C. At l 60°C the complete surface is covered with a 
3-dimensional pattern. From 170 °C onwards, 2-dimensional wrinkles are observed 
near the edge and 3-dimensional wrinkles in the middle of the complete OLEO. 
The wave length of the 3-dimensional waves is around 8 µm and is almost constant. 

The wave height ranges from 25 to 200 nm (at higher temperatures). 
2-dimensional wrinkles form near the edge of an OLEO cell and in the OLEO strips. In 
both samples the obtained wave length and wave height is almost the same. Therefore, 
these groups can be simplified to one group. This group will be represented by averages 
of the evolution experiments on OLEO strips. The wave length increases from 7 µm at 

l 60°C to 15 µm at 200°C. The wave height ranges from 5 nm at l 60°C to 160 nm at 

200°c. 

• The evolution experiments show that the wavelength stays almost constant and the 
wave height decreases in time. At the end of the experiment a wrinkled surface is 
obtained. The constant wave length and the wrinkled surface at the end of the evolution 
may be the result of plastic deformation of the aluminium film. The decrease of the 
wave height is probably the result of the displacement of the film to the edge which 
leads probably to an edge impe1fection . 

• As shown in appendix C, in the temperature scan experiments the formation of an edge 
imperfection is observed as a spontaneous process at around 205°C. From the evolution 
experiments, on the other hand, it may be concluded that edge imperfections also form 
at lower temperatures as a time dependent process. 

• The bi-layers can be grouped in a group that wrinkles at 150°C (sample types Sl, S6 
and S7), a group that wrinkles above l 80°C (sample types S2 and S8) and a group that 
is insensitive for wrinkling (sample types S3, S4 and S5). The thickness ratio hardly 
influences the onset temperature. The thickness of the film and substrate influences the 
wave length . An aluminium film of 200 nm thick gives the highest wave length 
(around 12 µm) From both sample with an aluminium film of 100nm thick gave 

different wave lengths: In case the substrate is 30 nm thick, a wavelength of 5 µmis 

obtained; In case the substrate is l 00 nm thick, a wave length of 7 µmis obtained. 

Wrinkling of thin film structures: Experiments versus models 37 



Robert van Liebergen 

38 Wrinkling of thin film structures: Experiments versus models 



TU/e Technische Universiteit Eindhoven 

4 Experiments versus models 

In this chapter, the experimental results are compared with the elastic and viscous model. In 
section 4.1 those experimental results are identified which lend themselves for interpretation 
using the models. This set contains results of the 2 and 3-dimensional wrinkles observed in the 
full OLEO stack as well as the results of the bi-layers samples. For each of these it is shown 
that the thin substrate limits are applicable. Next, the experimental set is examined to the 
elastic model. For the 2 and 3-dimensional wrinkles in the OLEO stack, the model is used to 
find out the Young's modulus of the substrate and the strain according using the model. For 
the bi-layers, the trend of the wave length as a function of thickness ratio is investigated. Then, 
the experimental results are examined using the viscous model. For the OLEO and the bi
layers the experimental wave length is compared with the wave length predicted by the model. 
In the corresponding discussion the viscosity of the organic materials in the bi-layer stacks is 
estimated. 

4. 1 Relevant experimental results 

The experiments on complete OLEO samples showed a 3 and 2-dimensional wrinkle pattern. 
3-dimensional waves are formed in the middle of the cell and 2-dimensional waves near the 
edge. The quantitative results of the 3-dimensional wrinkle pattern, as shown in figure 3.7, are 
used for analysis and are referred to as 3-D OLEO. 
A 2-dimensional wrinkle pattern is also observed in the evolution experiments on OLEO strips. 
By taking the scatter into account, the measured wave length and wave height of the evolution 
experiments is also representative for the 2-dimensional waves in the complete OLEDs. During 
the evolution experiments, as shown in figure 3.12, the wave pattern is measured after one 
minute and after 120 minutes. Only the measurements after l minute are used for analysis. 
During the evolution, the wave length stays almost constant and the wave height decreases. 
However, at the same time an edge imperfection develops. This makes the results after 120 
minutes less useful. The measurements after I minute of the evolution experiments are 
referred to as 2-D OLEO. 
The small molecule materials of the OLEO device are individually tested using the bi-layer 
strips in three thickness ratios. The start temperature of wrinkling, shown in figure 3.15, and 
the initial wave length, shown in figure 3.16, is used for further analysis. This data is referred 
to as BI-LAYERS. 

4.2 Modeling assumptions 

Based on the thickness ratio and the applied strain, it can be shown that the thin substrate limits 
of the elastic and viscous theory are applicable for our set of experiments. 
It is assumed that the strain in the film equals the thermally induced mechanical strain. The 
thermal expansion of the stack is mainly governed by the thermal expansion of glass plate. If 
the aluminium layer stays perfectly bonded, unwrinkled and is initially stress free, the 
mechanical strain in the aluminium layer, £,h, as result of a change in temperature~T, can be 

calculated by: 
(4.1) 
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Here ag,ass = 9 · I o-6 K -1 and a01,, = 23 · I 0-6 K -1 are the coefficients of thermal expansion. 

