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Abstract of the Thesis 

Melting Characteristic of Polymer Thin and Ultra-Thin Films

by 
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Master of Science  

In  

Materials Science and Engineering 

 

Stony Brook University 

2008 

 
 
 
 

The research is mainly cast on the relationship between the melting temperature 

and film thickness with thin (100-300 nm) and ultra-thin (<100 nm) films of two semi-

crystalline polymers, poly ethylene vinyl acetate (EVA770) and linear low-density 

polyethylene (LLDPE) spun casting on the silicon wafers by Atomic Force Microscopy 

(AFM) and self-designed Optical Test M`thod (OTM). The images of EVA770 and 

LLDPE samples are measured by Scanning Probe Microscope (SPM). The melting 

temperature of bulk films is also measured by Differential Scanning Calorimetry (DSC).  

Experimental results indicate that between a given zone of polymer film thickness, 

the melting temperature increases largely with the thickness, above or below some certain 

film thickness, the melting temperature will show little variation. The maximum melting 

temperature gap between the thick ( above 800 Å) and thin (below 200 Å) of EVA770  

film is 21.5K by AFM and 23K by OTM, while the maximum melting temperature gap of 

LLPDE film is 25K by AFM, and 22K by OTM. This melting characteristic in OTM 

method is explained with Jones Calculus and Fresnel Equations. 
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1. Introduction 

 

1.1 Introduction of Thin and Ultra- thin Polymer Film 

1.1.1 Thin and Ultra-thin Polymer film 

Interests increase fast for the polymer thin film application in the industry in 

recent years, due to great necessary in such areas as electronics, optics, biomedicals etc, 

[1]. It has been reported that polymer film thickness, molecular weight, and cross-linking 

density can greatly affect the thermo-physical properties of polymer thin film, such as 

glass transition temperature, coefficient of thermal expansion and electro-optical 

properties [2]. Among these elements, the size dependence of the thermo-physical 

properties of thin (100-300 nm) and ultra-thin (<100 nm) polymer films is the subject of 

strong concern for experimental, technological and theoretical issue [3, 4]. 

One important advantage of thin and ultra-thin polymer film is that they are 

highly selective and highly sensitive and can be tailored with desired functions, bio-

reactive properties and incorporated into electronics, optical and electrochemical devices. 

The typical examples are polymethyl methacrylate ( PMMA) coatings for lithography of 

integrated circuits and micromechanical devices [5], the molecular dimensions of the 

polymer thin films make the development of sophisticated system possible.  

  In confined environment, the properties of thin and ultra-thin polymer film 

show quite different from those of bulk polymers, due to the interference of intrinsic 

length scales with the dimensions of the imposed geometry [6]. Further work on this 

issue will be important perquisite to the use of nano-polymer materials. 

 

1.1.2 Melting Behavior of Polymer Thin Film 

Polymer materials are large molecules with intermolecular forces and tangled 

chains. They can be classified into three types, crystalline polymers, amorphous polymers 

and semi-crystalline polymers. Highly crystalline polymers (95-99%) are rigid, high 

melting point and less affected by solvent penetration, crystalline polymer is now known 
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that may form lamellar (plate-like) crystals with a thickness of 10-20nm in which the 

parallel chains perpendicular to the face of the crystals.  

Amorphous polymers are branches or irregular pendant groups which can not 

pack together regularly enough to form crystalline, amorphous regions of a polymer are 

made up of randomly coiled and entangled chains.  

Semi-crystalline polymers have both crystalline and amorphous region, the 

crystalline portion is in the lamellar, the amorphous portion is outside the lamellae, the 

crystalline potion is small and connected to the amorphous regions by polymer chains [7, 

8]. 

The softening, melting and flowing process of polymer depend on the polymer 

morphology (amorphous and crystalline of polymer), From Fig 1(1), we know that when 

a crystalline polymer is heated at a constant rate, the temperature increases at a constant 

rate, when the temperature reaches the melting temperature Tm (or Tf), there is sharp 

transition, the temperature hold steady until the polymer has completely melted into 

liquid, then the temperature will continue to increase. 

The amorphous polymers lack sufficient regularity in packing of the chains 

compared to the crystalline polymer, below glass transition temperature Tg, amorphous 

polymers exist as hard, rigid and glassy matter, where motion is restricted to molecular 

motions. When the temperature is above Tg, segments (20-50 atoms) of the entangled 

chains can move, the polymer becomes soft and flexible, the substance becomes rubbery 

state, as showed in Fig 1(2).  

