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Abstract: 

Self-assembly of immiscible polymer blend films during deposition presents an attractive avenue to 

fabricate structured multi-component thin films. Depth profiles formed by self-stratification during spin 

casting can be varied simply by modifying processing conditions, even on short time scales. However, the 

current practice of self-stratification utilizes polymer blends that are specific for optimizing properties of a 

desired application and provides little insight into the underlying driving forces that guide the process of 

stratification. Our research seeks to fill this gap by using neutron reflectivity to monitor the stratification of 

blends consisting of poly(3-hexylthiophene-2,5-diyl (P3HT) and poly(methyl methacrylate) (PMMA) as a 

function of sample and processing condition: spin casting speed, polymer blend composition, and polymer 

molecular weight. Each of these parameters were varied individually, and each parameter provided 

orthogonal control of the extent of stratification. An increase in the concentration of P3HT in the blend 

composition increased the immiscibility between the two polymers which leads to an increase in 

stratification. A reduction in the similarity of polymer molecular weights in the blend reduced the entropic 

driving force of stratification. Additionally, when casting speed was decreased, and all thermodynamic 

conditions were left unchanged, we observed a longer film formation time and an increase in extent of 

stratification. Longer film formation times allow more time for the thermodynamic driving forces to dictate 

the rearrangement of polymer towards equilibrium. Furthermore, by changing the relative molecular weight 

of the polymers, the purity of the P3HT layer at the air interface improved, where the largest molecular 

weight PMMA resulted in the purest P3HT rich layer. The interfacial width between the P3HT rich layer 
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and the PMMA rich layer was also controlled by changing the composition of the blend, where the blend 

with the highest concentration of P3HT resulted in the sharpest interface. We attribute the differences in 

vertical morphology to the control of the thermodynamic properties of each blend, including total entropy 

of the system, surface energy, and the  interaction parameter. Through careful regulation of the processing 

conditions of P3HT:PMMA thin films, these results provide insight into both the kinetic and 

thermodynamic factors that direct the self-stratification of polymer blend films. This fundamental study of 

stratification for P3HT:PMMA blends provides the foundation to develop a global understanding of self-

stratification and to impact a wide range of technologies by developing cost-efficient protocols for multi-

layer film deposition of structured thin films without post-modification processes. 

 

Introduction:   

Polymer coatings serve a wide array of purposes, where many specific applications require multi 

component coatings.1–5 These coatings are typically applied in a layer by layer fabrication process. In 

addition to the deposition of each layer for its desired application, adhesive binders are often required 

between layers to prevent peeling and improve durability of the entire coating system.1 This layer by layer 

assembly is inefficient and in order to combat this, the stratification of multiple materials from a single step 

solution process may be employed to improve the efficiency of film fabrication.6–8 Utilizing self-

stratification decreases the number of depositions which leads to lower production costs as it eradicates 

time consuming post-modification processes of the material.9 

Much of the current investigation of self-stratification of blend films involves altering the 

processing conditions and correlating these processing conditions to final film properties, for example 

device performance or durability.10–14 To the best of our knowledge, there is limited knowledge of the 

thermodynamic and kinetic driving forces that guide the self-stratification process, which is needed to more 

rationally control of final film morphology.15 For example, in many thin film applications, polymers 

processed from different casting solvents result in films with contrasting properties.16 Yet it is unclear 

whether changing the solvent has a larger impact upon the kinetic drying time of the film, or the 
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thermodynamic interactions of the system, and which of these two properties controls and guides the 

formation processes that impact the final film structure and properties. Our studies will focus on the 

common film formation process of spin coating, which is a non-equilibrium process.17,18 Therefore, in order 

to identify the driving forces that guide film formation, it is necessary to regulate multiple parameters to 

derive an understanding of the thermodynamic and kinetic processes that impact the measured film structure 

and properties.  

Typically, stratification is examined via depth profiles derived from optical microscopy, or ion 

sputtering mass spectroscopy,19–21 both of which provide a qualitative picture of the polymer blend 

stratification. Our research will utilize neutron reflectivity to provide a quantitative assessment of the impact 

of spin casting speed, polymer blend composition, and polymer molecular weight on the stratified sample’s 

depth profile and structure. These processing parameters were selected to provide insight into the effect of 

surface energy, polymer-polymer interaction parameters, and film drying kinetics on final film formation 

and polymer blend stratification. To realize this goal, a quantitative method was developed to analyze the 

final film’s extent of stratification, so that the thermodynamic and kinetic driving forces that guide final 

film structure and total stratification can be more thoroughly investigated.  