Negative strain is induced by increasing the temperature, indicating a compressive state. 
During vacuum deposition of the aluminium layer the glass plate stays at approximately 20°C. 
Thi s temperature is taken as the temperature at which the layers are stress free. In the BI
LAYERS a minimum start temperature of wrinkling is observed of 140°C . In the OLEO stack 

wrinkling is investigated till 200°C. This implies a strain in the range of -2 · I 0-3 to -3 · 10-3
. 

The organic layers in the OLEO are simplified to one layer of I 00nm thick. The thickness of 
the aluminium layer is I 00nm, which results in a thickness ratio H I h of I . The bi-layer strips 
have thickness ratios HI h of 0 .33, 0.5 and I . 
Figure 2.3 shows the wave length, critical strain and wrinkle amplitude as predicted by the 
el astic model versus the thickness ratio HI h for a Poisson' s ratio of 0.4 and 0.5. For a 
thickness ratio H I h < 30, the critical strain scales with Hlh as a power law relation which is 
given by the thin substrate limit. The thickness ratio of the samples used for the experiments is 
one order lower, which implies that the thin substrate limit is applicable for them. At the low 
substrate stiffnesses which are obtained from the model (see the next section), the 
incompressible model is more appropriate than the compressible model , which would yield an 
unrealistically low bulk modulus. Therefore, the compressible model is not appropriate and is 
not used in further analysis. The appropriate thin el astic incompressible substrate limit is li sted 
in table 2.1 . 
In figure 2.9 the fastest wave number predicted by the vi scous substrate model is plotted versus 
the compressive strain . The results of thickness ratios HI h =I , 2 and 4 for strains smaller 
than £ < 0.05 coincide in one line which is given by the thin substrate limit. Since the ratio Hlh 
used in the experiments is smaller or equal to one, using thi s limit is appropriate. The thin 
viscous substrate limits are listed in table 2.2. 
The viscous model predicts the onset growth as a function of the wave number. It is assumed 
that the wave numbers near the wave numbers with the highest growth rate develop, therefore 
besides the fastest wave length, a minimum and maximum wave number is introduced. Figure 
4.1 illustrates the choice made here. In thi s figure, the growth rate according to the thin and 
thick substrate limits is plotted. A relative vertical axis is obtained by dividing the growth rate 
s1 by its maximum value s

111
• The maximum wave number, or Euler buckling limit, is given by 

a factor ✓312 times k,,,h of the thin substrate limit. The minimum wave number is chosen 

arbitrary as ✓112 times k,,,h , which corresponds with the thick substrate limit. The growth 

rate at this limit is approximately 50% of s,,,. 
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Figure 4.1 Minimum and maximum wave number compared to the fastest wave number of the thin substrate 
limit. 

4.3 Elastic model 
In this subsection, the experimental results are compared to the elastic model. First, the 
experimental results of the 2-0 and 3-0 OLEO are examined using the elastic model. Next, the 
experimental results of the BI-LAYERS are compared to the model. 

2-D and 3-D OLEDs versus model 
The plane strain Young's modulus of the substrate E s is unknown. However, this parameter is 

required to calculate the wave length predicted by the model, see column 3 of table 2.1. 
Therefore a different approach is used: the experimentally obtained wave length is set equal to 

the wave length of the model to estimate the ratio of elasticity defined as EI I Es . With the 
obtained ratio of elasticity the critical strain is calculated, see column 4 of table 2.1. Next, with 
the critical strain and the wrinkle amplitude obtained from the experiments, the strain 
according to the model, £0 , is calculated, see column 5 of table 2.1. 

Results 2-D and 3-D OLED 
Figure 4.2(a) shows the ratio of elasticity extracted from the experimental wave lengths. For 

the 2-0 OLEO, the ratio of elasticity varies in the order of 107 and 109
. The ratio of elasticity of 

the 3-0 OLEO is within the range of that of the 2-0 OLEO. 
Based on the experimentally obtained wave length and amplitude, the strain according the 
model is determined and shown in figure 4.2(b). The thermally induced mechanical strain, 
obtained via Eq ( 4.1 ), is also shown in this figure. As the temperature increases, the 2-0 OLEO 
results deviate more from the thermally induced mechanical strain, whereas the 3-0 OLEO 
results stay relatively close to it. 

Wrinkling of thin film structures: Experiments versus models 41 



Robert van Liebergen 

a) 1011 r--~--~--;====:::::;i 
-D-200LEO 

1010 

I 
I 

108 ..... :,;-- --S· .· 
/ 

I 
I 

~ 

□ 

-- -o -- 3-0 OLEO 

/ 
/ 

□ -

107 
~--~--~---~--~ 

160 170 180 190 200 
Temperature [Celcius] 

b) 10·
2 
.---~-~--l;,::::-0-==2-::::!:0=0=LE=O~I 

·0 ·· 3-0 OLEO 

.El 

-4 
1016~0--1~70--~18~0--1~90--2~0-0-~21 q" 

Temperature [Celc ius] I 

Figure 4.2 Ratio elasticity and strain for the 2-D and 3-D OLED. 

