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ABSTRACT 

Accurate characterization of the glass transition temperature (Tg) in polymer thin films is 

pivotal for their application in nanotechnology. Here, we introduced a novel and simple method 
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to measure Tg based on the observation of creep flow in response to static shear stress. The 

technique employs a polydimethylsiloxane (PDMS) pad placed on top of the polymer thin film. 

The sample is held isothermally at 2 K intervals upon heating. At each temperature, steady 

shear is applied with constant normal and lateral forces for a constant duration of time. Tg is 

identified by the onset temperature where PDMS displacement is observed at the 

polymer/PDMS interface in optical microscopy. The measured Tgs strongly correlate with 

those measured by spectroscopic ellipsometry for various polymers with various molecular 

weights and film thicknesses. Furthermore, we demonstrate that this approach can be employed 

in conditions where Tg measurements using other methods may be challenging. For example, 

in polymer-infiltrated nanoparticle films (PINFs), the Tg of the highly confined polymer in the 

composite can be accurately measured. This facile and inexpensive technique can be readily 

adopted in various industries, where alternative techniques, such as ellipsometry, can be costly 

and require extensive expertise. 
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   INTRODUCTION 

Polymer thin films and composites can play an essential role in various fields of 

nanotechnology, such as lithography, 1 transistors, 2, 3 sensors, 4 energy harvesting devices, 5 

material transfer, 6 nanotemplates, 7-10 and more. Generally, material properties of polymers 

are intricately related to the segmental motion of polymer chains, 11-13 which can strongly 

vary in glass forming polymers, depending on their glass transition temperatures (Tg).
 14, 15  

In polymer thin films, Tg can strongly deviate from that of the bulk due to the strong 

perturbations of the free surface and substrate interfaces. 16-26 A strong interaction between 

polymer chains and the substrate can restrict the relaxation dynamics of polymer chains, 

which can propagate through the films, 27 thus changing the average film Tg.
 28 Similarly, soft 

substrates have been shown to strongly modify polymer film Tg at distances exceeding 200 

nm. 25  On the other hand, at their free surface, polymer films show enhanced relaxation 

dynamics24, 26, 29, 30 compared to that of the bulk, which can result in dramatic Tg reduction. 17, 

18, 21, 31 These effects can be long-range and affect polymer properties at distances 10-100 nm 

from each interface, depending on the mechanical properties of the substrate and the polymer 

chemistry.  

Apart from the interfacial effects in thin films, numerous other factors, including additives, 

crosslinking, and residual solvents32-34 can also influence Tg, making it difficult to estimate 

the effective Tg of polymer films for a desired application. Moreover, geometric confinement 

in highly loaded polymer nanocomposites35 and nanoporous materials36, 37 can also affect the 

Tg of polymers. In polymer-infiltrated nanoparticle films (PINFs), Tg can increase by as much 

as 50 K above the bulk Tg.
 36 38, 39 As such, developing robust methods to measure Tg under 
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various conditions is important to advance our understanding of the complex factors affecting 

Tg, for predictive design of composite materials. 

While measuring the effective Tg of polymer thin films is important, common techniques 

such as differential scanning calorimetry (DSC) are unsuitable for measuring the Tg of thin 

films or composite samples. The most popular methods of measuring thin films Tg are 

spectroscopic ellipsometry (SE) 16 and nano DSC, 40, 41 which are actively used in research 

settings. However, these techniques can be expensive and require technical expertise, limiting 

their broad use in industrial settings. As such, simple and easily accessible alternative 

methods can expand the utilization of Tg measurements in determining material properties. 42  

Tg of bulk and thin polymer films can also be measured through rheological 

measurements. Here, the viscoelastic response of a film can be measured upon applied shear 

stress at various times and temperatures. The system's response is typically observed to 

follow time-temperature superposition (TTS). 43 The resulting temperature-dependent shift 

factors are proportional to the polymer’s relaxation time, which can then be used to obtain Tg.
 