The focus of this research is a conjugated and insulating polymer blend, poly(3-hexylthiophene-

2,5-diyl) (P3HT) and poly(methyl methacrylate) (PMMA), which are used as benchmark polymers for 

organic field effect transistors. Utilizing these two polymers is advantageous because they phase separate 

upon deposition into practical morphologies suitable for solution processing of electronic devices.22,23 

Recent studies have documented how specific deposition conditions impact the performance of these 

devices, but disregard how the thin film structure and thus, in turn, device performance may be tuned with 

control of the final blend film stratification.24–27 Providing insight into the role of specific thermodynamic 

and kinetic parameters on the film formation process will greatly impact the ability to control, engineer, 

and improve these films for desired application performance. 28–31 Thus, the development of a holistic 

understanding of the driving forces behind polymer blend stratification provides an innovative pathway to 

control final film morphology simply by changing the polymer blend and processing conditions.   
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Experimental:  

Chlorobenzene (Sigma Aldrich), Poly(3-hexylthiophene-2,5-diyl) (P3HT) (Ossila, regioregularity-

95%, and number-average molecular weight (Mn) 19,500 g/mol and polydispersity index (PDI) 1.75) and 

deuterated poly(methyl methacrylate (dPMMA) (Polymer Source Inc., Mn (PDI), 20,000 g/mol (1.6), 

131,500 g/mol (1.4), 316,000 g/mol (1.35), 520,000 g/mol (1.4)) were used directly from the supplier and 

were not further purified. Polymer blends were dissolved at 1 percent by mass in ratios of P3HT:dPMMA 

5:95, 10:90, 15:85, 20:80 in chlorobenzene. These polymer blends were dissolved at 55 °C overnight into 

a homogenous solution. Thin films were prepared by spin coating (209.4 rad/s, 104.7 rad/s, and 52.4 rad/s) 

the chlorobenzene solutions onto Si wafers. The Si wafers were cleaned in a piranha solution (3:1 ratio of 

sulfuric acid and hydrogen peroxide), washed with nanopure water, and allowed to sit under UV irradiation 

and ozone for 30 minutes prior to film deposition.    

Neutron reflectivity experiments were conducted at both the National Institute of Standards and 

Technology’s Center for Neutron Research using the NG7 beamline and the Spallation Neutron Source at 

Oak Ridge National Laboratory with a Q range of 0.008-0.2 A-1 where Q= 4π/λ sin(θ); λ is the neutron 

wavelength, and θ is the angle of incidence. The data for all incident angles was reduced utilizing the NCNR 

software.32 

Time-resolved light reflectivity was measured with an in-situ apparatus to monitor film formation 

during the spin casting process under the same conditions discussed above. A P3HT:dPMMA (520,000 

g/mol) 20:80 solution was spin cast at 209.4, 104.7, and 52.4 rad/s. The procedure is described elsewhere.18 

The surface energy of protonated poly(methyl methacrylate) (H-PMMA) was determined using 

contact angle measurements. H-PMMA was obtained from Acros (Mn 15,000 g/mol) and Sigma-Aldrich 

(weight average molecular weight (Mw) 120,000 g/mol and 350,000 g/mol). Mn 520,000 g/mol dPMMA 

was obtained from Polymer Source. Contact angle measurements were conducted at the Chemical Sciences 

Division at Oak Ridge National Laboratory utilizing a Kruss DSA 100 Standard Optical Microscope. Drops 
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of water and diiodomethane were placed on thin films of bare SiO2, P3HT, and PMMA with Mn of 520,000 

g/mol, Mw 350,000 g/mol, Mw 120,000 g/mol, and Mn 15,000 g/mol in these experiments.  

