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Abstract 

 The commercial polymer CytopTM is studied for the purpose of creating 

commercially viable encapsulation for flexible organic photovoltaic devices.  These 

devices degrade in the presence of oxygen and water vapor and this research sets out 

to reduce the environmental contact of the device using the CytopTM films.  

Thermocapillary instabilities are identified and their causes suppressed in order to 

reduce film roughness and, thus, the number of pinholes oxygen and water vapor are 

able to diffuse through.   
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Introduction 

 Though today’s media often touts solar technology as a futuristic cure-all for  

the energy crisis, the technology’s origins can be traced to the laboratories of 

researchers such as Edmund Bequerel and Charles Fritts, more than a century ago.  

Even before the scientific definition of electrons, and photons, researchers 

conducted experiments showing current originating from a semiconductor 

(selenium in these early trials) bombarded with light.  Our current technologies, 

while far beyond the efficiencies of early devices, owe their operational concepts 

to earlier experiments.  

 In inorganic photovoltaics producing a stream of electrons comes from the 

implications of the photovoltaic effect.  This effect relates energy absorption and 

electron excitation in a system.  In the case of photoluminescence an electron’s 

transition from an excited state to a lower energy state causes photon emission.  

The energy of the emitted photon is equal to the energy of the transition.  In the 

photovoltaic effect, the opposite occurs:  an absorbed photon causes an electron to 

make an energetic transition to an excited state.  The photon must be of energy 

greater than or equal to the energy gap.  Once in the excited state, the electron is 

only loosely bound to the atom and can diffuse to an electrode.   

 Solar cells come in two general architectures.  They either rely on a PN 

junction or a PIN junction.  In the case of a PN junction, the difference in energy 

levels between the P-type and N-type semiconductors causes an internal electric 

field.  Excitons (a bound state of an electron and a hole) created in the bulk of the 
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material separate and diffuse into the two materials depending on their band gap 

structure. 

P-I-N semiconductor junctions commonly enjoy popularity in many 

photovoltaic technologies of today.  The photovoltaic devices of this nature 

produce most of their current when photons are absorbed in the intrinsic type 

semiconductor (I-layer).  This absorption of light (photons) produces excitons 

(bound state of electrons and holes).  The positive type and negative type (P-type, 

and N-type, respectively) semiconductors have differing densities of charge 

carrier; i.e holes or electrons.  P-type semiconductors favor hole transport while 

N-type semiconductors favor electron transport.  After the excitons are 

dissociated by the built in electric field the holes and electrons travel to the 

electrodes connected to the external circuit creating a net current. 

   At present, silicon photovoltaics represent a large majority of the solar 

industry due to high efficiencies and an already existing infrastructure.  However, 

high material and fabrication prices, as well as high input energy during 

manufacturing have driven research in alternative photovoltaic materials.  Many new 

materials can offer reduced material and fabrication costs, as well as novel 

applications including thin film silicon, CIGS nanoparticles, and conugated polymers.  

Novel conjugated polymers have been used to synthesize photovoltaic devices 

operating at six percent efficiencies, and are proving to be a contender in the low cost 

photovoltaics industry. 
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Organic Photovoltaics 

 Alan J. Heeger, Alan MacDiarmid, and Hideki Shirakawa in 1977 introduced 

conductive polymers to the world, and spawned the field of polymer metals and 

semiconductors.  Further experimentation revealed devices exhibiting the 

photovoltaic effect.  While inorganic devices often rely on the junction of positive, 

and negative type semiconductors, organic photovoltaics rely on the junction of an 

electron donor, and an electron acceptor.  The principle on which these devices is 

similar to inorganic devices operate is similar to inorganic devices with the electron-

hole combination dissociating at the donor-acceptor interface, and traveling in the 

different materials based upon their band gap energies. 

 Polymer and inorganic photovoltaic devices operate under similar principles.  