44 Typically, dynamic Tg is defined as a temperature where the structural relaxation time (τα) 

is ~100 s, 19, 45 which corresponds to Tg measured by DSC or dilatometry46-48 (including 

ellipsometry) at a cooling rate of 10 K/min. In bulk systems, the change of cooling rate by a 

factor of 10, typically results in 2-3 K change in Tg.
 19 Accordingly, around the nominal Tg,  

the viscosity can vary by 3-4 decades in a small window of temperature (20-30 K), which is 

also measured as the breadth of the glass transition in DSC experiments. 19-21, 45 As such, the 

cooling-rate dependent Tg is generally proportional to the non-Arrhenius behavior of the 

relxation dynamics seen in rheological measurements, where the cooling rate is inversely 

proportional to the system’s relaxation time at Tg .
 49 In thin films, the average Tg is typically 

lower and the dependence of both the relaxation time and inverse cooling rate on temperature 
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has been observed to be weaker (lower fragility or activation energy), and the breadth of the 

glass transition is generally increased as the film thickness is decreased. 19, 21, 45 In addition, 

these effects typically starts only at slow cooling rates or slow relaxation times (𝜏𝛼 < 1, or a 

temperature a few degrees above bulk Tg), above which minimal effects of film thickness is 

observed. 19, 21, 45 This is due to increased gradients of mobility across thin films, due to the 

interplay between the enhanced mobility of the free surface and the slower dynamics close to 

the substrate. 21 Nevertheless, previous studies have shown that the average Tg measured 

using ellipsometry at various cooling rates still corresponds to the averaged relaxation 

dynamics across the films. 19, 45 

In this study, we introduce a method to probe Tg of polymer thin films based on state-

dependent creep flow under static shear stress, which is analogous to the TTS approach but 

with a simplification of using a constant measurement time. A static shear stress is applied to 

a thin polymer after placing a PDMS pad on the film’s surface. Constant normal and lateral 

forces are simultaneously applied to the PDMS pad for a constant duration. Below the Tg, 

polymers have high viscosity, and their segmental relaxation is extremely slow. As such, 

creep flow is not observed at the polymer/PDMS interface at the time scale of the 

experiments. In contrast, above Tg, the viscosity is decreased dramatically (glass to rubber 

transition), 44, 50 and flow is observed at the polymer/PDMS interface. As such, the film Tg 

can be determined by measuring the distance over which the interface has moved as a 

function of temperature after some elapsed time. We demonstrate that by properly selecting 

the elapsed time, the measured Tg,Shear highly correlate with the conventionally measured Tg,SE 

values determined by spectroscopic ellipsometry (SE). The technique is validated for various 

polymers with various molecular weights and film thicknesses and in PINFs with various 

degrees of confinement.   
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RESULTS AND DISCUSSION 

Determining Tg using applied shear. An overview of the experimental setup is illustrated 

in Figure 1. Quasi-static shear is applied using a polydimethylsiloxane (PDMS) pad similar 

to previous reports. 51-55 In this method, as shown in Figure 1a, a PDMS pad (10x10 mm2 

area, 1 mm-thick, preparation details in the experimental section) is placed on the surface of a 

polymer film deposited on a rigid silicon substrate. Under a steady normal force of 𝐹𝑁 = 4.9 

N, a lateral force of 𝐹𝑠 = 2.5 N is applied to the top surface of the PDMS pad to generate a 

steady shear at various isothermal temperatures. The shear stress was calculated to be 25 kPa 

based on the values of the normal force, the lateral force, and the area covered by the PDMS 

pad (details in the experimental section and schemes in Figure S1). The magnitude of shear 

stress and the hold time were chosen such that a flow (i.e. the displacement of the 

polymer/PDMS interface) would be optically observed just above Tg. During the glass to 

rubber transition, the viscosity of a polymer film typically changes by 3-4 decades from a few 

GPa.s to a few MPa.s. 38, 50 At constant applied stress, this difference can either be probed by 

changing the measurement time, which is experimentally impractical given the, or by 

choosing a constant wait time while varying the experimental temperature (typically in a 20-

30 K window breadth of Tg),
 19, 20 which is the approach taken here. For example, a typical 

wait time of 30 min was chosen for the experiments. To observe a 1-μm-displacement, the 

detection limit under the optical microscope, a minimum shear rate of ~0.5×10-3 s-1 is needed. 

In the rubbery state with a viscosity of 106 Pa.s, ~5 kPa of minimum shear stress is needed to 

observe displacement, while in the glass state with a viscosity of 109 Pa.s, at least ~500 kPa 

would be needed. Thus, the selected 25 kPa of shear stress can only form optically visible 

creep above Tg. We also note that to observe a flow under the microscope, measurements 

require wait times longer than the polymer’s reptation time, 56 which were also considered, as 
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detailed further below. Furthermore, this amount of shear stress is sufficient to make all 

polymer chains across the thickness direction57 experience terminal flow reflecting the 

average relaxation response of the film, even if there is a mobility gradient from the pad to 

the substrate. 

