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ABSTRACT 

Atomic force microscopy paired with infrared spectroscopy (AFM-IR) is a robust technique for 

interrogating complex polymer blends and composites' nanoscale surface topography and chemical 

composition. In this work, we measured bilayer polymer films to study the effect of laser power, 

laser pulse frequency, and laser pulse width on the depth sensitivity of the technique. Unique 

bilayer polystyrene (PS) and polylactic acid (PLA) samples with varied film thickness and blend 

ratios were prepared. The depth sensitivity characterized by the amplitude ratio of the resonance 

bands of PLA and PS was monitored as the thickness of the top barrier layer was incrementally 

increased from tens of nanometers to hundreds of nanometers. In addition, incrementally 

increasing the incident laser power resulted in greater depth sensitivity due to the enhanced thermal 

oscillations generated in the buried layer. In contrast, incrementally increasing the laser frequency 

increased surface sensitivity, as indicated by a reduced PLA/PS AFM-IR signal ratio. Lastly, a 

dependence of the depth sensitivity on laser pulse width was observed. Consequently, by precisely 

controlling the laser energy, pulse frequency, and pulse width, one can finely control the depth 

sensitivity of the AFM-IR tool from 10 nm to 100 nm. Our work provides the unique capability to 

study buried polymeric structures without the need for tomography or destructive etching. 

 

 

INTRODUCTION 

 

The future of material design relies on rapidly assessing material properties such as 

chemical composition, crystallinity, and surface morphology at the nanoscale. Notably, as 
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technology compacts towards the nanoscale, the morphology of polymer blends, nanocomposites, 

and multilayer films grows more complex with each decade.1,2 With this in mind, simultaneously 

observing the surface and volume morphology is critical to advances in the life and material 

sciences.3,4 The ability to observe subsurface features at the nanoscale, otherwise known as 

nanotomography, is valuable for gaining a holistic understanding of multicomponent systems and 

their interactions. Polymer blends and copolymers are integral to consumer goods,5,6  energy 

applications,7–9 and medical devices5,10,11 because their properties can be tuned by controlling the 

blend ratio or stoichiometry of components. Interestingly, the surface morphology of these systems 

differs significantly from the bulk12–14 and requires the use of both volume-based and surface-

based characterization tools to gain a complete comprehension of the system. Additionally, 

understanding the morphology near the interface is crucial for polymer coating,15,16 

bioelectronics,17–20 electrode/electrolyte interfaces.21,22 

Non-destructive methods for characterizing the subsurface morphology of materials 

remain limited.23 Originally, optical microscopy was used to investigate subsurface features, but 

these techniques remain limited by the diffraction of light and lack the resolution required to 

measure nanoscale features.24,25 Both scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) have been used in nanotomography with impressive resolution down 

to the nanometer range or lower, despite complicated sample preparation.26–28 However, their 

contrast mechanism, which relies on differences in electron density, limits the scope of soft 

material composites that can be measured and results in poor contrast.25,26,29,30 Electron energy loss 

spectroscopy (EELS) is a technique that uses a transmission electron microscope (TEM) to 

measure the energy losses of electrons as they interact with a sample, providing information about 

the sample's composition and bonding. EELS has been used for the characterization of polymers, 
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including cross-linked networks, and has been shown to provide sub-nanometer resolution. EELS 

can be used to analyze the subsurface morphology of materials without causing damage to the 

sample, making it a non-destructive technique.31,32 Additionally, it can provide information about 

the spatial distribution of elements within the sample, including those present in trace amounts. 