Results: 

In order to study the impact of processing conditions on final film structure, the depth profile of the 

samples of interest were determined by neutron reflectivity experiments, where parameters of interest 

include polymer blend composition, spin casting speed, and PMMA molecular weight. Each experiment 

resulted in a raw neutron reflectivity curve which was fit to a multi-layer model using IGOR and Motofit 

software packages.33 The model fit was verified for accuracy by incorporating a mass balance where the 

average scattering length density (SLD) for the model depth profile is compared to the average SLD of the 

polymer blend based on the composition of the spin cast solution within 3% agreement.  The fitting 

procedure produces a depth profile of SLD as a function of thickness.  Each SLD is then transformed into 

a P3HT volume fraction depth profile using Equation 1:  

𝑆𝐿𝐷𝑙𝑎𝑦𝑒𝑟(𝑧)−𝑆𝐿𝐷𝑑𝑃𝑀𝑀𝐴

𝑆𝐿𝐷𝑑𝑃𝑀𝑀𝐴−𝑆𝐿𝐷𝑃3𝐻𝑇
=  𝜙𝑃3𝐻𝑇(𝑧)                                             Eq. (1) 

where SLDlayer(z) is the SLD of the model depth profile at depth z, and ϕP3HT is the volume fraction of P3HT 

in the layer. The SLD of P3HT is estimated to be 0.7x10-6 A-2 and a range of 6.7x10-6A-2 – 7.1x10-6A-2 was 

used for the range of molecular weights of dPMMA, calculated from the National Institute for Standards 

and Technology (NIST) Center for Neutron Research (NCNR) SLD calculator. The thickness of each 

sample was normalized using the measured thicknesses from the neutron fit, where 0 is the air interface and 

1 is the SiO2 interface. The normalized film thickness allows the comparison of all films regardless of 

processing conditions where film thickness is known to change with polymer molecular weight and spin 

casting speed.34 

 Each P3HT volume fraction depth profile was further analyzed to quantitatively determine the 

extent of stratification of each sample. In this analysis, the stratification is quantified by comparing the 

depth profile of the experimental film to that of a completely stratified sample and a homogenous thin film. 
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A completely stratified sample is defined as two layers of pure P3HT and pure dPMMA and a homogenous 

thin film is a film with a constant concentration of P3HT throughout the entire depth of the film.  

We can compare the stratification of different samples regardless of processing conditions by 

utilizing a normalized thickness and the percent of P3HT in the samples as a baseline for each calculation. 

To determine the amount of P3HT in each sample, the total integral of the volume fraction depth profile 

(0% to 100% P3HT) as a function of normalized thickness (0 to 1) is determined.  This integral value is 

then used as the baseline in the depth profile for the extent of stratification calculation, because a completely 

homogenous (i.e. non-stratified) film contains this amount of P3HT, regardless of the probed depth. 

Equation 2 provides the method to calculate the extent of stratification, S, of a polymer blend film. 

       S = 100 ∗
Vsample

(100−Vtotal)∗(
Vtotal

100
)
                                                     Eq. (2) 

In Equation 2, Vtotal is the integral under a sample’s depth profile curve (baseline 0% P3HT) which 

represents the volume percent of P3HT in the entire deposited film. The value obtained for Vtotal is used for 

the baseline of the integral denoted as Vsample. The value of the volume fraction of the P3HT in the film, 

Vtotal, is used as the baseline for Vsample ensuring that a homogenous, non-stratified sample is quantified as 0 

percent stratified. Any area above the theoretical limit of a homogenous, non-stratified sample indicates 

stratification occurred. The integral denoted as Vsample represents a quantitative measure of the stratification 

of each sample. Vsample is the area under the depth profile of the experimental film with the average 

concentration of P3HT in the deposited film (that can be determined from Vtotal) as the baseline. For further 

clarification, this method is illustrated in Figure 1 for a sample consisting of a blend of P3HT:dPMMA 

20:80. The horizontal dashed line at 20% P3HT describes the baseline of the Vsample integral, as the P3HT 

volume fraction of this sample is 20%. The vertical line at 0.2 thickness of the film represents the 

hypothetical thickness of a P3HT layer in a completely stratified film consisting of 20% P3HT. To calculate 

the extent of stratification of the sample, Vsample is divided by the area of a completely stratified layer with 

the horizontal baseline of 20 (volume percent of P3HT in the film) and the vertical thickness that is equal 

to the percent of P3HT in the film (0.2 in this case), as depicted by the vertical outlined rectangle in Figure 
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1. The area of the vertical rectangle above the horizontal baseline of Vtotal is calculated as the denominator 

in Equation 2 ((100-Vtotal)•(Vtotal/100)). The vertical and horizontal limits change in the calculation of S for 

each sample to account for changes in the P3HT composition in the film during the spin coating process. 