 

Figure 1. State-dependent creep flow of polymer thin films under static shear stress. (a) 

Schematic illustration of a polymer thin film sandwiched between a rigid substrate and a PDMS 

pad under applied steady shear. (b, c) From left to right, schematic illustration, optical 

microscope images, and AFM height images of (b) the glass/PDMS interface (at 353 K, below 

Tg) and (c) the rubber/PDMS interface (at 383 K, above Tg) of a 115-nm-thick PS film (Mw=99 

kg/mol) held for 30 min under 25 kPa of applied shear stress. White and red arrows indicate 

the direction of shear. Scale bars are 10 μm. The lateral features observed in the microscope 

and AFM images in (c) indicate displacement of the PDMS at the PDMS/polymer interface 

above Tg. 

  Figures 1b and 1c show that when a shear stress of 25 kPa is applied to a 115 nm film 

of polystyrene (PS, Mw = 99 kg/mol) for a duration of 30 min at two different temperatures, 

353 K and 383 K, PS films showed different surface features in optical microscopy (OM) and 

atomic force microscopy (AFM) At 383 K, which is above Tg (Figures 1c), a creep flow is 
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observed in the direction of shear at the PS/PDMS interface, while no discernible features are 

seen at 353 K (below Tg). This is because when the static shear stress is applied to the PDMS 

surface, momentum is transferred to the rubbery polymer film, resulting in a creep flow in the 

direction of shear (schematically shown in Figure 1c). Below Tg, the relaxation time of the 

polymer is too long, and in the absence of any slippage, creep flow is not observed in the 

duration of the experiment at the polymer/PDMS interface (schematically shown in Figures 

1b)  

To accurately determine Tg,Shear, the displacement distance of the PDMS pad after applying 

a steady shear stress of 25 kPa for 30 min was measured by holding the sample isothermally at 

a fixed temperature. To cover the broad range of temperatures, separate shear experiments were 

conducted for individual samples of the same condition at different temperatures at 2 K 

intervals. At each temperature, the sample was held under shear for 30 min. We note that the 

thermal expansion of PDMS, even in the absence of applied shear stress, can move the position 

of the PDMS footprint at each temperature. To accurately determine the displacement distance 

due to the applied shear stress, the displacement induced by the thermal expansion of the PDMS 

pad, measured separately in the absence of external shear (OM images and schemes in Figure 

S2), was deducted from the measured displacements under the applied shear. Please see the 

details in the experimental section and schemes in Figure S1 and Figure S2. Figure 2a shows 

a plot of the calculated displacement of the PDMS due to external shear as a function of 

temperature for the 115-nm-thick film of PS (99 kg/mol). The corresponding OM images are 

shown in Figure 2b. Tg,Shear was determined as the mid-temperature between the temperatures 

at which displacement was first observed and the highest temperature where no apparent 

displacement was observed (Figure 2a inset). As seen in Figure 2a, under the conditions used 

here, the displacement of the PDMS pad was first observed at 371 K. Upon further heating, the 
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displacement increased dramatically, indicating significant viscosity reduction at higher 

temperatures. The onset temperature of displacement increment ranged between 371 K and 373 

K for various samples in independent experiments. As such, the Tg,Shear of this film thickness 

was determined to be Tg,Shear = 372 ± 2 K, as shown in the inset of Figure 2a. For films of the 

same thickness, SE measurements show Tg,SE = 370 ± 2 K, as shown in Figure 2a (experimental 

details in Materials and Methods). 