However, the sample preparation for EELS can be time-consuming and requires high-cost, 

specialized equipment and expertise, which limits its applicability in some cases.32 Another 

limitation of EELS is that the technique is sensitive to the electron dose used during the 

measurements. A high electron dose can cause radiation damage to the sample, leading to 

alterations in the chemical composition and morphology of the material. Therefore, the acquisition 

time and electron dose used during EELS measurements must be carefully controlled to avoid 

radiation damage to the sample. In addition, EELS measurements can suffer from background 

noise, which can limit the sensitivity and accuracy of the technique.31,32 The noise can arise from 

various sources, including stray electrons and plasmon excitations, and can interfere with the 

accurate measurement of the sample's composition and morphology.32 Depth profiling by X-ray 

photoelectron spectroscopy (XPS) is another technique used for nanotomography; however, its use 

has a few limitations. First, depth profiling by XPS uses an ion beam to sputter away the top layer 

for data collection at different depths, classifying it as a destructive technique.33 Second, the rate 

at which the ion beam etches away material from the surface changes depending on the material, 

which would produce inaccurate depth values for multicomponent films.25,34 Lastly, XPS measures 

composition only in the Z- direction and suffers from little to no resolution in the lateral direction, 

as determined by the X-ray beam size. In short, current spectroscopic techniques are poorly suited 

for measuring vertical chemical and morphological variance in the Z-direction within thin-film 

polymer structures.  
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Notably, significant contributions have been made in X-ray tomography, where techniques 

such as resonant soft X-ray scattering (RSoXS), scanning transmission X-ray microscopy 

(STXM), and ptychography have been used to resolve the domain interfaces and interphases in 

bulk heterojunction morphologies.27,35 In the case of X-ray scattering, real-space imaging of the 

sample cannot be directly accessed due to the lack of the scattered phase in the measured signal. 

For this reason, X-ray techniques only provide partial pieces of information about a sample and 

supporting morphological information using other methods is often necessary.36 In the case of 

STXM, particles on the order of ~40 nm can be resolved; however, successfully measuring samples 

with thicknesses on the order of nanometers is a challenge without causing radiation damage to 

the film.27,37 Lastly, while ptychography can achieve a resolution down to 10 nm, this has only 

been accomplished using radiation-resistant samples or a combination of using soft X-ray energies 

and cryogenic sample temperatures.27,38,39  

Previous reports detail tomographic measurements made using AFM by modeling the 

probe-sample interactions in terms of the tip force applied to the surface and the degree of energy 

dissipation of the sample.40,41 Multi-modal AFM imaging such as DC-based, amplitude-modulated 

AFM, and Kelvin probe force microscopy (KPFM) have also demonstrated the ability to access 

subsurface features.42 Cui and coworkers used KPFM to analyze the bulk heterojunction 

morphology of an all-polymer solar cell at both the top and bottom surface.43 While impressive, 

neither depth profiling nor visual imaging of the underlayer were acquired, and analysis was 

limited to 1-D plots of contact potential difference as a function of scan size. Infrared-based SPM 

techniques such as atomic force microscopy paired with infrared microscopy (AFM-IR) have 

shown to be useful for nanotomography and offer the ability to measure chemical composition as 
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a function of topography.25,44 However, there is no work demonstrating facile control over the 

probing depth of AFM-IR.  

Promising nanotomography techniques in scanning probe microscopy (SPM) measure 

cantilever responses due to external stimuli applied through the sample in the form of 

monochromatic light or oscillating mechanical stress.25 Traditional atomic force microscopy 

(AFM) is an SPM technique that produces contrast between two materials because of their 

difference in elasticity and topography. However, AFM alone is a surface-sensitive technique and 

cannot detect underlying structures if they do not produce a noticeable effect at the interface of the 

sample and probe. Among SPM techniques, AFM-IR is the most promising for detecting 

subsurface features due to the nature of its contrast mechanism, which relies on differences in 

infrared absorption bands. The technique entails rastering an AFM probe across the sample surface 

while simultaneously irradiating the sample with a pulsed, tunable infrared laser.45 The AFM-IR 

detects the absorption of infrared light through the change in probe height in response to rapid 

thermal expansion occurring beneath the probe. Typically represented as solely a surface 

characterization technique, AFM-IR demonstrates, in this study, high sensitivity to underlying 

structures with unique infrared absorption properties. Although AFM-IR shows excellent potential 

as a robust tool for nanotomography, no studies have demonstrated facile control of the depth of 

characterization of AFM-IR without the use of embedded materials, which their topographical and 

mechanical properties can distinguish.  