Unlike inorganic photovoltaics, polymer excitons are more tightly bound, and energy 

is needed in order to seperate the excitons.  The interface between polymer donor and 

acceptor material is the region of exciton separation.  The LUMO (lowest unoccupied 

molecular orbital) of the donor is higher than the LUMO of the acceptor.  Following 

absorption of a photon, the excited electrons in the donor travel to this area of lower 

energy in the acceptor and then travel through the acceptor to an electrode.  The 

electron donating materials in organic photovoltaics are the aforementioned 

conducting polymers.  The electron accepting materials used in current organic 

photovoltaic technology are generally fullerene derivatives, although other small 

molecules and polymers have been tested.   
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 Semiconducting polymers possess electrons capable of excitation from the 

HOMO (highest occupied molecular orbital) to the LUMO.  The HOMO and LUMO 

bands correspond to the valence, and conduction bands of semiconductors, 

respectively.    As in the inorganic device, the system now contains a material 

possessing holes, and a material possessing mobile electrons.   

 Unfortunately for the electron, which has really only just begun its long 

journey, the path from the polymer-fullerene interface is tortuous and fraught with 

dead ends.  Once the diffusion occurs recombination of the charge carriers is possible, 

as well of the charge simply accumulating in the materials, inhibiting the drift of new 

charges across the material.  If the charges avoid these pitfalls they reach the 

electrodes, and create the potential difference as in the inorganic device. 

Disadvantages 

 The inorganic photovoltaic industry has worked industriously on the 

engineering of high efficiency photovoltaics, and has done so with great success.  

Commercial photovoltaic architectures currently boast efficiencies of over 20%.  New 

layered cells exhibit efficiencies approaching 50%.  Silicon photovoltaics are 

certainly the current leader when it comes to efficiency.  

 Meanwhile, organic photovoltaics research is in its infancy.  While silicon has 

enjoyed fifty years of progress, the field of organic photovoltaics has only been 

progressing since its creation in 1995.  Currently these organic photovoltaics convert 

solar energy to electricity at efficiencies under 10%.  These low efficiencies 

compared to silicon make organic photovoltaics an improper choice for large-scale 
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energy needs at present.  In addition to this shortcoming, organic photovoltaics 

degrade in the presence of oxygen and water vapor, making it difficult for them to 

achieve commercially viable lifetimes. 

Advantages 

 While efficiency differences between silicon and organic photovoltaics cannot 

be argued, the technology of polymer-based solar cells has far-reaching uses for every 

day life.  Due to their potentially roll-to-roll printable nature, these devices may be 

used in a variety of popular gadgets.  The possibility exists to charge mobile phones, 

laptops, personal media players, and other such devices.   

 The printable devices also reduce costs, and provide electricity for less money 

per watt.  The Silicon industry uses an incredible amount of silicon to produce their 

cells, and the price of Silicon is rising as demand becomes higher than supply.  For 

this reason, new, low-cost technologies must break into the market in order to ease 

these industrial tensions.  The high prices charged for these more efficient 

technologies also restricts the international demographic able to purchase them.  

Billions of people in the world lack  electricity.  These low-cost devices could 

improve the lives of the people in unindustrialized countries by facilitating vital 

infrastructure such as water purification.   

Degradation by Oxygen and Water Vapor 

 While their lower efficiencies limit the potential large-scale energy output of 

organic photovoltaics, their most alarming shortcoming of the devices comes in the 

form of sensitivity to oxygen.  All organic electronic devices face the obstacle of 



Rowell 6 
 

oxygen and water vapor degradation.  Devices such as organic light emitting diodes 

require oxygen transmission rates of 1mm^3/m^2/day and water vapor transmission 

rates of 1μg/m^2/day for devices with lifetimes over 10,000 hours.  This transmission 

rate is orders of magnitude lower than the rate through commercial polymers (see 

figure 1).  It is therefore necessary to develop encapsulations which are much less 

permeable. 

  

 

 

 

 

 

 

 
 Figure 1  Comparison of encapsulation requirements for different products. 

G. Dennler et al, Thin Solids Films, 2006, 511, 349  
 

Work has been done on this encapsulation problem.  A variety of materials 

improve lifetimes, and one notable case is Titanium Oxide (TiOx).  TiOx, while not 

up to the encapsulation requirements of organic devices, results prove the concept of 

using thin films as barriers to encapsulate devices.  The reason this result proves 

important comes from the current organic photovoltaic encapsulation techniques.  