Discussion 2-D and 3-D OLEO 
If EI IE, varies in the order of I 07 and 109

, the plane strain modulus of aluminium equ ls 

E1 =70/(l-0.32 ) GPaand v., =0.5 , the Young's modulus of the substrate E, is in the order 

of 101 -103 Pa. In table 4 .1 some examples of Young's moduli are given. The Young's 
modulus of the substrate predicted above is equal to or smaller than the Young' s modulus of 
brain tissue. 

Solid Approximate Young' s modulus (Pa) 
Aluminium 70-109 

Polystyrene (2.5 - 3) · I 09 

Rubber 105 -106 

Brain tissue 103 

Table 4.1 Reference values for the Young's modulus. Data obtained form [ 12} and [ /3}. 

BI-LA YER versus model 
The thickness ratio H I h and elastic properties of the layers should be known to predict the 
wave length by the elastic model. The thickness ratio of the bi-layers is well defined. The 
elastic properties of the substrate, on the other hand, are unknown. Moreover, the elastic 
properties can be influenced by temperature. In figure 3.15 it is shown that the onset wrinkle 
temperature of the BI-LAYERS is hardly influenced by the thickness ratio. Therefore, it is 
assumed that the elastic properties are identical for each thickness. If the elastic properties are 
identical for each thickness, the influence of the thickness ratio can be investigated. For sample 
types SI, S6 and S7 wrinkling in all three ratios is observed. These sample types are used for 
further analysis. In table 2.1 the thin substrate limits are shown. For a thin incompressible 

substrate, the dimensionless wave length scales as ;uh oc (H / h) 112
• 
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Results BI-LAYERS 
The relative A I h versus HI h obtained from the experiments on sample type SI, S6 and S7 is 
shown in figure 4.3. A relative vertical axis is obtained by dividing the ratio A I h by its value 
at HI h = I 00 I 200 also shown is the trendline as established above. None of sample types S 1, 
S6 and S7 show exactly the right tendency. However, sample type S6 shows the best match, 
with a maximum deviation of approximately I 0%. 
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Figure 4.3 Relative wave length versus relative thickness ratio. 

4.4 Viscous model 
First, the experimental results of the 2-D and 3-D OLED are examined using the viscous 
model. Subsequently, the experimental results of the BI-LAYERS are compared to the model. 

Results 2-D and 3-D OLED 
Figure 4.4 shows A I h versus the thermally induced mechanical strain as measured on the 2-D 
OLEDs and 3-D OLEDs, as well as the predictions by the Euler limit, thick substrate limit and 
thin substrate limit. As discussed in section 4.2, the Euler buckling limit is used as a minimum 
wave length and the thick substrate limit as a maximum wave length. 
For wrinkling, the experimentally obtained points must lie above the Euler buckle limit. The 
experimental results obey this requirement. The thin substrate limit is an underestimation for 
both the 2-D and 3-D OLEO results. The results of the 3-D OLEDs show a similar trend as the 
model: as the strain increases, Al h decreases. However, the 2-D OLEDs show an opposite 
trend compared to the model. 
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2 and 3-D OLEO versus viscous model 
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Figure 4.4 2-D and 3-D OLED results versus viscous model. 

Discussion 2-D and 3-D OLEO 
The experimentally obtained wave lengths are longer than the wave lengths predicted by the 
model. By numerical simulations is show that after the fastest wave length develops a post 
buckling process starts, detailed simulation of the post buckling regime has been published by 
Huang and Suo [9] and Sridhar et al. [14]. Huang and Suo [9] peformed simulations where the 
interfacial stresses exerted by the viscous layer on the on the film where calculated by the 
lubrication theory approximation. Sridhar et al. [ 14] used the Na vier-stokes equations to 
calculate the interfacial stresses; the results were consistent with those of [9]. The evolution of 
the film is investigated for different initial strains and an initial randomly di sturbed film . On 
beginning of the evolution, the wavelength from the numerical simulations is slightly larger 
than the wave length predicted by the analytical model. During the simulation, small waves 
decay in time and large waves start to develop. At an infinite time one sinusoidal is obtained 
over the length of the model. In the experiments, it is expected that coarsening of the waves has 
occurred but not is observed through the optical resolution of the in-situ microscope and that 
further coarsening of the pattern is counteracted due to plasticity in the film. 
In the next paragraph a new topic is discussed, where the minimum required strain is calculated 
to form the film in the experimental obtained wave length and wave height. If the wave pattern 
is in the final state of evolution, the vi scous layer does not exerts any force to the film (i.e. the 
velocities in the substrate are zero). Therefore, the film can be considered as a free standing 
film and the Euler buckling limit is applicable to calculate the critical strain cl . If the applied 

strain c N exceeds the critical strain by !!,.ch , a buckle forms and the neutral line elongates 

according to the second term in equation (2.12). In a free standing film the strain can be 
calculated by: 

h2k2 A2k 2 
Cf ·' =c . +l'!,.c=--+-- (4.2) 

SJ l 12 4 

Based on the experimentally obtained wave length and amplitude, cN is determined and 

shown in figure 4.5. The strain of thi s figure lies slightly under the strain of figure 4.2(b), 
which is logically: if the Young's modulus of the substrate is extremely low the film can be 
considered as a free standing film . As the temperature increases, the 2-D OLEO results deviate 
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more from the thermally induced mechanical strain and the 3-D OLED less. In the 3-D OLED 
the wave length from l 60°C to 200°C is constant and the wave height increases. Based on this 
tendency EN increases. In the 2-D OLED the wave length from l 60°C to 200°C doubles and 

the wave height increases. This tendency results in a decreasing EN . Because EN < E,,, 1s 

expected that E,,, wrong, the film contains residual strains or the film is plastically deformed. 