Semi-crystalline polymers have both crystalline and amorphous regions, therefore, 

Tg and Tm exist together in semi-crystalline. Above the Tm, the crystalline section melts 

into liquid, below Tm, the crystalline becomes cold crystallization, Tg is always lower 

than Tm [9.10]. 

In recent years, some work has been done on the thickness-dependent Tg or Tm   

of polymer films [11, 12, 13, 14,]. It is reported that for those polymer films which have 

favorable interaction with the substrate, Tg (or Tm) increases with the thickness. If the 

polymers have no significant interaction with the substrate, Tg (or Tm) may either 

increase, decrease or remain the same [15]. For example, it was found that the melting 
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point of poly (ethylene-vinyl acetate) (EVA) thin films (below 30 nm) dropped 15K 

compared to the bulk polymer by Kim [16].  It is observed that a Tm large change of up to 

38K for linear low-density polyethylene (LLDPE) when thickness under 150 nm [17].   

On the other hand, some experiments indicated that Tm of PCL (poly (ε-

caprolactone) ) on quartz or hydrophobic silicon substrates, does not appear to vary with 

film thickness [18]. Also, C.C. White measured the Tg of five polystyrene films in the 

thickness range from 25nm to 200nm on quarts substrates, and found that Tg of the five 

ultra-thin films was similar to the bulk Tg with no dependence on the thickness [11].  

In this paper, Differential Scanning Calorimetry (DSC) is used to measure the 

melting temperature of bulk polymer films, other techniques such as Atomic Force 

Microscope (AFM) and new- designed Optical Test Methods (OTM) are applied to 

measure the Tm for a series of thickness polymer films. Two kinds of widely-used 

polymers are studied, poly ethylene vinyl acetate (EVA770) and linear low-density 

polyethylene (LLDPE). EVA770 is the copolymer of ethylene vinyl and acetate. EVA 

770 used is made by Dupont Packaging & Industrial Company, it is an EVA (ethylene  

vinyl acetate copolymer) plastic materials, includes 9.5% (by weight) ethylene vinyl, it 

can be used in a variety of applications involving molding, compounding, extrusion, 

adhesives, sealants and wax blends. The typical properties of Elvax 770 are in Table 

1[19]. 

 

Physical Nominal Values Test Methods 

Density 0.93g/cm3 ASTM  D792 ISO1183 

Melt Index(1900C/2.16kg) 0.8g/10min ASTM D1238 ISO1133 

Thermal Nominal Values Test Methods 

Melting Point (DSC) 960C ASTM D3418 ISO3146 

Vicat Softening Point(0C) 800C ASTM D1525 ISO306 

 
Table 1  Typical Properties of EVA770 
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Linear low-density polyethylene (LLDPE) is a substantially linear polymer with 

numbers of short branches, commonly made by copolymerization of ethylene with 

longer-chain olefins.  The typical properties of LLDPE are in Table 2.  

 

Properties Density Hardness Tensile strength Melting Point 

Values 0.92g/cm3 D47 1700psi 1180C 

 
Table 2  Typical Properties of Linear Low-density Polyethylene (LLDPE) 

 
Both EVA770 and linear LLDPE are semi-crystalline polymers.  

 

1.2 Polarized Light and Birefringence 

1.2.1 Polarization and Birefringence of Light 

` Light can be described as an electromagnetic wave produced by vibrating electric 

charges. When a light wave is vibrating in more than one plane, it is said to be un-

polarized. Polarization is a process by which un-polarized light waves are combined into 

vibration along one single plane. There are three typical polarizations, linear polarization, 

circular polarization, and elliptical polarization. For the light propagating along z axis, 

linear polarization can be oriented in any direction perpendicular to the propagation 

direction and can be described as a vector sum of Ex and Ey. If the light is composed of 

two plane waves of equal amplitude but differing in phase 900, then the light is said to be 

circularly polarized. Elliptically polarized light consists of two perpendicular waves of 

unequal amplitude which differ in phase by 90° [20, 21].  

An optical device whose input is natural light and whose output is some form of 

polarized light is called a polarizer. The physical uses for polarizer are dichroism or 

selective absorption, scattering, reflection and birefringence or double refraction. There 

are many practical applications of polarizer, including polarized sunglasses, stress 



analysis tests on plastics, production and viewing of 3-D films, electronics and 

photography [22].  

Birefringence is a property of optical materials for which light polarized along the 

x axis experience a difference index of refraction, and therefore travels at a different 

speed than does light polarized along the y axis. Birefringence comes from the anisotropy 

of some crystals, including hexagonal, tetragonal, and trigonal, which have different 

indices of refraction within their structures, this may cause light entering the crystal to 

refract into two rays that travel at different speeds [23]. 