The simplest example of encapsulation for these devices is the use of glass plates as 

encapsulation.  This works well, providing the level oxygen protection needed by the 
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industry, but the glass creates an inflexible device.  Research also shows that a layer 

of SiOxCy also performs well.  Unfortunately, despite being flexible, and resistant to 

oxygen transmission, this encapsulation must be performed with plasma enhanced 

chemical vapor deposition.  This method involves expensive, and complicated 

vacuum systems.  While this encapsulation method fails to fulfill the ideal trinity of 

cheap, flexible, and oxygen resistant, TiOx encapsulation results remain promising, 

and provide hope and direction for further research into the field of thin film 

deposited encapsulation. 

Figure 2  Comparison of organic photovoltaics device lifetimes.   
a) black line represents device not encapsulated.  b) red line represents device  

encapsulated with TiOx. 

Part One: CytopTM 

 This particular research concerns the application of CytopTM as the thin film 

barrier between these organic devices and the oxygen rich environment.  Cytop TM is 

colorless, transparent, amorphous, and can be deposited using conventional thin film 
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deposition techniques such as spin coating.  CytopTM is commercially available as a 

high viscosity resin with chemical structure shown in figure 3(a).  In order to achieve 

the best deposition, the CytopTM resin is diluted by a commercial solvent.  AFM 

(Atomic Force Microscopy) analysis shows that CytopTM yields very smooth films 

using spin coating with a root mean square roughness of 3.8 Å.  

a) 

b) 

Ra = 3.03  
Rrms = 3.80

 

Figure 3. (a) Chemical structure for Cytop TM (b) Spin-casted CytopTM film on glass substrate 
under Atomic Force Microscope (Courtesy of Ji Sun Moon) 

 
 Previous work at UCSB by Jimmy Granstrom showed that this material 

provides a good oxygen/water-vapor barrier in lifetime tests of organic light emitting 

diodes (OLED's).  OLED's are even more sensitive to oxygen/water-vapor 

degradation than organic photovoltaics.  As a result, this CytopTM material may 

provide part of the barrier needed for commercially viable, flexible, printable solar 

cells.  Unfortunately CytopTM alone may not complete this task alone.  While the 
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results for  CytopTM encapsulation may be impressive, multilayers are more likely to 

reach the oxygen, and moisture transmission rates needed for 10,000 hour lifetimes.  

From past experience multilayers of TiOx, and CytopTM represent a good candidate 

for these multilayers.   
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Figure 4.  OLED lifetime measurement conducted at 20º C, 60% relative humidity, 
and .5mA.  The devices tested were OLED's without encapsulation (blue), Pvac 
encapsulation (red), PMMA encapsulation (purple), and CytopTM encapsulation 

(green) 
 

Device Fabrication 

This multilayer is put to the test using OPVs of similar architecture to the ones used 

during the tests illustrated by figure 2.  These solar cells consist of a glass substrate 

partially covered in a clear Indium Tin Oxide (ITO) layer, a layer of PEDOT, an 

active layer, an electrode layer, and, finally, the encapsulation.   

 The ITO on the glass substrate is first hand washed with neutral liquid soap, 

and distilled water.  After the hand washing, the substrates are put in a dilute liquid 
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soap, and distilled water solution and sonicated for fifteen minutes.  Next, the 

substrates are put in distilled water and sonicated for another fifteen minutes.  The 

sonication process concludes with a fifteen minute run in an acetone bath, after which 

the substrates are dried in an oven for two hours.  The final step of the process is a 

thirty-minute surface treatment with UV-ozone. 

 

  

 

 
Aluminium Aluminium Cathode 

Polymer 
LED 
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Device layer 

 

 

 

  
 
 
 

Figure 5 shows the architecture of an organic photovoltaic device. 
  

 Following the cleaning process, fabrication continues with the spin coating 

deposition of PEDOT:PSS (Poly(3,4-ethylenedioxythiophene) 

poly(styrenesulfonate)).  The brand of PEDOT used is Baytron PH.  The PEDOT:PSS 

is spin-coated in air at 5000 rpm for 40 seconds.  The resulting film is then annealed 

in air for ten minutes at 140º C. 

 The active layer of the solar cell consists of a bulk heterojunction of 

P3HT:PCBM (Poly (3-Hexylthiophene): [6,6]-phenyl-C61-butyric acid methyl ester).  