10·
2 

~ ~- ------ -- ------ -- --~--~----~ 

1

---o--- e1 12-0 OLEO I 

-- -0 -- es 3-0 OLEO 
fsf 

D 

-4 
1 0 1 6'-0--1~70--1-'--80--1~9-□ --2□'-0-~21 0 
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Figure 4.5 Free standing film strain E /sf and thermally induced mechanical stain E,,, . 

Results BI-LAYERS 
Figure 4.6 shows ;LI h versus the thermally induced mechanical strain of the BI-LAYERS, 
together with the model predictions and limits. The experimental results are scattered around 
the thin substrate limit. The experimental results of sample type S7 for thickness ratios 
H I h = 30 I 100 and 100/200 lie below the Euler buckle limit. Only sample type S 1 for 
thickness ratio HI h = I 00 / I 00 lies above the thick substrate limit. 

Bl-LAYERS versus vi scous model 
100,---T,-----,,----,-,---,,----,-,---,,------;:======:;-, 
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Figure 4.6 Bl-LA YER results versus viscous model. f iscussion BI-LAYERS 
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Also in the elastic analysis sample type S7 in thickness ratio HI h = 30 /I 00 and I 00/200 
showed the wrong tendency, it is recommended to repeat the experiment with this sample type. 
The experiments are performed with differential interference contrast microscopy. The 
differential interference technique gives no quantitative information on the height profile 
during the experiment. Therefore, the growth rate of the experiments cannot be compared to 

the theoretical growth rate s
111 

• However, under some assumptions the viscosity of the substrate 

can be estimated, as explained below. 
For the in-situ experiments on the BI-LAYERS a heating rate of I0°C/min is used. During the 
in-situ experiments, an image is captured every 30 seconds, so at every 5°C. A wave height 
below 20 nm cannot be observed with the Leica DMLP microscope. On the other hand, the 
maximum wave height which can be reached is approximately 200 nm. The assumption which 
we now make is that, at the onset of wrinkling, the wrinkles develop between two images from 
a wave height which is on the order of 20 nm to one on the order of 200 nm, i.e. they grow by a 
factor of IO within 30 seconds. The development of the amplitude is described by equation 
(2.55). 
The experimentally obtained data is reduced to 3 wave lengths at 2 different strains. As shown 
in figure 3.15 the BI-LAYERS can roughly be grouped in a group that wrinkles at I 50°C, 
sample type SI, S6 and S7, and a group that wrinkles above I 80°C which are sample type S2 
and S8. Furthermore, the thickness ratio Hlh= 1001200 gives a wave length of around 12 µm, 

thickness ratio 100/100 a wave length around 7 µm and thickness ratio 30/100 around 5 µm. 

The thickness ratios, corresponding wave lengths and strains are listed in the first 3 columns of 
table 4.2. With this equation and the Young's modulus of aluminium the viscosity is calculated 

and listed in the last column of table 4.2. The viscosity is between 102 to I 03 Pa· s. As a 
reference in table 4.3, published by Macosco [ 15], the viscosity of some familiar materials is 
shown. The viscosity of the substrate is between the viscosity of heavy syrup to molten 
polymers. These values seem realistic. 

HI!, /2 co ,, 
[mn] 

xr 
[ JUll] [%] [Pa· s] 

30/1 00 .5 0 .18 2 7 -10 2 

0.:22 4.9·10 2 

100/ 200 12 0.18 ll·l03 

0.:22 l.6·10 3 

100/ 100 7 018 6.1·10 3 

0.:22 8.3· 103 

Table 4.2 Paramelers to calculate 1he viscosity 
and the viscosity itself 

Liquid Approximate viscosity ( P11 · s ) 
Asphalt 108 

Molten polymers 103 

He11vy syrnp 102 

Honey 101 

Glycerin 10° 
Olive oil 10-l 

Light Oil 10-2 

Water 10-J 

Air 10-5 

Table 4.3 Viscosity of molten polymers{ 15]. 
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5 Conclusions and recommendations 
An OLEO structure is a multilayer device where the layers have different coefficients of 
thermal expansion. The aluminium film, or cathode, may wrinkle if the structure is heated. The 
mechanics of wrinkling is explained by a viscous and an elastic bi-layer model. Experiments 
are performed on an OLEO and bi-layers samples. In the bi-layers, one single organic material 
is tested. The experimental results are confronted with the models. The most important 
conclusions are listed below: 

• 2 and 3-dimensional wrinkle patterns are observed. A 3-dimensional wrinkle pattern is 
observed in case the strain is mainly biaxial. A 2-dimensional wrinkle pattern is found 
if the strain is uniaxial or biaxial, but significantly anisotropic ( £ xx I Evr < 0.5 ). 

• Experiments on bi-layers have shown that the start temperature of wrinkling is not 
affected by the layer thickness, but the thickness of the substrate and aluminium film 
individually affect the wave length. A thicker aluminium film gives longer waves and a 
thinner organic gives shorter waves. 