 

1.2.2   Introduction of Calculus for Polarization Light 

Jones Calculus, Mueller Calculus, and Poincare Sphere are three useful methods 

that describe polarization light. Jones Calculus and Mueller Calculus are matrix methods, 

in which, the light beam is represented by a vector, the optical device encountered by the 

beam is represented by a matrix, and they are multiplied to yield another vector 

representing the light beam output. Poincare Sphere is a graphical representation 

polarized light methods, it is simpler than the other methods and often rapidly yields the 

polarization information. The Jones Calculus can only be applied to fully polarization 

light, the Mueller Calculus can be used to partially polarization light as well as fully 

polarization light, but in Jones Calculus, phase information is retained, while there is no 

phase form in Mueller Calculus. In this study, the Jones Calculus is used, for the 

polarized light tested is nearly fully polarization light [24, 25]. 

According to Jones Calculus methods [26], if the time-dependent term is omitted, 

polarization light propagation in z-direction can be represented by Jones Vector as 

follows, 

 

y

x
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y

i
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Φ
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    (1.1) 

                                            

Here Ax and Ay are the magnitudes of the electric field along X and Y axis, Øx 

and Øy are x-axis and y-axis phase terms. 
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The Jones vector for horizontally polarized light is, 

 

0

χϑi
xAJ l

=    (1.2) 

 

The Jones vector for vertically polarized light is, 
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0
=    (1.3) 

 

The Mueller Matrices for a linear polarizer is given as follows, while θ is the 

angle that the polarizer oriented from x-axis. 
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The Mueller Matrices for a linear retarder with azimuth ρ and retardation δ is 

given as,  
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The output effect is the result of light with the optical components. As the follows, 

 

[ ] [ ][ ]LightInputMatricesMuellerOutput =    (1.6) 
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Ex and Ey are Jones vector elements of the initial light beam, Ex
’ and Ey

’ are the 

Jones vector elements of the beam after it comes from the optical devices, and mij are 

coefficients determined by the optical properties of the devices encountered. 

 

1.3   Reflection of Polarization Light 

When a monochromatic light is incident on a dielectric material, the portion that 

is reflected or transmitted will depend on the polarization of the light, the angle of the 

incident, and the refractive indices of the two media [27]. The refracted light is described 

by the Snell’s law as [28], 

 

(1.9)  

 

⎟
⎠
⎞

⎜
⎝
⎛= −

n
iθθγ

sin
sin 1

Where θi is the incident angle, θr is the refracted light angle, n is the index of 

refraction. The incident light, the reflected light, and the refracted light lie on the same 

plane as incidence plane, the reflected light can be worked out by Fresnel Equations, it 

predicts the intensity ratio of the reflected light to that of the incident light, this ratio is 

called reflectance [29]. 

o

r

I
IR =  (1.10) 

 

Here, R is the reflectance of light, Ir is the intensity of the reflected light, and I0 is 

the intensity of incident light. If the incident light is polarized perpendicular to the plane 

of incident, the reflectance is, 
2

)sin(
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If the incident light is polarized parallel to the  incident plane, the reflectance can 

be, 
2

// )tan(
)tan(
⎥
⎦

⎤
⎢
⎣

⎡
+
−

=
ti

tiR
θθ
θθ (1.12) 

 

┴ shows the polarized light perpendicular to the plane of incidence, and // 

polarization parallel to the plane of incidence. θi is the angle of incidence , θt is the angle 

of refracted light. 

For very small incidence angle, the reflected angle is also very small, so, the 

approximately, 

( )
( )2

2

// 1
1

+
−

≈≈⊥ n
nRR  (1.13) 

 

In this paper, we have designed an Optical Test Method, which uses Reflectance 

Anisotropy Spectroscopy (RAS), a normal incidence reflectance technique created by 

Hinds Instruments, utilizes the anisotropy of reconstructed semiconductor and metal 

surface, RAS is capable of measuring the difference in incident reflectance R// and R┴ for 

parallel or perpendicular linearly polarized light[30]. 