Glass Glass Transparent 
substrate

ITO ITO Anode 

PEDOT:PS
S

PEDOT:PS
S 

Hole transport 
layer

PFO P3HT:PCB
M Active layer 

- Barium Barrier layer 



Rowell 11 
 

The bulk heterojunction layer is deposited in an oxygen free environment in order to 

avoid degradation.  The layer is then spin coated at 1500 rpm for 40 seconds, and then 

annealed in the same oxygen free environment for 10 minutes at 75º C.  Following 

the annealing process, one side of the spin coated-layers is removed, exposing the 

ITO underneath, which serves as the Anode of the OPV.  Vacuum evaporated 

aluminum serves as the cathode. 

 The encapsulation based on the CytopTM and TiOx multilayer varies in 

architecture depending and the number of desired layers, as well as the order of these 

layers.  In terms of fabrication, the deposition and annealing process is the same.  

TiOx is diluted with methanol and spin casted at 5000 rpm for 40 seconds in air.  The 

resulting film is then annealed at 80º C for 10 minutes.  The CytopTM layer is spin 

casted at 1000 rpm for 40 seconds and then annealed at 60º C for one hour. 

Experimental Methods 

 The fabricated OPVs are tested for initial performance used as a baseline for 

subsequent measurement.  This performance is measured using a commercial Solar 

Simulator.  A silicon solar cell provides calibration for the artificial sunbeam, since 

the current generated by this solar cell remains constant under specific conditions.  

The organic device replaces the silicon device after calibration and undergoes a test 

run through a labview program to measure its efficiency, and fill factor.  Fill factor 

represents the ratio of the maximum power observed to the maximum theoretical 

power by the equation: 
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where VMP, and IMP are the voltage and current at maximum power, respectively.  

VOC, and IOC are voltage, and current in an open circuit, respectively.  These results 

provide the relative maximum for each device which is compared with subsequent 

research.  A schematic plot of current density-voltage for an OPV, with relevant 

performance parameters, is shown in figure 6. 

 Devices are stored in normal atmospheric conditions in order to obtain results 

reflecting the average environmental punishment devices would be subject to.  Each 

device undergoes testing every twenty four hours.  In each batch of devices tested a 

control device without encapsulation provides further comparison by which to gauge 

environmental changes.  After each device reaches the end of its lifetime, it is 

disposed of.   

(1)

(2)

(3)

(4)
 

Figure 6 shows analysis of an analysis of an I-V curve produced during solar cell testing.  
Equation 1 yield conversion efficiency where JSC is the short circuit current density and Pin is 
the incident light power density.  ηabs  is the absorbption coefficient of the active layer.  ηout is 

the efficiency of seperated charge carriers collected. 
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CytopTM Encapsulation Data 

 Encapsulation of these devices must prove able to thwart a dual assualt by 

oxygen and moisture.  Possible diffusion can come vertically or laterally.  Initially, 

data regarding vertical diffusion yields the most interesting results.  In theory the 

application of multilayers should combat the vertical diffusion.  However, the initial 

testing of the CytopTM TiOx multilayer shows virtually no improvement over 

unencapsulated devices.  Possible explanations for these results will be presented in 

the “Discussion” section. 

 Lateral diffusion is the second pathway oxygen and moisture can penetrate the 

device comes laterally.  If the encapsulation does not uniformly cover the edges of the 

device then this diffusion seems likely.  Further concern comes from the electrode 

sites.  The way the measurements are performed in by clamping the electrodes with a 

clamp connected to the computer performing the measurement.  This clamp creates 

“wounds” in the encapsulation, and could be responsible for an easy route for vertical 

diffusion despite these holes being outside of the active layer.  For this reason an 

epoxy border is placed around the device, covering all four edges.  The simplest way 

to see if lateral diffusion is problematic uses the original TiOx encapsulation seen 

earlier.  This encapsulation is spin-coated into the middle of the epoxy well after the 

epoxy is cured.   
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CytopTM 

CytopTM

Figure 7.  Left: Lifetime test of the CytopTM encapsulation of an organic solar cell 
with half life of approximately 150 hours.  Right:  Image of the architecture tested in 

order to determine effect of lateral diffusion.   
 

Discussion 

 From the above images lateral diffusion does not present the main obstacle in 

encapsulation of these devices.  With a half-life time of 150 hours this work is 

comparable to the previous half-life lifetime of 135 hours in a device encapsulated 

with TiOx without an epoxy window.  However, it should be noted that TiOx cannot 

be deposited directly on the OPV since it reacts with the aluminum cathode.  See 

figure 7. 