 

Figure 2. Probing Tg,Shear of polymer thin films based on the displacement of the PS/PDMS 

interface after applying a steady shear stress at various temperatures. (a) Displacements of the 

PDMS edge on the PS(115 nm, 99 kg/mol)/PDMS interface vs. temperature, after applying 25 

kPa of steady shear stress for 30 min (black squares, left axis), and thickness change vs. 

temperature monitored using spectroscopic ellipsometry (blue dots, right axis). Tg,Shear = 372 ± 

2 K is determined as the midpoint of temperatures below and above which displacement was 

first observed (red arrow in the inset), and Tg,SE = 370 ± 1 K is determined as the intersection 

of two linear fits (red lines) to the film expansion in the glass and supercooled liquid states 

(blue arrow).  (b) Optical microscope images at various temperatures after the applied shear 

show the displacement (or lack thereof) of the PDMS edge at the PS/PDMS interface. The 

white arrow indicates the direction of shear. Scale bars are 30 μm. 
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The role of polymer molecular weight in the measured Tg,Shear values. Notably, the 

apparent Tg,Shear of the PS film (Tg,Shear= 372 ± 2 K) is slightly higher than the Tg obtained 

from SE (Tg,SE = 370 ± 1 K).  As discussed above, given the strong dependence of viscosity 

on temperatures, the applied shear, as well as the shearing time, can affect the value of 

Tg,Shear. The shearing method fundamentally relies on measuring a displacement larger than 

the optical resolution limit. However, even when an objective lens with a high numerical 

aperture (NA) value is used, the maximum resolution is only a few hundred nanometers. As 

such, the chosen 30 min of shearing is insufficient to allow identifiable displacement lengths 

at the dilatometric (Tg,SE) for the PS thin films with a high molecular weight of Mw = 99 

kg/mol, which is larger than the entanglement molecular weight, Me.
 58 

To further demonstrate the role of molecular weight in determining Tg,Shear, measurements 

were performed on 110-nm-thick PS films of various molecular weights. Figure 3a shows 

the measured Tg values using both methods as a function of molecular weights. The 

corresponding OM images are shown in Figure S3. As seen in this figure, as Mw is increased 

beyond Me, a small but systematic difference is observed between Tg,Shear, and Tg,SE. However, 

we note that Tg measured by both methods follows the Fox-Flory relation, eq 1. 59 

𝑇𝑔 = 𝑇𝑔
∞ −

𝐶

𝑀𝑤
      (1) 

The red and black solid lines in Figure 3a correspond to fitted curves with Tg,SE
 = 371 ± 1 K 

and CSE = 92.5 ± 2.0 mol.K/kg, and Tg,Shear
 = 373 ± 2 K and CShear = 106.6 ± 6.0 mol.K/kg, 

respectively. It should be noted that within the error, the fitting constant C for both methods 

was close to the previously reported value of C = 100 mol.K/kg for PS. 59 
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Figure 3. Comparison of Tg,Shear (black squares) and Tg,SE (red circles) as a function of Mw. (a)  

Tg,Shear (black squares) and Tg,SE (red circles) vs. Mw for 110-nm-thick PS films of various 

molecular weights. The black dotted line indicates Me. (b) Tg,Shear vs. shearing time, upon 

applying 25 kPa of shear stress for 115-nm-thick PS(99 kg/mol) films. 

The larger value of Tg,Shear
 compared to Tg,SE

 agrees that the 30 min shearing time was 

insufficient for Tg determination at the applied normal load and the OM detection resolution 

used in this study. As seen in Figure 3a, the discrepancy between the two Tg values increases 

with molecular weight (also seen in the plot of Tg vs. Mw in Figure S4) due to the rapid 

increase in the film viscosity as Mw is increased to above the entanglement threshold.  

Below Me, the film viscosity is low enough for 30 min hold time to yield an accurate measure 

of Tg,Shear, and for the two methods to agree well.  

To determine the critical shearing time, tShear*, required to achieve a relatively time-

independent Tg,Shear, the dependence of Tg,Shear on tShear was explored in 115 nm PS films with 

Mw = 99 kg/mol. As seen in Figure 3b (OM images for each sample in Figure S5), 

increasing tShear decreases Tg,Shear until a plateau is achieved for holding times longer than 
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3000 s (50 min). To explain this trend, we note that to observe the creep flow in addition to 

the glass to rubber transition, the wait time needs to be long enough to account for the 

reptation of the polymer chains. As such, larger Tg differences as observed at higher at higher 

molecular weights. We noted that Tg,Shear can be lowered when the observation time is 

exponentially increased, given the super-Arrhenius behavior of viscosity near the glass 

transition. The solid line in Figure 3b is an exponential fit of 𝑇𝑔.𝑆ℎ𝑒𝑎𝑟  (𝐾) =

 369.85𝑒−𝑡𝑆ℎ𝑒𝑎𝑟/1081 further demonstrating that Tg,Shear indeed decays exponentially as a 

function of tshear. To obtain accurate Tg,Shear, tShear should be longer than the 𝑡𝑆ℎ𝑒𝑎𝑟
∗ = (5 ±