 

( ) 2/yx

yx

RR
RR

R
R

+

−
=

∆  (1.14) 

 

∆R = R// - R┴   (1.15) 

 

Rx is the x-axis section of the polarization light, Ry is the y-axis section of the 

polarization light. 
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2. Experimental 
 

2.1 Sample Preparation  

2.1.1 Silicon Wafer Cleaning  

This procedure is to remove the contaminants from the silicon wafer surface and 

to control chemically grown oxide on the silicon wafer surface. First the silicon wafer is 

cut into 1×1 inch pieces by using diamond cutter and then put in a small beaker, add 

Methylene Alcohol, sonicate for five minutes, rinse with DI water, and then add NH4OH 

( Ammonium Hydro-oxide), H2O2( Hydrogen Peroxide ) and H2O (1:1:3) , heat to boiling 

for 30 minutes, rinse with DI water, add H2SO4 (Sulfuric Acid), H2O2( Hydrogen 

Peroxide ) and H2O (1:1:3) , heat to boiling for 30 minutes, rinse with DI water, rinse 

with hydrofluoric acid (HF) solution for 10 seconds, hydrophobic silicon oxide surface 

was formed. Dry the silicon wafer with nitrogen gas. 

 

2.1.2 Spin Casting, Samples Annealing and Thickness Measurement 

  To get various concentrations of EVA (770) and LLDPE solutions, 0.010 – 0.200 

g EVA (770) and LLDPE are separately dissolved in 10 ml toluene at room temperature 

and heated to about 1100C, to get completely dissolved solutions. After the solution is 

prepared, we take a clean piece of silicon wafers, it is washed and dried. Place the silicon 

piece on the spinner and, using a pipette, get enough of the solution to cover the piece of 

silicon surface, spinner revolute at a rate of 2500 rpm, various thickness thin film of 

polymer EVA and LLPDE then formed. 

These samples are put into an oven under vacuum, increase the temperature from 

the room temperature to 1200C (for EVA770 samples) or 1400C (for LLPDE samples) 

gradually, stay at that temperature for one hour, and slowly drop the temperature to room 

temperature. 

Ellipsometer is used for measuring the thickness of polymer film. It uses the 

monochromatic wavelength of light either red, blue, or violet, shining on a material, 

capturing the reflection, the analysis is dependent on Snell’s law. 
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2.2 Differential Scanning Calorimetry (DSC)  

Differential Scanning Calorimetry (DSC) is a technique to measure the energy 

necessary to maintain no difference between the amount of heat required to increase the 

temperature of a sample and a reference material. Both the sample and reference material 

are kept at the same temperature environment when heated and cooled at a controlled rate. 

In this experiment, a heat-flux type (Model DSC831E by Mettler-Toledo Instrument ) 

is applied. 12mg EVA (770) or 13mg LLPDE are measured from 300C to 1500C, with 

heating rate 30C/min, and under dry nitrogen atmosphere. 

 

2.3 Atomic Force Microscopy (AFM)  

Atomic Force Microscope (AFM) is a very high resolution type of scanning probe 

microscope, AFM provides topographic information down to Angstrom level, with some 

special probe, it can also obtain other properties such as thermal, electrical conductivity, 

magnetic characteristics of the sample. Here, different thicknesses (from about 100 

Angstrom to more than 1500 Angstrom) of EVA770 and LLPDE films on silicon wafer 

substrate are measured by the contact mode of AFM. These samples are fixed on the hot 

plate, which are heated from 330K to 380K for EVA770 and from 340K to 390K for 

LLPDE at heating rate 10C/min. The amplitude of feedback signal changes with 

temperature is taken, which shows the thermal properties of polymers [31].  

  SPM (Digital instruments Dimension 3000) is used to measure the topographical 

image of EVA 770 and LLPDE samples.  

 

2.4 Optical Test Method  

Optical Test Method (OTM) is set up to measure the melting characteristics of  

polymer by polarized light and its interaction with the optical devices.  

The OTM includes a laser emitter, a polarizer, a sample holder, a photo-elastic 

modulator (Hinds PEM-90TM), a piece of Kapton, a second polarizer called an analyzer 

and a photo-detector, as shown in Figure 2. The analyzer is oriented 90º to the first 



polarizer, PEM is oriented 45o to the first polarizer, as the laser light ejected from the 

laser emitter passes through polarizer, PEM, the sample, the kapton and the analyzer, the 

output beam involves time-varying birefringence of all devices and polymer films.  

A polarizer is a filter that only allows light with a specific orientation to pass 

through it. In this experiment, two linear polarizers are applied.  

  PEM is an optical device used to modulate the polarization of an input light, the 

photo-elastic effect is used to change the birefringence of the optical element in the 

photo-elastic modulator. The Hinds PEM-90TM is an instrument used for modulating or 

varying (at a fixed frequency) the polarization of the beam light.  The PEM-90TM 

includes the Controller, the Electronic Head, and the Optical Head. Its operation is based 

on the photo-elastic effect, in which mechanically stressed sample exhibits birefringence 

proportional to the resulting strain. 