 The more curious results come from the CytopTM/TiOx  multilayer results.  

These devices perform very poorly and often show no improvement over an 

unencapasulated device.  This is surprising due to the fact that both TiOx, and 

CytopTM individually improve the lifetime of organic electronic devices.  One 

explanation for a breakdown at the CytopTM/TiOx interface is that TiOx is 
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hydrophilic and CytopTM is hydrophobic, causing a situation where CytopTM does not 

wet, resulting in a poor interface.  In order to avoid this problem the pluronic© 

surfactant F 77 made by BASF is put into solution with the CytopTM.  This 

amphiphilic surfactant contains hydrophobic, and hydrophilic parts.  The hope is that 

introduction of a substance with both properties, the thinking goes that the 

hydrophobic ends align with the CytopTM while the hydrophilic ends align with the 

TiOx.  However, this does not appear to be the case.  The interfaces of TiOx, and 

CytopTM clearly shows average, and peak roughness increasing considerably 

compared with single layers of CytopTM (not shown).  

 The most significant part of this research was the ineffectiveness of the epoxy 

well in improving the lifetime of devices encapsulated with TiOx.  This realization 

provides further evidence for the incompatibility of CytopTM, and TiOx as a 

multilayer even after using a pluronic to create a theoretically compatible interface.  

In addition to this the concern for lateral diffusion is also lessened, and allows for a 

more in-depth study of CytopTM itself. 

Part Two:  Investigation of CytopTM Instabilities 

 Early measurements suggest that CytopTM/TiOx multilayers may not be 

feasible for encapsulation purposes.  In light of the interesting results  CytopTM use 

has yielded, it seems a study of its fluid mechanics may provide insight which could 

be useful in creating a viable multilayer by controlling the characteristics of spin 

casted CytopTM.  The process of spin cast polymer films consists of a deposition 

phase, spinning phase, and drying phase.  During any of these phases fluid dynamical 
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instabilities could occur.  In the case of CytopTM, spin casting leaves the film quite 

wet.  For this reason the instability must happen during the drying period, resulting in 

the roughness observed.  These instabilities may occur due to what are known as 

thermocapillary instabilities.  These instabilities occur due to convection within the 

film resulting from temperature, and concentration gradients.  These gradients result 

from the use of a hot plate and evaporation of the solvent during drying.  

 This research focuses on three potential causes for the thermocapillary 

instability. The Rayleigh-Benard instability results from the layering of the film due 

to a thermal gradient of the temperature on the top surface of a liquid, and the 

temperature on the bottom surface.  A hot plate provides the perfect conditions for 

this type of instability.  The Benard-Marangoni instability results from convection 

cells forming due to a surface tension gradient.  This gradient occurs from flowing of 

the liquid at the liquid-air interface caused by the evaporation of solvent.  The solutal 

Marangoni instability, finally, also results from differences in surface tension.  The 

surface tension gradient representing this phenomenon, however, results from a 

concentration gradient in the fluid on a small scale.  Three dimensionless numbers 

represent these phenomena.  They are the Rayleigh number (Ra), the thermal 

Marangoni number ( MaT), and the solutal Marangoni number ( MaC).  These numbers are 

calculated using the the equations: 

MaC =
′ γ C Jh0

2

η(Dcoop)2   MaT =
′ γ TΔTh0

ηκ   Ra =
αρgΔTh0

3

ηκ  

  



Rowell 17 
 

the solutal Marangoni number where γ’C is the gradient of surface tension with 

respect to concentration,  J is the mass flux of solvent diffusing from the inside of the 

film to the film-air interface, and Dcoop is the cooperative diffusion coefficient of 

solvent, h0 is film thickness, α is the volume expansion coefficient, η is viscosity, κ is 

thermal diffusivity, γ’T represents the surface tension gradient with respect to 

temperature, ρ is the fluid density. 