2)103𝑠. tshear* can be considered as when the polymer chains’ total reptation distance 

becomes as long as optically visible length, e.g. 1μm, right above the Tg of polymer thin 

films. This can be expressed in this way: 𝑡𝑆ℎ𝑒𝑎𝑟
∗ = (

1000 nm

𝑅𝑔
)𝑡𝑟𝑒𝑝, where Rg and trep are the 

radius of gyration and reptation time at Tg, respectively. This equation also shows the relation 

between tshear* and the longest relaxation time (trep in this case). 56 

The application of the shearing method in determining Tg,shear. The shearing method to 

measure Tg,Shear can be applied broadly to various polymeric systems, film thicknesses, and 

composite materials. Further validation of the shearing method was made using various types 

of glassy polymers. OM images in Figure S6 shows the measured Tg,shear values for various 

polymers (values listed in Table S1). Figure 4b shows a strong correlation between Tg,Shear 

and Tg,SE values,  demonstrating the reliability of the shearing technique.  



 13 

  

 

Figure 4. (a) Tg,Shear (black squares) and Tg,SE (red circles) as a function of film thickness of 

PS(99 kg/mol) thin films. The solid lines are guides for the eye. (b) The plot of Tg for various 

polymer thin films. The dotted line is a guideline where Tg,Shear and Tg,SE are identical. 

This method shows a similar degree of accuracy in measurements of Tg in PS thin films on 

Si/SiO2, where Tg decreases with film thickness (Figure 4a and Figure S7 for the 

corresponding OM images). As shown in Figure 4a, both Tg,Shear and Tg,SE show ~18 K 

reduction as the film thickness is decreased to ~9 nm, with a strong correlation between the 

two methods, as seen in Figure 4b.  

It is important to note that the Tg,Shear values obtained based on samples covered by PDMS 

at the surface are consistent with the Tg,SE measured without the top PDMS layer, as well as 

previously measured values of Tg reduction in PS thin films with free surfaces on Si/SiO2 

substrates (about 25 K Tg reduction for 8-nm-thick PS(136 kg/mol) films). 19 In contrast, 

previous measurements had shown much more pronounced Tg reduction effects for PS films 

deposited on PDMS substrates. 22 As such, one would expect a relatively large contribution to 

Tg when PDMS is placed on the PS surface. There are two possible reasons for these apparent 
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differences. Roth and coworkers have shown that 25, 60 to observe a large interfacial effect at 

the PDMS/PS interface, thermal annealing is needed to allow the polymers to mix and 

interlock at the interface. Similarly, previous studies have shown that even when a rigid top 

layer such as aluminum is used or multiple PS layers are stacked, the details of interface 

preparation and annealing can affect whether or not Tg reduction is observed. 60, 61 In the 

current shearing system, the absence of additional annealing ensures that the PDMS pad does 

not strongly interact with the free surface as previously reported, 25 and, as such, does not 

show the significant Tg reduction due to the PDMS interfacial effects. In addition, in the 

experiments here, the PDMS was placed on the surface of each film after the set temperature 

was reached to avoid effects due to interfacial annealing. 25 Furthermore, a recent study62 also 

explored creep behavior at slow shear rates where ultrathin film’s Tg reduction is amplified. 

These experiments also do not see any additional Tg reduction induced by the PDMS 

interfacial effects. Therefore, the overlap of two fitting curves from SE and the shearing 

method, along with highly similar Tg
bulk values, validates that the shearing method can be 

used to explore the effect of free surfaces on Tg values in ultra-thin films.  