Based on the Jones Calculus, it is known that the laser beam can be represented 

by a vector, and the optical device can be showed as Jones Matrix as the follows, 
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B, C are the azimuths of the sample and kapton, δ2, δ3 are the retardations of  

sample and kapton,  Qij,  Mij and Nij represent their elements of  Jones Matrix, they are 

constants in this experiment. A is the azimuth of PEM, δ1 is the sinusoidal retardations of 

PEM, and it can be represented as  

 

)sin(01 tωδδ =  (2.7) 

 

Here δ0 is amplitude of retardation and ω is the oscillation frequency of PEM. 
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It is defined that, 
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Vdc and V1f are measured by voltmeters connected to a photo-detector, which is 

connected with the modulating frequency of PEM.  
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3 Experimental Results 

 

3.1 DSC Experiment 
Figure 3 and Figure 4 are schematic DSC curves of EVA (770) and LLPDE, 

which demonstrate their melting features. The endothermic peaks in the DSC curves 

show the melting temperature of tested materials. As we can see in Figure 3, the melting 

temperature of EVA770 is about 970C, and in Figure 4, the melting temperature of 

LLPDE is about 1150C.  

 

3.2 Atomic Force Microscopy 
Atomic Force Microscopy (AFM) contains a certain thermal sensing probe with a 

thermal-couples stage used to measure the melting temperature of polymer films. The 

melting temperature can be deduced from the vertical motion as the probe sinks into the 

polymer film below, and it can be represented as light signal amplitude transition from 

the curve recorded.  

  Figure 5 to figure 14 are schemes show Amplitude Vs Temperature of EVA 770  

by AFM for different thickness films, from thin to relatively thick film (146Å to 1688Å).  

As we can see that all the curves show good transitions while going melting process, the 

melting point of film with thickness 146 Å is about 351K( 780C ), while the melting 

temperature of film with thickness 1400Å is about 372.5K ( 99.50C), there are nearly 

21.5K maximum difference between the thin and thick EVA770 films we tested. Also, it 

is noticed that the melting temperature of EVA770 increase gradually with the increasing 

thickness, as in Table 3 and figure 15. Below thickness of 416Å, the change of melting 

temperature is not large, above 863Å, the change is not large either, and it researches 

almost stable about 370K.    

For LLPDE films, Figure 16 to 23 indicate Amplitude Vs Temperature by AFM , 

for film with thickness 140 Å, the melting temperature is 370K, and for thickness 1504 Å, 

the melting temperature is about 395K, the gap is 25K. 
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Figure 25 are scanning probe microscope (SPM) topographic images of  EVA770 

annealed samples, with  thickness 230 Å, 650 Å and 1215 Å,  film of 1215 Å shows 

spherulite structure. As the film thickness decreases, the structure becomes coarse and 

large dendrite crystals for 650 Å, and thin and small dendrite crystals for thickness 230Å. 

Figure 26 are topographic images of LLPDE annealed samples by SPM with thickness 

323 Å, 616 Å, 1087Å. The thick LLPDE film of 1807 Å is like spherulite and dendrite 

together, the structure of thickness 616 Å is coarse dendrite shape, and 323 Å thickness 

sample is thin dendrite shape. 

 

3.3 Optical Test Method 
Optical Test Method is using a polarized light incidence reflectance technique, 

which measures the light information change due to the optically isotropy of the materials.  

  Figure 27 is a general heating and cooling process of EVA sample in this 

experiment (take sample EVA770 with thickness 1866Å for an example). The heating 

rate is about 2.20C/min. Figure 28 and Figure 29 are V1f and Vdc vs. time of EVA 770 

with thickness 1866Å, as we can see that, at the beginning, V1f and Vdc increase a little, 

and then experience a dramatic descending process. After some stable period, there is a 

abrupt increasing curve, at last, reach at a stable stage. 

From Figure 33 to Figure 46, the variation characteristics of V1f and Vdc with 

temperature for different thickness EVA 770 are plotted separately.  For each sample, 

there are two dramatic transitions, the descending and the increasing in short time. The 

descending point shows the melting temperature, while the increasing point represents the 

re-crystallization temperature. Comparing the samples with thickness 116 Å to 1866 Å,  

the melting temperature for 116 Å is about 720C (345K), while the melting temperature 

of 1866 Å sample is about 950C (368K). There is a 23K gap between them. Also the 

melting temperature of different thickness EVA 770 increases as the thickness increases 

until reaches the bulk film melting temperature. 