The extent of stratification for this sample is defined by the area under the depth profile curve and above 

the horizontal baseline (checkerboard pattern) (8), divided by the area of the outlined rectangle above the 

horizontal Vtotal baseline (100-20)•(20/100)=16); 8/16= 50% stratified.  The error for the extent of 

stratification is calculated from difference between the experimental volume percent of P3HT in the film 

(Vtotal) and the theoretical P3HT concentration based on the spin cast solution. The discrepancy between 

the experimental and theoretical P3HT concentrations is propagated through Equation 2. 

 
Figure 1. P3HT volume fraction depth profile illustrating the quantitative analysis of percent stratification, 
where Vtotal measures the sum of the areas of the black and white stripe region and the black and white 
checkerboard region, Vsample measures the area of the black and white checkerboard region, and the black 
horizontal baseline represents the baseline for Vsample which is equivalent to the concentration of P3HT in 
the sample. 
 

Using this protocol, the extent of stratification of spin-coated P3HT:dPMMA polymer blends were 

monitored as a function of spin casting speed, P3HT:dPMMA blend composition and dPMMA molecular 

weight. First, the impact of P3HT:dPMMA blend composition will be reported. Figure 2 shows the resultant 

P3HT volume fraction depth profiles as a function of nominal blend composition. The compositions 

analyzed are P3HT:dPMMA blends of 5:95, 10:90, 15:85, 20:80. Altering the blend composition (Figure 
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2) clearly results in different degrees of P3HT found at the air interface, though all samples are stratified to 

some extent. As the P3HT concentration increases in these samples, the depth of the P3HT layer at the air 

interface broadens. In addition, the sharpness of the interface between an upper layer dominated by P3HT 

and the lower layer dominated by dPMMA varies for the blends. The breadth of the interface between these 

two layers is related in Figure 2 to the slope of the depth profile between layers, where a steep slope is 

interpreted to be a sharp interface while a gradual slope depicts a broad interface. The 5:95 P3HT:dPMMA 

sample has a broad interface that becomes sharper as the P3HT loading increases, with a significantly sharp 

interface observed in the 20:80 blend. Figure 3 plots the extent of stratification of the P3HT:131,500 g/mol 

dPMMA samples for all blend compositions. It is evident that an increase in P3HT loading increases the 

extent of stratification for each sample. 

 
Figure 2. P3HT volume fraction depth profiles of P3HT:131,500 g/mol dPMMA 5:95 (red), 10:90 (green), 
15:85 (blue), 20:80 (black) blends spin cast from chlorobenzene at 104.7 rad/s where 0 is the air interface 
and 1 is the SiO2.  
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Figure 3. Plot of the extent of stratification as a function of P3HT loading all prepared at 104.7 rad/s and 
131,500 g/mol dPMMA. 

It has been previously reported that spin casting conditions directly impact film formation time.30  

One method to extend film formation time is to introduce a different spin casting solvent with a higher 

boiling point.35 Changing the solvent allows us to investigate the effect of film formation time on the degree 

of stratification, but additional solvent-polymer interactions must be considered. As an attempt to isolate 

the effect of film formation time on the extent of stratification without introducing additional polymer-

solvent interactions, the impact of spin-casting speed on film formation time, and thus, final film structure 

was monitored. To quantify the time required for film formation at each spin speed, time resolved light 

reflectivity experiments were conducted. Figure 4 presents the light reflectivity results for each spin speed 

(52.4, 104.7, 209.4 rad/s). Interpreting these results provides a film formation time when the constructive 

and destructive interference fridges no longer appear. This flat line is due to an increase in off specular 

scattering relative to the light reflectivity fringes in a dry film. These results show that P3HT:dPMMA 

blend solutions spun at 52.4 rad/s formed films in 21 seconds, solutions spun at 104.7 rad/s formed films 

in 11 seconds, and solutions spun at 209.4 rad/s formed films in 6 seconds.  
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Figure 4.  Light reflectivity monitoring film formation of a P3HT:dPMMA 20:80 blend spin cast at 52.4 
rad/s (top), 104.7 rad/s (middle), and 209.4 rad/s (bottom). 