We also note that previous studies have shown the important effect of the rate of 

relaxation or the cooling rate in observing Tg reduction in thin polymer films, where at high 

cooling rates or fast relaxation rates (faster than 1 second), the surface-induced Tg reduction 

becomes negligible The observed similarity between the Tg,Shear and Tg,SE in ultra-thin films is 

also because shearing experiments are performed at steady and slow shear rates, where the 

enhanced surface mobility is significant. In contrast, most dielectric-relaxation/calorimetric 

measurements, 46-48 or measurements of surface shear relaxation using AFM probe time scales 

faster than 1 second, and as such do not see such significant effects from the free surface. 47, 63 
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Another demonstration of the utility of the shearing method in determining Tg, is in highly 

confined polymers within polymer-infiltrated nanoparticle films (PINFs). Figure 5a 

illustrates the process of producing PINFs by capillary rise infiltration of polymers into a 

nanoparticle film, resulting in an exceptionally high nanoparticle loading density (c.a. 65 

vol%). The details for the in-situ SE and PINF preparation are given in the experimental 

section in supporting information, the fitted results of in-situ SE data in Figure S8 and 

Figure S9. Previous studies36, 38 have demonstrated that viscosity and Tg of polymers in 

PINFs are dramatically increased due to the extreme nanoconfinement effects on the polymer 

chains. 

 

Figure 5. Tg measurements of polymer-infiltrated nanoparticle films (PINF). (a) Schematic 

illustration of a PINF with high nanoparticle (NP) loading. The plots of temperature-dependent 

refractive index change of PS(298 kg/mol)/SiO2 PINFs in (b) films with 25-nm diameter NPs 

and (c) 11-nm-diamter NPs. The optical microscope images in (d) and (e) show the 

displacements of the PDMS edge after applying shear stress (25 kPa for 30 min ~ 1 H) to 
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PS(298 kg/mol)/SiO2 PINFs with (d) 25-nm-diamter NP films and (e) 11-nm-diameter NP 

films, respectively. The white arrow indicates the shear direction. 

The PS(298 kg/mol)-based 25-nm-sized nanoparticle (25-nm-NP) PINF and 11-nm-NP 

PINF were prepared using the previously reported method. The changes in the refractive 

index, n, depending on temperature were monitored to measure the Tg,SE, as shown in Figure 

5b and c. The Tg,SE of the 25-nm-NP PINF and 11-nm-NP PINF were determined to be 412 ± 

1 K and 432 ±1 K, respectively. In general, the smaller nanoparticles in PINFs give the 

polymer a higher level of nanoconfinement and show greater Tg enhancement. Thus, the Tg 

increments for the 25-nm-NP PINF and 11-nm-NP PINF were 42 K and 62 K compared to 

the bulk Tg of PS(298 kg/mol), respectively. 

The Tg,Shear of both 25-nm-NP PINF and 11-nm-NP PINF were measured by the shearing 

method in Figure 5d and e, respectively. The nanoparticles-only films were deformed by the 

static shear stress of the PDMS pad and showed displacement footprint from the PDMS pad 

at all temperatures, as shown in the OM images of Figure S10. However, after the infiltration 

of polymers into the nanoparticle films, the displacement footprint from the PDMS pad was 

observed only at temperatures higher than the Tg of the confined polymers, as shown in the 

right four columns of Figure 5d and e. The Tg,Shear were 410 ± 2 K and 432 ± 2 K for 25-nm-

NP PINF and 11-nm-NP PINF, respectively, corresponding with the Tg,SE. These results 

confirmed the capability of the shearing method to measure the Tg of highly confined 

polymer chains, such as the Tg of PINF, as well as general polymer thin films shown in 

Figure 4b. 

Previous studies have shown that in PINF systems, the chain length is not important in the 

observed Tg increases. Instead, the confinement in these systems is mostly due to local 

restrictions in the segmental relaxations. 38, 64, 65 In addition, studies on the molecular weight 
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dependence of the viscosity in these systems shows non-monotonic changes indicating 

reduced entanglement density. As such, strong changes in the reptation time of the polymer 

are not expected to play a significant role. The observed increases in Tg,Shear in this study, 

which reasonably correlate with the variation in Tg,SE indicates that the 1 H shearing time was 

adequate to properly observe the flow due to glass transition. We note that the mechanism of 

this correlation is not immediately clear, as the rigid network of the nanoparticle likely 

prevents the entire film from shearing. Instead, we hypothesize that the polymer expansion 

produces an intermediate layer that can then be sheared through the process. We have 

previously demonstrated that the expansion of the polymer film can indeed be also observed 

in SE experiments through measurements of the top layer thickness38 with a second apparent 

Tg,SE that corresponds to that of the composite thickness. A more detailed study of the 

detailed phenomenon is outside the scope of the current manuscript and will be examined in 

the future. 