  Figure 30 indicates the heating and cooling process of LLPDE sample in this 

experiment (take sample with thickness 1412Å for an example), the heating rate is about 



2.20C/min, the change behavior of V1f and Vdc vs. time is similar to that of EVA 770 as 

above mentioned, shown in Figure 31 and Figure 32. 

  Figure 48 to Figure 59 display the variation characteristics of V1f and Vdc with 

temperature for different thickness from 182 Å to 1412 Å of LLPDE, similarly, two 

dramatic changes occured, the descending and the increasing transition.  The melting 

temperature for 182 Å is about 900C (363K), while the melting temperature of 846 Å 

sample is about 1120C (385K), the maximum gap is about 220C (K). 

 

 

 

4 Discussions and Conclusions 
 

4.1 Discussions 
Among many theoretical studies that define the characteristics of the melting 

temperature of polymer films, two methods are universally applied, which are Gibbs-

Thomson Equation and Hoffman-Weeks Methods. Gibbs-Thomson Equation describes 

the relationship between the melting temperature and lamellar thickness of polymer film 

thermodynamically [32, 33]. 

l
CTlT o

mm −=)(  (4.1) 

Where   is the melting temperature of  an infinite edge polymer,  is the 

melting temperature of polymer lamellar with thickness l, C is a constant depends on the 

properties of polymer, l is thickness of polymer lamellar. From Gibbs-Thomson Equation, 

we know that, under certain circumstance, the melting temperature of polymer  

0
mT )(lTm

film may decrease as the thickness of polymer increases. The Hoffman-Weeks plot 

method has been widely used to obtain of polymer films, it is based on Gibbs-

Thomson Equation and the surface nucleation theory. 

0
mT

  In this paper,  is determined by Differential Scanning Calorimetry (DSC),  

which is about 97

0
mT

0C for EVA770, and 1150C for LLPDE, it is compared to the bulk 
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polymer films measured by AFM and OTM. In AFM experiment, the melting 

temperature of bulk EVA770 is 372.5K (99.50C) with thickness 1400Å, while the melting 

temperature of  bulk LLPDE is 395K( 1220C) with thickness 1504Å. In OTM experiment, 

the melting temperature of bulk EVA770 is 368K (950C) with thickness 1866Å, while the 

melting temperature of bulk LLPDE is 385K (1120C) with thickness 846Å.  

Also it is observed that, for both EVA 770 and LLPDE measured by AFM, the 

results show similar transition tendency, the melting temperature increases with the 

thickness, but for the thinner films (less than 400-500 Å), their melting temperatures are 

close, and also after the thickness reaches certain values ( for example, above 800 Å), 

their melting temperatures can get stable again. 

The Optical Test Method (OTM) is designed based on RAS (Reflectance 

Anisotropy Spectroscopy) Technique provided by Hinds Instrument Inc. including 

interactions of polarized or polarization modulated light through optical elements and the 

sample, study the physical properties ( here is melting temperature) of  the sample by 

analyzing the reflected light. 

Table 5, Figure 47 and Table 6, Figure 60 indicate the OTM experimental results 

of EVA 770 and LLPDE, both of them show similar variation behavior.  There is a large 

gap of melting temperature when the film thickness is between 100- 400 Å compared 

with thickness above 800 Å, when the film thickness is below 400 Å or above 800 Å, the 

melting temperature keep almost stable. The maximum gap of temperature for EVA770 

is about 23K, and the maximum gap of temperature of LLPDE is about 22K. 

Based on the analysis above, it is shown that for the two main experimental  

methods studying on the melting temperature of EVA770 and LLPDE films applied in 

this paper, their results show similar performance, and also agree with the previous 

statements. 

 

4.2 Conclusions 
In this paper, the research is cast on the melting characteristic of two semi-

crystalline polymers, poly ethylene vinyl acetate (EVA770) and linear low-density 

polyethylene (LLDPE), mainly by Atomic Force Microscopy (AFM) and self-designed 
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Optical Test Method (OTM). Study the relationship between polymer film thickness and 

melting temperature of EVA 770 and LLPDE, and also investigate the morphology 

characteristics of polymer thin films after annealing. 