 Experimental Investigation of Instabilities 

 A number of variables could be responsible for the three thermocapillary 

instabilities being investigated.  Three such variables shared by all of the instabilities 

are the concentration, viscosity, and film thickness.  The viscosity, and concentrations 

used in this research match those of the initial conditions.  In the case of the film 

thickness, the value used is of that determined  thoretically after spin casting, but 

before drying.  This is due to the surface roughness incurred during the annealing 

process, which leads average roughness on a scale of the order of the film thickness 

itself. Film thickness can be determined using known relationships for the variables 

during spin casting as represented by the equation: 

h0 ~ c0η
1/ 4D1/ 4

ρ1/ 4Ω1/ 2 ,   

where Ω is the spin speed, c0 is the initial concentration of the polymer solution, and 

D is the diffusion coefficient of the solution at this initial concentration.  This 

research compares CytopTM in solution with three different solvents.  These solvents 

consist of two commercial CytopTM solvents, and one commercial 3M solvent 



Rowell 18 
 

(CTSOLV-100, CTSOLV-180, and FC70, respectively).  While most of the variations 

in thickness can be addressed in the preparation of the solutions, the diffusion 

coefficient is not easily reconcilable.  Fortunately, the dependence from the diffusion 

coefficient contributes only as a fourth root.  As these materials are all similar, the 

dependence from differences in the diffusion coefficient can be assumed to be small 

enough to refer to this value as constant.   

 In order to further simplify this expression, the spin speed and diffusion 

coefficient can be removed, leaving viscosity, fluid density, and concentration as the 

remaining variables.  The viscosity can be easily measured using a rheometer 

 

Figure 8 shows a rheometer. 
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Viscosity measurement 

 Each of the used solvents yields a different viscosity, as they dissolve 

CytopTM differently, and in order to attain an accurate theoretical picture of this 

system these viscosities must be known.  The rheometer measures this value 

accurately by using spectrometry, and applying a linear shear strain (for this 

experiment).  The device uses different geometries depending on the expected 

viscosity of the fluid.  For the purposes of this research, a cone/plate geometry was 

used.  The cone/plate consists of a flat, rotating stage, and a plate set at a certain 

distance from the stage.  This rotation results in a torque acting on the equipment by 

the fluid undergoing this shear strain.  The rheometer measures this torque and 

compares it to the power of the motor.   

 The solvents used all exhibit characteristics of Newtonian fluids, meaning the 

viscosity is independent of shear rate (not pictured).  The respective viscosities of of 

the solutions can be seen in figure 9.  The commercial CytopTM solvents relate 

comparably when CTSOLV-180 is measured solely, and when the two CTSOLV 

solvents are mixed into one solution.  However, the high viscosity solvent FC70 is 

mixed with CTSOLV-180, the viscosity is much higher. 
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Figure 9.  Viscosity in Pascals as a function of CytopTM concentration in various 
solvents.  CTSOLV-100:CTSOLV-180 (blue), CTSOLV-180 (red), FC70:CTSOLV-

180 (green) 
 
 
 

Film thickness and surface roughness 

 As discussed previously, the thickness dependence relies most on 

concentration, fluid density, and viscosity.  This equation,which is a simplified 

version of Lawrence's original equation, is h0 ~ c0η
1/ 4 /ρ1/ 4 .  While the viscosity and 

density contribute to the thickness, the linear dependence on the polymer 

concentration obviously dominates the relationship.  

The film thickness data shows surface roughness as a clear result of low 

viscosity, and low polymer concentration, but more sophisticated techniques can be 

used to get a more intuitive picture of what this means on a physical level.  One such 

technique is the use the Atomic Force Microscope (AFM).  The AFM accurately 

depicts the topography of a sample, and software can be used to determine the surface 

roughness.  The AFM uses a cantilevered tip dragged across the imaged surface.  In 

order for the AFM to image properly, a laser is calibrated to the location of the tip, 

and reflects onto a photodetector.  Depending on the deflection the AFM determines 
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what this translates to with respect to the measured surface, and creates the resulting 

image.   

Ra = 3.19 Å 
Rrms = 4.01 Å 

Peaks = 36.09 Å 

 

 

 

 

 

 

 

Figure 10.  This figure shows an AFM image of a CytopTM film sample with a thickness of 
400nm.  The sample was made by spin casting CytopTM onto glass.  Ra is the average 
roughness, Rrms is the root mean square roughness peaks shows peak roughness. (Courtesy 
of Ji Sun Moon) 

 
 
 
 

 
 

Figure 11. This figure shows a similarly made CytopTM sample of thickness 100nm.   
Ra is the average roughness, Rrms is the root mean square roughness peaks shows 

peak roughness. 
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Figure 12 shows AFM operation. 
  