• Based on the thickiness ratio, strain and wave length the elastic model can be reduced 
to the thin incompressible substrate limit. Based on the thickness ratio and strain the 
viscous model can be reduced to the thin viscous substrate limit. 

• The elastic model can be applied to the OLEO stack only if the Young's modulus of the 

substrate (8 organic materials) is taken in the order of 104 Pa. Furthermore, the strain 
predicted by this model is much lower compared to the thermally induced mechanical 
strain. There is no good agreement between the influence of the layer thickness of the 
bi-layers and the elastic model. 

• The experimental wave lengths of the bi-layers are scattered around the predictions of 
the viscous model. The substrate thickness slightly affects the wavelength, which is not 
captured in the model. The viscosity extracted from the experiments is in the order of 

103 Pa ·s. 
• The viscous model applied on the OLEO stacks, where the 8 organics are simplified to 

one substrate, shows a good agreement for the 3-dimensional waves in the middle of 
the OLEO, although the model is elaborated for 2-dimensional waves. The 2-
dimensional waves are longer than the wave length predicted by the viscous model, 
which is probably the result of the compressive strain that disappears during the 
formation of an edge imperfection. 

For further research two tracks are proposed: 
• Determine the rheology of the small molecule materials. This may be practically 

extreme hard , but once this key question is answered the assumptions of the model can 
be reconsidered. It is likely that the model should be extended to a viscoelastic model. 

• Determine the exact mechanical and thermal properties of the aluminum film - or use a 
film of which the properties are known a priori - and perform the experiments with a 
high speed measurement device with a high accuracy. In this case the experimental 
result can modeled by numerical simulations to estimate the properties of the organics. 
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Appendix A: Stiffness of the elastic substrate 
Consider the 2-dimensional substrate segment as sketched in figure 2.1, with a length of /4, a 
thickness of H, Young's modulus E, and Poisson's ratio v.,, where the top surface wrinkles 

according to w = A cos(k.x). In this substrate the out of plane displacements and the 
displacements at the bottom are suppressed. With the help of the Navier equations, a solution 
for the displacement components is obtained below. Based on the displacement solution, the 
normal traction along the interface is calculated. 
In case of infinitesimally small deformations the strain components are: 

aux au, I [au, au ) 
C XX = ax , C \\ =-a. , C \~ = CX\ = - -a. + -a X • ·· y . . 2 X y 

(A. I) 

Under the plain strain assumption the stresses can expressed in the displacement gradients as: 

[
au au, ] 

(J"x.x = a a: (I - V) + ay V , 

(A.2) 

E 
a=-----

(1 + v)(l -2v) 
In the absence of body forces and assuming wrinkling is a quasi static process, the equilibrium 
equations read: 
aa- aa-x, 
_ xx +-= 0, (A.3) ax ay 

(A.4) 

Using Eq. (A.2) in Eq. (A.3) and (A.4) gives the following, so called Navier equations: 

a2ux a2ux a2u, 
0 = 2(1 - v)-+ (1- 2v)-+--· ax2 ay2 axay 

a2u, a2u,, a2u 
0=2(1-v)-· +(l-2v)-· +-x (A.5) 

ay2 ax2 axay 
The displacement components in the substrate are assumed to abbey the general form of: 

ll x = -ux(y)sin(k.x), (A.6) 

u, =u,(y)cos(k.x), (A.7) 

where 

U x = (alO +a11 y)exp(-ky)+(b10 +b11 y)exp(ky), 

U y = (a20 +a21 y)exp(-ky)+(b20 +b21 y)exp(ky). 
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Now the boundary conditions are used to determine the constants . Boundary condition (2.3) 
implies that the di splacements at the bottom, where y = 0 , are zero and hence baa= -aao. 

Consequently Eq. (A.8) and (A.9) reduce to : 

U x = (a10 +a11y)exp(-ky) + (-a10 +bI1 y) exp(ky) , 

Uy = (a20 + a 21y)exp(-ky) + (-a20 +b21 y)exp(ky) . 

(A. 10) 

(A. I I) 

The general solution now contains 6 unknown constants yet to be determined. Using the (A. I 0) 
and (A. I I) in the Na vier equations, (A.5), and grouping terms to the same power gives: 

0 = ( (b21 -b11 )ky -4b11 v, + (a 10 -a20 )k +b21 +2bI1 )exp(ky) + 

( (-a21 -a11 )ky + 4a 11 v, + (-a20 -aw)k + a21 - 2a11 )exp(-ky), 

0=((b21 -b11 )ky -4b21v, +(a10 -a20 )k +4b21 -b11 )exp(ky) + 

((a21 + a11 )ky +4a21v, +(a20 +aw)k+(-4a21 -a11 ) )exp(-ky). 