Herein, the factors contributing to the depth of characterization of AFM-IR are 

investigated. For the first time, control over the depth of probe of AFM-IR is demonstrated using 

both spectroscopy and direct infrared imaging of buried microstructure and domains. We studied 

the effect of various infrared laser parameters to systematically understand how to control the 
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depth to which AFM-IR can practically detect subsurface morphology features. This study fills a 

gap in the current understanding of AFM-IR related to non-destructive nanotomography. 

Furthermore, it is the first explicit demonstration of control over the depth of characterization in 

an all-organic system.  

 

RESULTS 

 

Experimental setup and first observations of depth sensitivity 

Our approach consists of preparing a polymer blend that phase-separates at the micron-

scale to create a recognizable pattern that can be distinguished easily from any noise in the system. 

We selected PLA and PS for this blend, which strongly phase separate and remain below their 

glass transition temperature to avoid significant phase-shifting over time. PLA displays a carbonyl 

absorption peak at 1760 cm-1 in the infrared spectrum, which PS does not share. By tuning the IR 

laser to one of PLA's signature wavenumbers, the PLA phase of the blend will respond while the 

PS phase will not. Bilayer films were prepared using a continuous bottom layer consisting of a 1:1 

Figure 1. (a) Sample and AFM-IR configuration for bilayer sample measurement. (b) AFM-IR 

spectrum corresponding with the scan direction indicated by the arrow in Fig. 1a. 
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blend of PS with PLA and a top barrier layer of PS with carefully-controlled thickness ranging 

between 0-105 nm. Details about bilayer sample preparation can be found in the experimental 

section and Figure S1. Unless otherwise noted, AFM-IR was used in contact mode exclusively. 

Pulsed IR laser was tuned to the unique resonant frequency of the carbonyl bond (~1760 cm-1), 

and laser power was held constant. Figure 1a depicts the AFM-IR setup and bilayer sample 

configuration and Figure S2 provides the FTIR spectra for both PLA and PS. The AFM-IR was 

used to probe the interface of the bilayer sample to simultaneously capture the topography of both 

the PS barrier layer and PLA:PS bottom layer. The distinct phase-separation of the PLA:PS bottom 

layer could be observed with high contrast through a barrier layer approximately 50 nm thick. 1-

D AFM-IR spectra were also collected across the boundary of the two layers. Figure 1b depicts 

ten spectrums collected across the PS/(PLA:PS) boundary. The prominent PLA peak at 1760 cm-

1 displays strong absorption in the bottom layer and limited absorption across the PS barrier layer. 

In a less dramatic display, the peak at 1602 cm-1, corresponding to PS’s C=C stretching, decreases 

in intensity as the probe moves away from the PS barrier layer and onto the bottom layer, which 

contains only 50 % PS content in the blend. This initial finding confirmed that the compositional 

measurement by AFM-IR is not limited to the top surface of samples, as previously believed.  
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Additional bilayer samples were prepared with top layer thicknesses ranging from 28.3 nm 

to 105.1 nm with a constant average bottom layer thickness of 88.1 nm. Figure 2a depicts AFM-

IR spectra collected along the top of the barrier layer with the signature PLA signal at 1762 cm-1 

decreasing with increasing top layer thickness. The AFM-IR signal at 1762 cm-1 was plotted as a 

function of probing depth (as indicated by top layer thickness) to determine how the signal loss 

occurred with increasing the distance between the surface and the bottom target layer. Figure 2b 

depicts the decay of the PLA signal as a function of probing depth. The signal loss occurred linearly 

as top layer thickness increased, further supported by the AFM-IR imaging in Figures 2c-g which 

Figure 2. (a) AFM-IR spectra corresponding with measurements collected on bilayer samples of 

incrementally increasing barrier thickness. (b) AFM-IR signal at 1762 cm-1 corresponding to 

presence of PLA sample as a function of probing depth. AFM-IR imaging collected on bilayer 

samples with top layer thicknesses of (c) no barrier, (d) 28.3 nm, (e) 50.4 nm, (f) 83.7 nm, and 

(g) 105.1 nm. 
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highlight the progressive loss of visual contrast between the phase-separated blend pattern of 

PLA:PS beneath the PS top layer. Interestingly, the relationship between AFM-IR signal and 

probing depth remained linear in contact mode while displaying exponentially decaying behavior 

in tapping mode (Figure S4a). 