CONCLUSIONS 

In summary, this study explores the creep flow of polymer thin films in response to an 

applied static shear stress below and above the glass transition temperature to demonstrate 

that such measurements can be used as a facile approach to probing the Tg of polymer thin 

films, prepared under various conditions. In this approach, static shear stress is applied to 

polymer thin films by applying normal and lateral forces on a PDMS pad placed on the film’s 

free surface. The displacement of the PDMS on the polymer/PDMS interface is only 

observed when the temperature is raised above the film’s Tg. Tg is then determined at the 

transition temperature where the PDMS displacement footprint is observed in optical 

microscopy after an adequately long elapsed time, determined by the polymer’s creep flow. 

The choice of the elapsed time can be optimized, in a manner that is analogous to variations 
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of the cooling rate in conventional Tg measurements and is expected to be inversely 

correlated. In entangled polymer systems, this time will also depend on the reptation time of 

the polymer. A strong correlation is observed between the Tg values obtained by the shearing 

method and those of ellipsometry for various polymers and at various molecular weights, film 

thicknesses, and polymer nanocomposites, confirming the general feasibility of this method. 

This relatively inexpensive method can be reliably used in systems with complicated 

geometries, such as polymer thin films or polymer infiltrated nanoparticle films, where 

conventional methods such as ellipsometry require sufficient signal or sophisticated 

modeling, enabling widespread adaptation in various applications.   

EXPERIMENTAL SECTION 

Materials 

Polystyrene (PS), poly(n-butyl methacrylate) (PBMA), poly(2-vinyl pyridine) (P2VP), 

polymethyl methacrylate (PMMA), and poly(4-vinyl pyridine) (P4VP) were purchased from 

Polymer Source, Inc. The molecular weights of PS were 4.7 kg/mol (polydispersity index (PDI) 

= 1.06), 7.5 kg/mol (PDI = 1.06), 12 kg/mol (PDI = 1.02), 21.5 kg/mol (PDI = 1.02), 51 kg/mol 

(PDI = 1.03), 99 kg/mol (PDI = 1.06), and 298 kg/mol (PDI = 1.15). The molecular weight of 

PBMA was 1,000 kg/mol (PDI = 1.4). The molecular weight of P2VP was 121 kg/mol (PDI = 

1.07). The molecular weight of PMMA was 99 kg/mol (PDI = 1.12). The molecular weight of 

P4VP was 77.5 kg/mol (PDI = 1.05). Toluene (Sigma-Aldrich, anhydrous, 99.8 %) and 1-

butanol (Sigma-Aldrich, 99 %) were used in this study. ⟨100⟩ Si wafers (purchased from 

Virginia Semiconductor) were employed as substrates. Silica nanoparticles (NPs) with 

diameters of 11 nm (Organosilicasol IPA-ST, 30 – 31 wt% suspension in isopropanol, Nissan 

Chemical American Cooperation) and 25 nm (LUDOX TM-50, 50 wt% suspense on in water, 

Sigma Aldrich) were used. Sylgard 184 (Dow Corning) was used for PDMS pad preparation. 
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Sample Preparation 

PS, PBMA, P2VP, PMMA, and P4VP were spin-coated on the Si substrates from toluene 

solution (0.3–1.5 wt%) for PS, PBMA, and PMMA and from 1-butanol solution (1–1.5 wt%) 

for P2VP and P4VP. The film thicknesses were measured using a spectroscopic ellipsometer 

(M-2000V, J.A. Woollam Co.). All polymer films were thermally annealed at a temperature at 

least 30 K above their respective Tg for 24 H under vacuum to erase the thermal history of the 

films. 

The PDMS pads were prepared from Sylgard 184 (Dow Corning) at a 10:1 ratio of base to 

curing agent and were cured at 323 K for 12 H in ambient conditions. The cross-linked PDMS 

pads were roughly 1-mm-thick and were cut into 10x10 mm pieces. Pads were placed on the 

polymer film surfaces without further annealing. 