 Figure 13 displays this correlation, while providing further insight regarding 

the three solvents.  When CTSOLV-180, and CTSOLV-100 are used together as the 

solvent, the surface roughness is extremely high.  This stands in contrast to CTSOLV-

180 used independently, which results in a considerably more stable roughness.  

 However, the result of using FC70 and CTSOLV-180 together correlates to the 

viscosity findings mentioned earlier.  This higher viscosity solvent has a low surface 

roughness.    Such results indicate that solvents of higher viscosity yield lower surface 

roughness and, by this logic, so too do thicker films as related by h0 ~ c0η
1/ 4 /ρ1/ 4 . 

 Finally, the ratio of surface roughness to film thickness can be expressed as a 

function of viscosity and polymer concentration as seen in figure 14.  This expression 

collapses all of the previously solvent dependent data into a linear log expression.  

This expression of the data shows that this instability does depend on those 

previously discussed and not simply on variables such as solvent used.  This means 
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that variables such as mass flux do not affect the stability of the system as all of these 

solvents have different vapor pressures, which mass flux relies heavily on.  Due to 

this independence of the J contribution from the solutal Marangoni instability can be 

ruled out from the overall instability of the system. 
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Figure 13. Surface roughness (Angstroms) of a CytopTM film versus polymer concentration 
(weight %).  The values plotted are for CTSOLV-100:CTSOLV-180 (blue), CTSOLV-180 

(red), and FC70:CTSOLV-180 (green) 
 
 
 

 

Figure 14 shows surface ro oncentration and 
viscosity, where c0 is polymer concentration, η s viscosity, ρ is fluid density, and Ra is film 
roughness 

 

 

 

 

ughness/film thickness as a function of c
 i

 

 



Rowell 24 
 

Calcium Lifetime Tests 

The aforementioned theory, and above results give insight into the nature of 

ytopTM films, but the primary focus of this research remains focused on device 

roach 

.  While the same results could be found using photovoltaic devices, there 

are more sensitive materials, which will yield faster and more easily attainable results.  

TM lifetime tests is calcium.  Due to its properties as 

atmosphere, and will therefore give standardized measurement of oxygen and 

 In order to create usable calcium films, a high vacuum evaporation deposition 

encapsulated under the same conditions as they existed during the CytopTM deposition 

water free environment in order to preserve the integrity of the calcium films.   

environmental chamber.  This chamber controls temperature and humidity of the 

environment.  The measurement apparatus used consists of a laser diode directed at a 

blocks visible light.  As the oxygen, and water molecules penetrate the encapsulation 

 

C

lifetime.  Rather than continuing in the pattern of prior research, a different app

is pursued

The material used for these Cytop

an alkali metal, calcium is extremely reactive to the oxygen and humidity in its 

moisture penetrating the encapsulation layers.   

is employed in the same fashion as was used in the deposition of the aluminum 

electrodes onto the solar cells.  After deposition, the calcium samples are 

during the solar cell encapsulation process.  All of this is conducted in an oxygen, and 

 After the samples are encapsulated, they are transferred to a controlled 

photodetector.  The opaque calcium sample sits in front of the photodetector, and 

layer the reflective metallic calcium converts to transparent calcium oxide.  This 
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c al change allows the laser light to penetrate the transparent glass substra

hit the detector.  A computer records the time frames at which this process takes 

place, and records the results. 

 The conditions tested are similar to those in  previous experiments.  

CTSOLV-100:CTSOLV-180, CTSOLV-180, and FC70:CTSOLV-180 are all tested 

in order to determine the calcium lifetime.  The results show that low viscosity 

mixtures of commercial solvents yield the shortest lifetime with respect to CytopTM 

concentration by weight percentage.  CTSOLV-180 yields a slightly longer lifetim

and the mixture of FC70 and C

hemic te, and 

e, 

TSOLV-180 yield the longest lifetimes.  Even more 

e made 

 