  The thin and ultra-thin films are spun casting on silicon wafer, after annealing, 

their melting temperature is measured by Atomic Force Microscopy (AFM) and self-

designed Optical Test Method (OTM), results are compared with those of bulk films 

tested by Differential Scanning Calorimetry (DSC). The AFM and OTM results present 

similar melting behavior of these two polymer materials, for thin film and ultra-thin film 

of EVA 770 (from thickness of 116Å to 1866Å) and LLPDE (from thickness of 146Å to 

1688`Å), between a given thickness region, the melting temperature increases largely as 

the thickness increases, above and below a certain film thickness, the melting temperature 

will show little variation. The maximum melting temperature gap of EVA770 is 21.5K by 

AFM, and 23K by OTM, while the maximum melting temperature gap of LLPDE is 25K 

by AFM, and 22K by OTM. 

  In summary, the melting temperature of thin and ultra-thin EVA770 and LLPDE 

changes largely with the film thickness in a certain zone. 

                   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 

 
                           

(1) (2) 
 

Figure 1 (1) Heat vs. Temperature for Crystalline Polymer (2) Heat vs. Temperature of 
Amorphous   Polymer 
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Figure 2 Schematic Diagram of Optical Test Method 
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Figure 3 Heat Flow vs. Temperature of EVA770 by DSC 
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Figure 4 Heat Flow vs. Temperature of LLPDE by DSC 
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Figure 5 Amplitude vs. Temperature of EVA770 (146Å) by AFM 
 

 
 

Figure 6 Amplitude vs. Temperature of EVA770 (167Å) by AFM 
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Figure 7 Amplitude vs. Temperature of EVA770 (210Å) by AFM 
 

 
 

Figure 8 Amplitude vs. Temperature of EVA770 (348Å) by AFM 
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Figure 9 Amplitude vs. Temperature of EVA770 (416Å) by AFM 
 

 
 

Figure 10 Amplitude vs. Temperature of EVA770 (491Å) by AFM 
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Figure 11 Amplitude vs. Temperature of EVA770 (836Å) by AFM 
 
 

 
 

Figure 12 Amplitude vs. Temperature of EVA770 (1211Å) by AFM 
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Figure 13 Amplitude vs. Temperature of EVA770 (1400Å) by AFM 
 

 

 
 

Figure 14 Amplitude vs. Temperature of EVA770 (1688Å) by AFM 
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Thickness 

 
 

146Å 

 
 

167Å 

 
 

210Å

 
 

346Å

 
 

416Å

 
 

491Å 

 
 

863Å

 
 

1211Å 

 
 

1400Å 

 
 

1688Å 

 
 

Melting 
Temperature 

 
 

351K 

 
 

353K 

 
 

355K

 
 

359K

 
 

362K

 
 

365.5K

 
 

368K

 
 

371K 

 
 

372.5K

 
 

371.5K

 
Table 3 Melting Temperature vs. Film Thickness of EVA770 by AFM 

 
 

 
 

Figure 15 Melting Temperature vs. Film Thickness of EVA770 by AFM 
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Figure 16 Amplitude vs. Temperature of LLPDE (140Å) by AFM 
 

 
 

Figure 17 Amplitude vs. Temperature of LLPDE (201Å) by AFM 
 

 

 
 

 
29 



 
 

Figure 18 Amplitude vs. Temperature of LLPDE (634Å) by AFM 
 
 

 
 

Figure 19 Amplitude vs. Temperature of LLPDE (643Å) by AFM 
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Figure 20 Amplitude vs. Temperature of LLPDE (779Å) by AFM 
 

 
 

Figure 21 Amplitude vs. Temperature of LLPDE (986Å) by AFM 
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Figure 22 Amplitude vs. Temperature of LLPDE (1132Å) by AFM 
 

 
 

Figure 23 Amplitude vs. Temperature of LLPDE (1504Å) by AFM 
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Thickness 

 
 
140Å 

 
 
201Å 

 
 
634Å 

 
 
643Å

 
 
779Å

 
 
986Å 

 
 
1132Å 

 
 
1504Å

 
 
Melting 
Temperature 

 
 
370K 

 
 
365.5K

 
 
372.5K

 
 
372K

 
 
392K

 
 
392K 

 
 
394.5K 

 
 
395K 

 
Table 4 Melting Temperature vs. Film Thickness of LLPDE by AFM 

 
 
 

 
 

Figure 24 Melting Temperature vs. Film Thickness of LLPDE by AFM 
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(1) EVA770 (230Å)                              
 
 

 

 
 

                   (3) EVA770 (1215Å) 
 

Figure 25 Topographic Images of EVA770 Annealed
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                   (2) EVA770 (650Å) 

 Samples by SPM, Scan Size 50um 



 
 
 
 

 
      

 

 
 

(1) LLPDE (323Å)                         
 
 
 

 
 

                 (3) LLPDE (1087Å) 
 