Controlling depth sensitivity by altering laser parameters  

 The AFM-IR may be treated as a closed system with only three significant areas 

controllable by the commercial user: 1) probe choice, 2) AFM probe scanning parameters, and 3) 

IR laser parameters. In terms of depth sensitivity, the role of the IR laser is the most logical area 

to investigate first because it solely influences the thermally driven oscillations in the cantilever 

caused by the infrared-excited material. Dazzi and coworkers first derived the relationships 

between photothermal generation and mechanical expansion, which is the foundation for this 

report.46,47 From these derived relationships, three main laser properties contribute to the AFM-IR 

signal (excluding wavelength selected): 1) laser power, 2) laser frequency, and 3) laser pulse width. 

First, the temperature increases inside the sample that causes oscillation of the cantilever is a direct 

response to the energy delivered by the infrared laser. The energy produced by the infrared laser 

is assumed to increase the temperature within a sphere directly beneath the cantilever probe, which 

causes sample expansion. The heat generated at the point of laser absorption tends to spread out 

uniformly in all directions, which results in a spherical heat propagation pattern. This is a 

consequence of the isotropic nature of the heat conduction process in the absence of any external 

constraints or anisotropic material properties that could lead to preferential heat flow in a specific 

direction. The expansive change in the radius of the sphere relies heavily on the amount of incident 

laser energy absorbed by the sample (𝐸𝑎𝑏𝑠).47 Dazzi and coworkers derived the equation for the 
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relationship between the 1-D expansion of the sample and the incident laser energy absorbed by 

the sample:  

                                                          
∆𝑥

𝑥
=  𝛼∆𝑇 =

𝛼

𝜌𝑉𝐶𝑝
𝐸𝑎𝑏𝑠                                   (1) 

Where ∆𝑥 is the change in sample length, 𝛼 is the coefficient of thermal expansion, ∆𝑇 is the 

change in sample temperature, 𝜌 is the sample density, 𝑉 is the sample volume of the irradiated 

area, 𝐶𝑝 is the heat capacity of the sample, and 𝐸𝑎𝑏𝑠 is the absorbed infrared energy of the sample. 

This equation shows the linear relationship between the absorbed incident laser energy and sample 

expansion. Therefore, we hypothesize that supplying additional laser power to buried polymeric 

structures  will be sufficient to detect their thermal expansion several nanometers beneath the 

surface. 

Secondly, the relationship between the AFM-IR signal and laser frequency must be 

investigated. Dazzi and coworkers derived an expression for the AFM-IR signal, which contains 

multiple contributing factors, as described in the following equation:  

                                                     𝑆𝐴𝐹𝑀−𝐼𝑅(𝜔, 𝛾) =  𝐻𝑚𝐻𝐴𝐹𝑀𝐻𝑜𝑝𝑡𝐻𝑡ℎ
𝐼𝑚[𝑛(𝛾)]

𝛾
           (2) 

Where 𝑆𝐴𝐹𝑀−𝐼𝑅(𝜔, 𝛾) is the AFM-IR signal as a function of the angular frequency (𝜔) of the 

cantilever and wavelength of infrared light (𝛾), 𝐻𝑚, 𝐻𝐴𝐹𝑀, 𝐻𝑜𝑝𝑡, and  𝐻𝑡ℎ are the mechanical, 

cantilever, optical, and thermal contributions to the deflection signal.46 The thermal contribution 

originates from the infrared radiation produced by the laser and can be expressed by the following 

equation:  

                                                                  𝐻𝑡ℎ =  
4𝜋𝑎2

𝑘
[

sin (
𝜔𝑛𝑡𝑝

2
)

𝜔𝑛
]                                            (3) 

Where 𝑎 is the radius of the spherical thermal expansion, 𝑘 is the thermal conductivity of the 

sample, and 𝜔𝑛 is the angular frequency of the laser at the nth resonance mode of the cantilever. In 

Page 11 of 27 Nanoscale



this expression, the amplitude of 𝐻𝑡ℎ is more significant at lower laser frequencies and gradually 

approaches zero at high 𝜔𝑛 values. Therefore, greater surface sensitivity may be achieved by using 

higher angular laser frequencies to minimize the thermal contribution to the deflection signal. 