 

The volume fraction depth profiles and extent of stratification for samples prepared with different 

casting speeds are reported in Figures 5 and 6, respectively. Figure 5 displays the P3HT volume fraction 

depth profile for the P3HT:dPMMA 20:80 blends containing 131,500 g/mol dPMMA as a function of spin 

cast speed. It is interesting to note that the sharpness of the interface between the P3HT dominated layer 

and dPMMA dominated layer does not change with spin cast speed. The change in spin cast speed, and 

therefore time of film formation, does alter the concentration of P3HT in the top layer, though it does not 

change the normalized thickness of this layer. In these samples, the 52.4 rad/s sample contains the highest 

concentration of P3HT in the top layer, while the 209.4 rad/s sample contains the smallest concentration of 

P3HT in the top layer. It is important to note that although this representation of the data does not show a 

broadening of the P3HT layer with spin speed, each sample’s thickness has been normalized to 1. Therefore, 

the P3HT rich layer is thicker in the sample cast at 52.4 rad/s (~19 nm) than the sample cast at 209.4 rad/s 

(~4 nm), but this difference is minimalized when the total thickness of the film is normalized. The total 

thicknesses of the 52.4 rad/s and 209.4 rad/s films are ~65 nm and ~30 nm, respectively.  

52.4 rad/s 

104.7 rad/s 

209.4 rad/s 
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Figure 5. P3HT volume fraction depth profiles of a P3HT:dPMMA (131,500 g/mol) 20:80 blend spin cast 
from chlorobenzene at 209.4 rad/s (red), 104.7 rad/s (green), and 52.4 rad/s (blue) where 0 is the air interface 
and 1 is the SiO2. Repeats of P3HT:dPMMA (131,500 g/mol) 20:80 samples prepared at 104.7 rad/s and 
209.4 rad/s are included in the supplementary information.  
 

To quantify the exact changes of the stratification with the change in processing conditions, the 

P3HT volume fractions were analyzed to quantify the extent of stratification with the method described by 

Equation 2. Figure 6 shows the extent of stratification as a function of the composition of the 

P3HT:dPMMA blend as well as the spin-casting speed for each thin film. Figure 6 also shows that at each 

specific spin speed, an increase in P3HT loading results in a larger percent stratification. In addition, Figure 

6 also shows that for each P3HT:dPMMA composition, a spin speed of 52.4 rad/s results in the largest 

extent of stratification. Qualitatively, the stratification of the final film increases with decreasing spin speed 

and increasing film formation time.   
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Figure 6. Plot of extent of stratification as a function of spin speed, and P3HT:dPMMA composition 5:95 
(red), 10:90 (green), 15:85 (blue), 20:80 (black). The P3HT volume fraction profiles for P3HT:dPMMA 
131,500 g/mol samples of all blend compositions prepared at casting speeds of 52.4 and 209.4 rad/s can be 
found in the supplementary information. Additionally, repeats of P3HT:dPMMA (131,500 g/mol) 5:95 
samples prepared at 52.4 rad/s and 104.7 rad/s are included in the supplementary information.  
 

The molecular weight of dPMMA was also varied to observe its effect on the P3HT stratification 

process. For this set of experiments, four different dPMMA molecular weights were employed (20,000 

g/mol, 131,500 g/mol, 316,000 g/mol, and 520,000 g/mol). Films were formed from solutions with 

P3HT:dPMMA compositions of 5:95, 10:90, 15:85, 20:80, where solutions were spin cast at 104.7 rad/s 

from chlorobenzene. Figure 7 shows the P3HT volume fraction depth profiles for the 5:95 P3HT:dPMMA 

blends for each molecular weight.  
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Figure 7. P3HT volume fraction depth profiles of a P3HT:dPMMA 5:95 blend spin cast from 
chlorobenzene at 104.7 rad/s with varying dPMMA molecular weights 520,000 g/mol (red), 316,000 g/mol 
(green), 131,500 g/mol (blue), 20,000 g/mol (black) where 0 is the air interface and 1 is the SiO2 interface.  
 