Figure 26 Topographic Images of LLPDE Anneal
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                       (2) LLPDE (616Å) 

ed Samples by SPM, Scan Size 50um 



 
 

Figure 27 Temperature vs. Time of EVA770 (1866Å) by OTM 
                                                                                                       

                 
 

Figure 28 V1f vs. Time of EVA770 (1866Å) by OTM 
 

                                              
         

Figure 29 Vdc vs. Time of EVA (1866Å) by OTM 
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Figure 30 Temperature vs. Time of LLPDE (1412Å) by OTM    
                                                                

                         
 

Figure 31 V1f vs. Time of LLPDE (1412Å) by OTM 
                                                    

 
 

Figure 32 Vdc vs. Time of LLPDE (1412Å) by OTM 
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Figure 33 V1f vs. Temperature of EVA770 (116Å) by OTM 
 
 

 
 

Figure 34 Vdc vs. Temperature of EVA770 (116Å) by OTM 
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Figure 35 V1f vs. Temperature of EVA770 (262Å) by OTM 
 
 

 
 

Figure 36 Vdc vs. Temperature of EVA770 (262Å) by OTM 
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Figure 37 V1f vs. Temperature of EVA770 (352Å) by OTM 
 
 

 
 

Figure 38 Vdc vs. Temperature of EVA770 (352Å) by OTM 
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Figure 39 V1f vs. Temperature of EVA770 (431Å) by OTM 
 
 

 
 

Figure 40 Vdc vs. Temperature of EVA770 (431Å) by OTM 
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Figure 41 V1f vs. Temperature of EVA770 (613Å) by OTM 
 
 

 
 

Figure 42 Vdc vs. Temperature of EVA770 (613Å) by OTM 
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Figure 43 V1f vs. Temperature of EVA770 (785Å) by OTM 
          

 
 

Figure 44 Vdc vs. Temperature of EVA770 (785Å) by OTM 
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Figure 45 V1f vs. Temperature of EVA770 (1866Å) by OTM 
 

 
 

Figure 46 Vdc vs. Temperature of EVA770 (1866Å) by OTM 
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Thickness 

 
 
116Å 

 
 
262Å 

 
 
352Å 

 
 
431Å 

 
 
613Å 

 
 
785Å 

 
 
1866Å 

 
 
Melting 
Temperature 

 
 
720C 
(345K) 

 
 
780C 
(351K)

 
 
75.50C 
(348.5K)

 
 
860C 
(359K)

 
 
900C 
(363K)

 
 
870C 
(360K) 

 
 
950C 
(368K)

 
Table 5 Melting Temperature vs. Film Thickness of EVA770 by OTM 

 
 

 
 

Figure 47 Melting Temperature vs. Film Thickness of EVA770 by OTM 
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Figure 48 V1f vs. Temperature of LLPDE (182Å) by OTM 
 

                                                                                                   

 
 

Figure 49 Vdc vs. Temperature of LLPDE (182Å) by OTM 
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Figure 50 V1f vs. Temperature of LLPDE (230Å) by OTM 
 
 

 
 

Figure 51 Vdc vs. Temperature of LLPDE (230Å) by OTM 
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Figure 52 V1f vs. Temperature of LLPDE (241Å) by OTM 
 
 

 
 

Figure 53 Vdc vs. Temperature of LLPDE (241Å) by OTM 
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Figure 54 V1f vs. Temperature of LLPDE (420Å) by OTM 
 

 
Temperature (0C) 

                                                                      
Figure 55 Vdc vs. Temperature of LLPDE (420Å) by OTM 
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Figure 56 V1f vs. Temperature of LLPDE (846Å) by OTM 
 

 
 

Figure 57 Vdc vs. Temperature of LLPDE (846Å) by OTM 
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Figure 58 V1f vs. Temperature of LLPDE (1412Å) by OTM 
 

 

 
 

Figure 59 Vdc vs. Temperature of LLPDE (1412Å) by OTM 
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Thickness 

 
 
182Å 

 
 
230Å 

 
 
241Å 

 
 
420Å 

 
 
846Å 

 
 
1412Å 

 
 
Melting 
Temperature 

 
 
900C 
(363K)

 
 
950C 
(368K)

 
 
1000C 
(373K)

 
 
1050C 
(378K)

 
 
1120C 
(385K) 

 
 
1100C 
(383K) 

 
Table 6 Melting Temperature vs. Film Thickness of LLPDE by OTM 

 

 

 
 

Figure 60 Melting Temperature vs. Film Thickness of LLPDE by OTM 
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