Preparation of PINFs 

200-nm-thick films of randomly-packed silica NPs of various diameters were generated by spin 

coating NP solutions onto silicon wafers. The films were then annealed at 773 K for 30 minutes 

under ambient conditions to remove excess solvent and stabilize the NP films. After annealing, 

78 nm layers of PS(298 kg/mol) were spin coated on top of the NP films to generate bilayer 

films. The bilayer films were then heated at 453 K in the vacuum oven to remove the solvent 

and allow PS to infiltrate into the NP pores. The resulting bilayer thicknesses were determined 

by Spectroscopic Ellipsometry (SE). All the prepared PINFs were fully infiltrated with PS, 

with less than 3 nm top residual layers. 

Static Shear Stress Measurements using Optical Microscopy 

Static shear stress was applied to polymer thin films using a homemade shearing stage equipped 

with a Linkam temperature-controlled stage (Linkam THMS600). The overall experimental 

procedures are schematically shown in Figure S1. Each sample was placed on the pre-heated 

Linkam stage to reach the desired experimental temperature. A PDMS pad was then placed on 
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the sample. After 1~3 minutes of hold to ensure the thermal equilibration and expansion of 

PDMS, two weight blocks were placed on the PDMS pad to simultaneously apply a lateral and 

a normal force to the sample. The shear stress was controlled by changing the applied lateral 

force and the area of the PDMS pad. Most reported experiments were performed by applying 

25 kPa shear stress (a normal force of 4.9 N and a lateral force of 2.5 N to the 10x10 mm sized 

PDMS pad), and steady shear was applied for 30 min to measure whether a displacement was 

observed in reflectance optical microscopy. Olympus Digital Microscope (BX51) was used to 

detect the motion of the PDMS on the PDMS/polymer surface by taking images of the PDMS 

pad footprint from separate individual experiments at every temperature of interest. Objective 

lenses with magnifications of x20, x50, and x100 with numerical aperture (NA) values of 0.4 

~ 0.5 were used. 

In-situ Spectroscopic Ellipsometry (SE) Tg Measurements  

A spectroscopic ellipsometer (SE, M-2000V, J.A. Woollam) equipped with a Linkam 

temperature-controlled stage (Linkam THMS600) was used for Tg measurements. The raw SE 

data, Ψ(λ) and ∆(λ), were measured in the spectroscopic range of 600 < λ < 1600 nm at ambient 

conditions and were fit to a model consisting of a temperature-dependent model for silicon 

substrate, a 1 nm native oxide layer, and a Cauchy layer for the polymer film. The index of 

refraction of the Cauchy layer was modeled as 𝑛 = 𝐴 +
𝐵

𝜆
 , where 𝐴 and 𝐵 were the fitting 

parameters, along with the film thickness ℎ . Once an initial fit was performed at room 

temperature, only 𝐴 and ℎ were fitted during the subsequent in situ heating and cooling 

cycles. Tg,SE was measured upon cooling at a cooling rate of 10 K/min. Tg,SE was determined as 

the cross point between two linear fits, which were fitted upper and lower temperature ranges 

in a 30 K window, as shown in Figure 2a. Tg,SE was validated by comparing at least three 

heating and cooling cycles. 
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For modeling PINFs, an additional Cauchy layer was considered for the composite layer at the 

bottom. For these films, the thickness of the NP layer was held constant while fitting the 

thickness of the PS top layer and the indices of refraction of both layers. To monitor the 

infiltration of the PS in bilayer films at a constant temperature, before Tg measurements, a 3rd 

Cauchy layer was also considered, where from the bottom to the top, an empty NP layer, a 

composite layer, and a top residual PS layer were considered (more details in fitting results of 

in-situ SE data in Figure S8 and Figure S9).1 During the first heating ramp to 453 K at a 

heating rate of 30 K/min, the bilayer was held at the temperature for about 30 min to let PS 

infiltrate into the NP pore. When the top PS layer thickness or the n of the bottom NP layer 

became constant, it indicated complete PS infiltration into NP pores. After this step, the residual 

top layer became too thin, which was not modeled. Then, the Tg of the PS-infiltrated 

nanoparticle layer was measured by monitoring the changes in the index of refraction of the 

composite layer vs. temperature upon cooling at a cooling rate of 10 K/min. 

Atomic Force Microscopy 

Bruker Dimension Icon atomic force microscope (AFM) was used. AFM images were collected 

in tapping mode with Tap300Al-G tips (Budget Sensors, 10 nm tip radius of curvature). The 

image resolution was 512 x 512 points, and the images were obtained at a scan rate of 1 Hz. 

Microscope images were processed using the Gwyddion software. 
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