The film formed from the blend containing the largest molecular weight dPMMA 520,000 g/mol 

has a small layer of highly concentrated P3HT at the air surface, and as the molecular weight of dPMMA 

decreases, the P3HT concentration at the air interface decreases. The interface between the P3HT 

dominated region and the dPMMA dominated region does not seem to change significantly among the 

various molecular weight depth profiles. To quantify the effects of dPMMA molecular weight on 

stratification, each depth profile was analyzed using Equation 2, and the resultant extents of stratification 

are shown in Figure 8.   
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Figure 8. Plot of the extent of stratification as a function of dPMMA molecular weight and P3HT:dPMMA 
composition 5:95 (red), 10:90 (green), 15:85 (blue), 20:80 (black) all prepared at 104.7 rad/s. The P3HT 
volume fraction profiles for P3HT:dPMMA 20,000 g/mol, 316,000 g/mol, and 520,000 g/mol samples can 
be found in the supplementary information.  
 

Inspection of Figure 8 shows that for each blend composition, the extent of stratification generally 

decreases as dPMMA molecular weight decreases. It is important to note that the change in extent of 

stratification with respect to blend composition in these experiments, where an increase in P3HT in the 

blend leads to an increase in stratification, agrees with the trends observed in the stratification patterns and 

extent of stratification values shown in Figures 2, 3, and 6. Additionally, the change in extent of 

stratification with blend composition is significantly reduced in the 520,000 g/mol dPMMA blend relative 

to the changes in the extent of stratification with blend composition for films that contain 20,000 g/mol 

dPMMA. The blends containing 520,000 g/mol dPMMA exhibit a variation in extent of stratification that 

is only ca. 15% with blend composition, while the extent of stratification in the 20,000 g/mol dPMMA 

blends varies from less than 10% to greater than 60% with changes in the blend composition.  

To further investigate the driving forces behind stratification differences when varying dPMMA 

molecular weight, contact angle measurements were conducted using water and di-iodomethane to 

determine the surface energy of each molecular weight dPMMA, P3HT, and SiO2. The contact angle 
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measurements as well as their respective surface energies are presented in Table 1. Surface energy was 

calculated using the geometric mean method as shown in Equation 3:36  

(1 + cos θt)γt=2[(γd
tγd

s)1/2 +(γt
p
 γs

p)1/2]                                                  Eq. (3) 

In Equation 3, θ is the contact angle of the test liquid on a solid surface, and γt and γs are the surface 

energies of the test liquid and the solid surface, respectively. The accepted polar (p) and dispersive energy 

(d) components for water are 51.0 mJ/m2 and 21.8 mJ/m2 and for diiodomethane are 0.0 mJ/m2 and 50.8 

mJ/m2.7 The surface energy of PMMA increases with decreasing molecular weight, and the surface energy 

of PMMA is always larger than that of P3HT. P3HT and all molecular weights of PMMA have significantly 

different surface energies than that of the SiO2 substrate. The decrease in the surface energy of dPMMA 

with molecular weight is accredited to an end group effect, where an increase in the number of chain ends 

in low molecular weight polymers relative to their high molecular weight counterparts alters the polymer 

surface energy. 

Table 1. Contact angles and calculated surface energies and measurements of the polymers studied. 
 

Sample 
H2O 

Contact 
Angle (°) 

CH2I2 
Contact 
Angle (°) 

Surface 
Energy 
(mJ/m2) 

15,000 g/mol PMMA 74.5 32.4 46.5 
100,000 g/mol PMMA 73.0 32.5 47.0 
350,000 g/mol PMMA 70.5 31.9 48.1 
520,000 g/mol PMMA 67.4 32.1 49.2 
P3HT 92.9 54.7 32.3 
SiO2 18.7 43.4 71.1 

 

Discussion: 
 

The data presented here documents and quantifies the impact of altering the processing conditions 

of spin coating immiscible polymer blends on the final film depth profile, including spin speed, polymer 

blend composition, and polymer molecular weight. Altering each of these parameters individually resulted 

in varying depth profiles and extent of stratification, yet the driving forces for these changes are less clear. 