(A.12) 

(A.13) 

Since these requirements have to hold for all values of y, this gives rise to 8 relations of which 
only 4 are independent. Therefore four coefficients can be eliminated: 

a =-a =k(aw +a20) (A.14) 
II 21 ( 4V, _ 3) ' 

b =b =k(a,o-a20) (A.15) 
II 21 ( 4v, - 3) · 

Using these coefficients in (A. I 0) and (A. I I) gives: 

- ( (a +a )ky ) ( (a -a )ky) U x = a + ,o 20 exp(-ky) + -a + ,o 20 exp(ky) 
10 4v -3 10 4v -3 ' s s 

(A.16) 

~' =(a - (aw +a20)ky )exp(-ky)+(-a + (aw-a20)ky)exp(ky) 
· 

20 4v-3 20 4v-3 
s J 

(A.17) 

These expressions can also be rewritten in the form : 

- _ _ 2kysinh(ky) 2kycosh(ky) 
2 

. h(ky) 
U x - a20 ----+a10 ----- a10 sm , 

4v -3 4v -3 s s 

(A.18) 

- _ 2kysinh(ky) 2kycosh(ky) _
2 

. h(k ) 
u Y - aw a20 a20 sm y . 

4v, -3 4v, -3 
(A.19) 

Final , the last unknown coefficients have to be solved from the remaining two boundary 
conditions. No shear stress at the top surface where y = H gives rise to the equation : 

0 = (awkH + (l-2v,)a20 )sinh(kH)+(-a20kH + 2(1- v,) )cosh(kH) . (A.20) 
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The top surface has to wrinkle according to w = A cos(kx), which gives rise to the final 

equation and reads: 
2kH sinh(kH) 2kH cosh(kH) 

2 
. h(k ) _ a10------a20------ a

20
sm H -A. 

4v -3 4v -3 s s 

Solving equations (A.20) and (A.21) are for a10 and a20 yields : 

a = A 4v., -3 (2v, -1) sinh(kH) + kH cosh(kH) 
10 1-v., (6-8v, )sinh(2kH)-4kH ' 

a = A 4v., -3 2(1-v,)cosh(kH)+kH sinh(kH) 
20 1-v., (6-8v,)sinh(2kH)-4kH 

(A.21) 

(A.22) 

(A.23) 

At this point the coefficients of the displacement components ux and u
1 

are determined. Next, 

the normal traction is expressed in the displacement components: 

(Y = E., [aux V + du , (1-v )] 
11 (I+ v,)(l -2v,) dx " dy " · 

(A.24) 

Substituting the displacement solution in Eq. (A.24) gives an expression for the dimensionless 
stiffness in kH and v., .: 

CY (kH v ) = __S__ (3-4v,) cosh(2kH) + 5-12v, + 8v} + 2(kH)
2 

kA cos(kx) (A.2S) 
vY ' " 1-v; (6-8v,)sinh(2kH)-4kH ' 

expressed Finally, the expression can be rewritten in the form (2.11) where g is given by 
(2.12). 
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Appendix B: viscous response of the substrate 
In this appendix the relation between stress and velocity is determined for a viscous Newtonian 
substrate. The top surface of the substrate is subjected to a vertical displacement 
w = A(t) sin(kx) . Due to the no slip boundary conditions the velocity field at the bottom is 

zero. The substrate is characterized by its thickness Hand viscosity 77. 

By using the static equilibrium equation, the stress components and the incompressibility 
equation a set of partial differential equations is obtained. To solve these equations, the stress 
and velocity potential will be introduced in combination with boundary conditions. 

The stress components in a 2-dimensional Newtonian fluid are: 
av 

CY =2n-x -p 
xx ., ax ' 

av,. 
CYYY = 217 dy - p, 

CY - [ av X + dvy ) 
xy -1'/ dy dX ' 

(B. I) 

(B.2) 

(B.3) 

where 2 p = -( CY xx + CYrY), because CYrY equals the hydrostatic pressure p. Incompressibility of 

the Newtonian fluid requires zero divergence on the velocity field: 

avx + avr =O. 
ax ay (B.4) 

Two potentials will be introduced, the stress potential U (x, y) and the velocity potential 

x(x,y): 

(B.5) 

(B.6) 

The stress potential satisfies the static equilibrium equations (A.3) and (A.4). Using the 
velocity potential in the incompressibility equation requires: 

a2u a2u a2x 
-+-=4- (B.7) ax2 ay2 axay. 
Using the velocity potential in the stress component (B.3) requires: 

(B.8) 

The combination of (B.7) and (B.8) is a system of second order partial differential equation. 
The general solution for x(x, y) and U(x, y) reads: 

-1 
X = -

2 
{ C3 cosh(ky) + C4 sinh(ky) )cos(kx), (B.9) 

2k 

Wrinkling of thin film structures: Experiments versus models 55 



Robert van Liebergen 

U = ~( c, cosh(ky) + C2 sinh(ky) + C3kycosh(ky) + Ciysinh(ky) )sin(kx). 
k 

(B .10) 

The coefficients C, to C4 have to be determined by making use of the boundary conditions. 