Figure 15. The relationship of calcium film lifetimes with respect to CytopTM 
concentration in the three solvents.  CTSOLV-100:CTSOLV-180 (blue), CTSOLV-
180 (red), and FC70:CTSOLV-180 (green) 

interestingly, the lifetimes observed when using the respective solvents can b

to match by comparing lifetime to average surface roughness, showing roughness 

directly correlated to lifetime. 
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Figure 16. shows Calcium film lifetimes with respect to surface roughness in samples 
of the three solvents.  CTSOLV-100:CTSOLV-180 (blue), CTSOLV-180 (red),  

and FC70:CTSOLV-180 (green) 
 
 

Discussion 

 While a clear correlation is seen between surface roughness, and lifetime, 

there    remain additional a  which must be spects to the observed instabilities

investigated in order to get a clear picture o  the role of the film instability. Despite 

this fact, the conducted research presents a relatively clear case for thermocapillary 

instabilities represented by: 

f

MaC = C 0
2

η(Dcoop)2

′ γ Jh
  

′ γ T 0

ηκ
ΔTh

  MaT = Ra = 0

ηκ
αρgΔTh 3

 

The argument for a constant coefficient of diffusion applies to the temperature 

gradient as well.  Despite slight variations, the samples are all created under similar 

conditions.  The remaining variables that must be investigated before concluding that 

the thermocapillary instability is the source of the roughness are the surface tension 

gradient, the infinitesimal concentration gradient, or volume expansion coefficient. 



Rowell 27 
 

 The plot showing a linear relation between the ratio of roughness and 

thickness to concentration and viscosity provides interesting insight into which of 

these instabilities does or does not contribute to the system.  Three different solvents 

tability 

er 

are used but the individual vapor pressures of each do not contribute to the ins

in any discernable way.  The only instability this is dependent on is the solutal 

Marangoni instability as the mass flux depends on vapor pressure.  This eliminates 

the solutal Marangoni instability as the cause of film instability in this system.   

 The way in which roughness occurs at low polymer concentrations furth

eliminates another of the instabilities, at least as far as the onset is concerned.  

Viscosity is measured as roughly dependent on concentration as a third degree 

polynomial.  Making this substitution into the original Marangoni equation yields: 

κ
αρ 4/11

0TcgΔ
=Ra        κ

γ
4/5MaT

0c

TT Δ′
=  

s 

and instability, these equations show the Benard Marangoni number increasing at low 

concentrations and the Rayleigh number decreasing.  This suggests that the Benard 

 

Due to the observed trend in roughness and the apparent relation between roughnes

Marangoni instability causes the onset of the instability.  Whether or not the Rayleigh

number plays a dominant role at much higher concentrations is beyond the scope of 

this research.     
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Conclusion 

The field of organic electronics becomes increasingly more important as new 

pplications for the novel materials are discovered.  The world has focused on new 

e energy sources, and these organic electronic devices are proving 

emse

rly 

oxygen.  While barrier films exist, 

p, 

es 

mains 

hese films remains a 

y 

 

 

a

and alternativ

th lves to be valuable recruits to the cause. 

 As in all expanding fields, there are engineering difficulties encountered in 

making a commercially viable product.  For organic devices, these obstacles clea

come in the form of sensitivity to humidity, and 

which fulfill the requirements for encapsulation, they do not fulfill the need for chea

and flexible barriers.  For this reason new materials such as CytopTM become 

interesting.  While CytopTM alone does not satisfy encapsulation requirements, it do

provide a basis to possibly create multilayer encapsulation.  As this research shows, 

however, this process is not as obvious as initially thought.  While CytopTM re

an interesting candidate for organic electronic device encapsulation TiOx has proven 

that it is not a noteworthy candidate for a top barrier layer.   

 CytopTM may or may not eventually prove itself to be the material best suited 

for organic electronic device encapsulation, but the data collected in this research can 

provide insight into much broader research.  Spin casting of t

standard research technique, and if problems arise in these films the mechanisms 

underlying these issues must be understood if any progress is expected.  While there 

remain a few other possibilities as to what the other variables of the instabilities ma

be responsible for the observed breakdown in film integrity, the evidence gathered
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points to one of the thermocapillary instabilities.  This conclusion enables much 

greater systematic control over the formation of these films.  While there is a limit to 

the barrier strength of CytopTM, forming the smoothest, and therefore, most protecti

films, is half of the battle of the eventual multilayer encapsulation process.   
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