Clearly, a number of factors may contribute to the stratification of a polymer blend during spin coating, 

including surface energy differences between two polymers,37 the miscibility of the two polymers, the 
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relative solubility of each component in the pre-deposition solvent, the film formation time, and surface 

energy of the supporting substrate. It is clear that the surface energy differences between the two polymers 

does not fully explain our results, particularly the change in stratification with blend composition (Figure 

2). To further investigate the importance of these driving forces of stratification, the Flory-Huggins 

interaction parameters, χ, between PMMA, P3HT, and chlorobenzene were estimated using Equation 4.38 

The literature solubility parameters, 𝛿, for P3HT and PMMA are presented in Table 2 as well as the 

calculated χ parameter between P3HT and PMMA (χ = 1.08) using Equation 4.  

𝜒 =
𝑉0

𝑅𝑇
(𝛿𝑎 − 𝛿𝑏)2                                                                 Eq. (4) 

A χ parameter that is greater than 0.5 indicates poor polymer-polymer interactions, and an immiscible 

blend.39  This is consistent with the results presented in Figure 2 that shows there is an increase of P3HT at 

the air interface with increase of P3HT loading in the blend, as this is consistent with increased phase 

separation between the two polymers and increased stratification as P3HT concentration in the blend 

increases, as shown in Figure 3. The increased immiscibility with increased P3HT concentration in the 

blend manifests as an increase in the P3HT concentration at the air interface. This result indicates that the 

immiscibility of P3HT and PMMA is a significant driving force for this stratification and that increasing 

the miscibility of two polymers will decrease the stratification. 

Table 2.  Solubility parameters at room temperature for P3HT and PMMA. 
Material δ (MPa1/2) 𝝌𝐏𝟑𝐇𝐓−𝐏𝐌𝐌𝐀 

P3HT 14.840 1.08 
PMMA 19.541  

 

The in-situ light reflectivity results (Figure 4) show that spin coating at 209.4 rad/s traps polymer 

movement over three times faster than the film formation process that occurs at the slowest spin speed of 

52.4 rad/s. Since all other process conditions (blend composition, solvent interactions, blend molecular 

weight) are left unchanged, the kinetics of the film formation process are exclusively responsible for the 

disparity among all samples’ final film depth profiles in Figure 5. Assuming the blend continually 

rearranges during the film formation process and is driven towards an equilibrium structure, the regulation 
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of film formation time provides insight into the progress towards equilibrium of each blend’s thin film. For 

instance, a sample fabricated with a fast spin speed and shorter film formation time has a depth profile 

further from equilibrium than a sample processed with a slower spin speed and longer film formation time. 

The P3HT volume fraction depth profiles for the films formed from P3HT:131,500 g/mol dPMMA 20:80 

blends (Figure 4) shows that P3HT segregates to the air surface (Z=0) for all three spin speeds with an 

increased P3HT concentration at the air interface with decreasing spin speed. Thus, the slower spin speed 

provides more time for the P3HT to be thermodynamically driven to the air interface, which is consistent 

with its lower surface energy. Figure 6 quantifies the percent stratification as a function of spin speed, where 

for each blend composition of P3HT and 131,500 g/mol dPMMA, the percent stratification increases with 

decreasing spin speed. This result indicates that the equilibrium of a P3HT:131,500 g/mol dPMMA blend 

is a more stratified sample with a P3HT dominated layer found at the air interface and a dPMMA rich layer 

found at the Si interface. Further, the effect of altering the P3HT:dPMMA blend composition is also evident 

at each examined spin speed (Figure 6), where increasing the P3HT concentration in the blend also increases 

the extent of stratification. 

To broaden our understanding of the driving forces behind stratification of this system, PMMA 

molecular weights ranging from 20,000 g/mol – 520,000 g/mol were combined with P3HT in blend 

compositions of 5:95-20:80 and spin cast at 104.7 rad/s to investigate the effect of PMMA molecular weight 

on the film stratification patterns and extent of stratification. Altering the relative molecular weights of the 

two polymers in the blend allows us to evaluate the importance of entropic contributions to the stratification 

of the components in the film during the casting process. This is because smaller chains are entropically 

driven to the air interface to minimize the entropic penalty of confining a long polymer chain to an 

impenetrable interface.42,43 Figures 7 and 8 present the depth profiles and the extent of stratification of the 

cast films as a function of dPMMA molecular weight and P3HT:dPMMA blend composition, respectively. 

Figure 8 clearly shows that increasing the P3HT concentration in the blend, regardless of dPMMA 

molecular weight, increases the extent of stratification which is consistent with previously discussed results. 