Using the general solution to ex press the velocity components yields: 

v . = 2[c, sinh(ky) + C2 cosh(ky) + C3ky sinh(ky)+C4kycosh(ky)]sin(kx) 
·' 217k 

vx = 2~~ [C, cosh(ky)+C2 sinh(ky) +C3 (s inh(ky) +kycosh(ky)) + 

C4 (cosh(ky) + ky sinh(ky) )]cos(kx) 

(B.11) 

(B.12) 

Applying the no slip boundary condition to the velocity components vx and vr respectively 

gives: 
C, =-C4 and C2 =0. (B.13) 

The last remaining unknowns, C3 and C4 , should be determined from the boundary conditions 

in terms of stress . The stresses in terms of the unknown coefficients read: 

a xx = [C/2sinh(ky) + kycosh(ky)) + C4 (cosh(ky) + ky sinh(ky) )] sin(kx), 

CJ'n = -[ Cly cosh(ky) + C4 ( ky sinh(ky) -cosh(ky))] sin(k.x), 

ax:-· = -[C3 ( cosh(ky) + ky sinh(ky)) + C4ky cosh(ky) ]cos(kx). 

(B.14) 

(B.15) 

(B.16) 

Applying definitions (2.23) and (2.24) to respectively Eq. (B.14) and (B .16) gives for 
coefficient C3 and C4 respectively: 

C =- kHcosh(kH) _cosh(kH)-kHsinh(kH)r. 
3 (kH)2 +cosh2 (kH) % (kH)2 +cosh 2 (kH) 0 (B.17) 

cosh(kH)+kH sinh(kH) kH cosh(kH) 
--(k_H_)_2 _+_c-os_h_2_(k_H_)-q0 +-(k_H_)2_+_c_o_sh_2_(-kH-)'Z"a (B.18) 
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With the known coefficients for C, to C4 the velocity components vx and v, at the surface can 

be expressed in terms of k, kH, 77: 

v = H =-1-[ -(kH)2 + I 2kH +sinh(2kH) r )cos kx 
/y ) 277k (kH)2 +cosh2(kH) % 2 (kH)2 +cosh 2 (kH) 0 

( ) 
(B.19) 

v = H =-1-[J_ sinh(2kH)-2kH _ (kH)2 T )sin kx 
/Y ) 277k 2 (kH) 2 +cosh2(kH) % (kH) 2 +cosh 2 (kH) 0 

( ) 
(B.20) 

These equations can be rewritten in terms of Yi 1, Yi 2 and y22 as follows: 

I 
vx(Y = H) = 

271
k (Y12%(t)+ y22 -r0 (t) )cos(kx), (B.21) 

v (y = H) =-
1
-(Yi,%(t)+ Yi 2T0 (t))sin(kx), 

v 277k 
(B.22) 

where 

l sinh(2kH)-2kH 

y11 = 2 (kH) 2 +cosh 2(kH)' 
= (kH)2 and =_!_ 2kH +sinh(2kH) 

Yiz (kH)2 +cosh 2 (kH) y22 2 (kH)2 +cosh 2(kH). 
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Appendix C: Edge and surface imperfections 
This appendix is an extension of chapter 3, where the observed surface imperfections are 
reported. The edge and surface imperfections most probably develop as bulges upon high 
temperature processing. Due to gas evolution in the OLEO layer stack the bulge inflates. After 
heating the bulge deflates, and the (elongated) layer falls back on the surface, forming also 
some localized ridges. The present section show some of the larger imperfections, evolving 
"arbritrary" in the cell (su,jace impe,jection), or specifically near the edge of the OLEO cell 
(edge imperfection). Represented defects are observed on complete OLEDs and OLEO strips. 

C.1 Edge imperfections 
The experiments are performed on the same complete OLEDs as discussed in section 3.2. The 
edge imperfections are observed with the interferometer in VSI mode. Figure C. I (a) depicts the 
top view of an edge imperfection. In the top view line A is parallel to the edge, the height along 
this line is plotted in detail C. l (b). The width is measured as the maximum parallel distance 
with the edge and the height is the maximum height of the edge relative to the surface. At each 
temperature, the total number of edge imperfections per side is count. From this set, the l 0 
most representative imperfections are selected and characterized. Subsequently, the values are 
averaged. 

1135 .... 

- - b) 1 
' ~) U0 

-500 "" 
,., M O 

-1083 

0 50 100 150 200 250 JOO 350 400 450 500 550 &00 1550 700 750 830 

Figure C.J A typically obtained edge imperfection with cross section. In detail (a) is line "A" parallel to the 
edge, the height along this line is plotted in detail (b). In detail (b) is depicted how the height is measured. 

Results of the edge imperfections 
Edge imperfections are hardly observed along cell edged r 2 and r4 .. The experimental results 
are listed in table C.2. Note that edges r1 and r 3 contain edges at the lower temperatures (:S 
190°C). At the highest temperature only imperfection along edge r 1 are observed .. The 
average width shows the trend to increases with the temperature, for example from l 14µm at 
160°C to 5 19 µ m at 210°C. 
Edge imperfections complete OLEDs 

160' C 170"( 180' ( 190' ( 2oo·c 21o·c 

Nr. Edge 1 [-] 16 1 17 43 24 24 

Nr. Edge 3 1-1 7 10 39 7 0 0 

Width [µm] 113.8 144 198 341 318 519 

Heigth [µm] 1.7 1.6 1.9 2 1.2 1.8 

Table C.J Surface imperfections of complete OLEDs. 
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C.2 Surface imperfections 
The experiments are performed on the same OLEO strips as di scussed in section 3.3 . A 
temperature scan experiment and evolution experiment is used to vi sualize the surface 
imperfection development. 

Temperature scan experiments 
The evolution of a surface imperfection and the waviness pattern around it is shown figure C4, 
Due to the significant size of the imperfection, and for symmetry reasons, only one quarter of a 
observed imperfection is shown. A localized imperfection is observed below 160 C. The size 
of the heavily deformed spot increases with temperature. Around l 70°C wrinkles start to form 
above and below the imperfection. From l 70°C onwards, the amplitude of these wrinkles 
increases. From l 90°C onwards, wrinkles at the left and right side start to develop. The 
ali nment of these waves starts to decrease around 230°C. 

a) 1ss0 c b) 110°c c) 180°C 

d) 190°c e) 200°c f) 210°C 

g) 220°c h) 230°c i) 240°c 
Figure C.2 Temperature scan of an imperfection. The Diameter of the imperfection increases at higher 
temperatures. Between 180°C and 190°C wrinkles are fo rmed above and under the imperfection. From 200°C 
wrinkles fo rm on the left side of the imperfec tion. From 230°C the width of all waves decreases. 
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Evolution experiment 
The evolution of a surface imperfection in time at a given temperature ( I 80°C) is visualized in 
figure C.4. During the experiment the imperfection diameter increases the most in the first I 0 
minutes. Between IO minutes to 2 hour the diameter is almost constant. From 3 hours to 8 
hours the round imperfection evolves to a star shaped imperfection. This supports the 
assumption that this type of defect is an "inflated balloon" at high temperature. Leakage of the 
balloon may be responsible for the decrease in feature size and irregular structure observed at 
long time scale. During the experiment waves develop mainly in the first IO minutes above and 
below the imperfection, the formed wave pattern is constant during the experiment. 
From the same samples as described in section 3.2 is the imperfections diameter measured. The 
measurements are averaged and shown in figure C.2. From the averaged values is confirmed 
that during the experiment the imperfection diameter increases. 

200 

I 1so 
(SI 

100 

lmpertection 0 of complete OLEDs 

□ . 

D 

D 

·· □ 

170 180 190 200 210 
Temperature [0 C) 

Figure C.3 Imperfection diameter of complete OLEDs 
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a)t=O b) t=1 O min c) t=20 min 

d) t=30 min e) t=1h f) t=2h 

g) t=3 h h)t=8h i) t=12h 
Figure C.4 Evolution of an imperfection at !80°C. The diameter increases in the first 20 minutes and stays 
constant till 2 hours. Between 2 and 3 hours the imperfection diameter starts to decrease. Between 8 to 12 hours 
diameter stays constant. The wrinkles formed in the first 20 minutes above the imperfection and show no 
evolution during the experiment 
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Appendix D: In-situ evolution experiments 
In figure D. l and D.2 the evolution at respectively l 80°C and 200 °C is shown. These figures 
are obtained with an optical microscope with differential interference contrast: more contrast 
means more height variation. The beginning time of zero corresponds with the moment when 
the samples have just reached the desired temperature. Both figures show the same tendency: 
the pattern stays almost unchanged, but the amplitude decreases in time. 

a) t=Omin b) t=11 min c) t=22 min d) t=33min 

e) t=44min f) t=55 min g) t=66 min h) t=77min 

i) t=88min j) t=99 min k) t=11 Omin I) t=120min 

Figure D.1: Evolution experiment at 180°C. 
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a) t=O min b) t=11 min c) t=22 min d) t=33 min 

e) t=44 min f) t=55 min g) t=66 min h) t=77 min 

i) t=88 min j) t=99 min k) t=11 Omin I) t=120 min 
Figure D.2: Evolution experiment at 200°C. 
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Appendix E: Temperature scan bi-layer strips 
The 8 different small molecule materials used in OLEDs are denoted by sample type SI to S8. 
The samples consist of one organic on which an aluminium layer is deposited. The thickness 
ratio of aluminium to organic is 100/30, 200/100 and 100/100, as shown in the rows of figures 
El to ES. In these rows in the first picture the first captured wrinkle pattern is shown. The 
second picture shows the pattern and temperature at which the width of the waves starts to 
decrease. In the last picture the end of the evolution is shown. Of the 8 materials S3, S4 and S5 
showed no wrinkling instability. 

H/h=30/100 

145°C 160°C 200°C 

H/h= 100/200 

145°C 160°C 200°c 

145°C 160°C 200°C 

Figure E.l In-situ result of SJ. 
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H/h=30/100 

205°C 210°C 215°C 

H/h=100/200 

180°C 195°C 215°C 
H/h=100/100 

195°C 200°C 215°C 

Figure E.2 In-situ result of S2. 
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H/h=30/100 

145°C 150°C 160°C 

H/h=100/200 

150°C 155°C 165°C 
H/h=100/100 

145°C 155°C 165°C 

Figure E.3 In -situ result of S6. 
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H/h=30/100 

150°C 155°C 210°C 

H/h=100/200 

150°C 180°C 210°C 

H/h=100/100 

145°C 150°C l 75°C 

Figure E.4 In -situ result of S7. 
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H/h=30/100 

J80°C 200°c 210°C 

H/h=100/200 

190°C 200°C 210°c 
H/h=100/100 

J80°C 200°c 210°c 
Table E.5 In-situ result of SB. 
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