The P3HT volume fraction depth profile for blends of 5:95 P3HT:dPMMA with varying dPMMA 
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molecular weight, as seen in Figure 7, shows various amounts of P3HT driven towards the air interface 

depending on the molecular weight of dPMMA. This result is quantified in Figure 7, where stratification 

decreases with decreasing dPMMA molecular weight, for all four blend compositions. This is consistent 

with P3HT and dPMMA of similar molecular weights having similar entropic driving forces. A reduction 

of the free energy of the system provides a driving force for the low molecular weight dPMMA to 

entropically segregate to the air interface, challenging the enthalpically driven sequestration of the P3HT 

at the air interface. This competition leads to less stratification due to the failure for P3HT and dPMMA to 

form independent pure layers.  

All of the extent of stratification results are in good agreement with the calculated surface energies 

where the P3HT is primarily driven to the air interface and the decrease in dPMMA molecular weight 

results in a lower surface energy material, such that it is approaching the surface energy of P3HT. It is 

important to emphasize that the similarity of surface energy and entropic forces in the 20,000 g/mol 

dPMMA samples lead to less stratified films, while increasing the loading of P3HT in the blend still elicits 

an additional driving force for stratification. This result indicates that the entropic forces due to varying 

dPMMA molecular weight are not sufficient to overcome the immiscibility of the two polymers, P3HT and 

dPMMA.   

These results clearly indicate that all processing conditions, not solely the miscibility of the polymer 

blend or their surface energies dictate and drive final film morphology, depth profiles, and extent of 

stratification. It is evident that by simply altering processing conditions, a targeted final film morphology 

may be fabricated without additional post-processing modifications. Although P3HT:dPMMA blends were 

studied here, the guidelines produced are based on the thermodynamic driving forces and kinetics of film 

formation during spin casting. Therefore, these results should provide guidelines to direct the stratification 

and assembly of a broad range of polymer blends. This foundation thus provides pathways to improve the 

structure and assembly of thin polymer blend films for a myriad of applications. These range from durable 

polymer coatings to organic electronic device processing where these results show that the interface 
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between the polymers can be controlled without extensive alteration to the thin film itself, as well as 

controllably altering the extent of stratification by changing the processing conditions.  

Conclusion:   

Neutron reflectivity experiments provide film depth profiles of various spin cast polymer blends 

processed by varying spin speed, blend composition, and polymer molecular weight. These results indicate 

that spin speed, blend composition, and molecular weight alter the stratification patterns of P3HT and 

dPMMA polymer blends and provide insight into the fundamental driving forces that guide the stratification 

process. In all cases, P3HT is driven toward the air interface and changing the processing conditions can 

further encourage this effect. This research also develops a method to analyze the degree of stratification, 

and therefore quantitatively compare the impact of processing parameters on the stratification process.  

Our results show that the speed of spin casting controls film formation time where a slower spin 

speed leads to longer film formation. This longer film formation time allows the polymer layers more time 

to rearrange and approach equilibrium. By utilizing slower spin speeds, more stratified P3HT:dPMMA thin 

films emerge, when compared to samples formed at faster spinning speeds. In addition, altering the blend 

composition and molecular weight of the polymers also influence the final film depth profile.  As the 

concentration of P3HT in the blend increases, the stratification of the blend increases due to the decrease 

in miscibility of the blend. Not only does the stratification increase, but increasing the amount of P3HT in 

the blend also elicits a sharpened interface between the two layers.  

 Incorporating lower molecular weight dPMMA into the blend alters the entropic driving forces in 

the stratification process, due to the increase in number of chain ends. This lower molecular weight dPMMA 

is entropically driven towards the air interface competing with P3HT, therefore decreasing stratification. 

 These results therefore provide guidelines to control and moderate the final film morphology and 

layering of deposited polymer blend thin films. Since P3HT and PMMA are widely used for organic field 

effect transistors, this research ultimately expands our ability to controllably alter the final film structure, 

and creates a pathway to better understand the correlation between processing conditions and thin film 

structure required for efficient device performance. Although this study outlines P3HT:dPMMA blends, 

the overall conclusions can be applied to other polymer blend systems and provides crucial insight that can 
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direct the development of optimal cost-efficient methods to fabricate multi-layer films with the desired 

structure without the need for post-modification processes. 
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