Likewise, lower angular laser frequencies may yield higher sensitivity to subsurface features.  

Lastly, the relationship between the AFM-IR signal and laser pulse width requires 

investigation. The laser pulse width is a measure of how long the material is irradiated during one 

ON-cycle of the infrared laser. The relaxation time needed for the sample to recover from the 

expansion caused by the laser depends on the relaxation time of the sample (𝑡𝑟𝑒𝑙𝑎𝑥) and the 

duration of the laser pulse (𝑡𝑝). The total sample relaxation time is given in equation 447:  

                                                                𝑡𝑑𝑒𝑓 = 𝑡𝑝 + 𝑡𝑟𝑒𝑙𝑎𝑥                                                         (4) 

The relaxation time of the sample (𝑡𝑟𝑒𝑙𝑎𝑥) can be calculated using equation 5:  

                                                            𝑡𝑟𝑒𝑙𝑎𝑥 =
𝜌𝐶𝑝

3𝑘𝑡ℎ
𝑅2 =

𝑅2

𝐷
                                                        (5) 

Where 𝑘𝑡ℎ is the thermal conductivity of the sample, 𝑅 is the radius of the sphere where the thermal 

oscillations originate in the sample, and 𝐷 is the equivalent thermal diffusivity. For situations 

where  𝑡𝑟𝑒𝑙𝑎𝑥 << 𝑡𝑝, the total expansion time of the sample will primarily depend on the duration 

of the laser pulse.47 In contrast, for situations where 𝑡𝑟𝑒𝑙𝑎𝑥 >> 𝑡𝑝, the total expansion time will 

depend primarily on the relaxation time of the sample. Additionally, the relationship between the 

laser pulse width and the maximum change in sample temperature (𝑇𝑚𝑎𝑥) is given by equation 

646,47:  

                                                                    𝑇𝑚𝑎𝑥 =
𝑃𝑎𝑏𝑠𝑡𝑝

𝜌𝐶𝑉
                                                            (6) 

Therefore, it was hypothesized that the depth of AFM-IR measurements could be controlled by 

altering the laser pulse width by controlling the temperature generated in the absorbing sample and 
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the sample illumination time. By controlling the laser pulse width, the dose of energy delivered to 

the buried polymeric structure can be carefully controlled to enhance or attenuate the thermal 

oscillations produced within the sample.  

 It was hypothesized from these relationships that the depth sensitivity of AFM-IR could 

be controlled to either probe subsurface structures and domains or solely surface morphology in 

an approach towards surface sensitivity. Three main experimental parameters were investigated to 

Figure 3. (a) C=O Signal Intensity as a function of percentage laser power. (b) Relationship 

between thermal expansion of sample as a function of time for incrementally shorter laser pulse 

widths. (c) Ratio of PLA/PS AFM-IR signal as a function of laser frequency for pulse widths of 

60, 100, and 200 ns. AFM-IR spectra collected at different laser frequencies at laser pulse widths 

of (d) 60 ns, (e) 100 ns, and (f) 200 ns. 
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manipulate the interaction between the laser and target materials: 1) laser power, 2) laser pulse 

width, and 3) laser pulse frequency. A PS(top)/PLA bilayer sample with a barrier thickness of 18 

nm was selected. AFM-IR measurements were acquired in contact mode. The influence of laser 

properties on depth sensitivity was determined by measuring a PS/PLA bilayer sample using a 

laser power range from 1-100 % with a maximum average power of 40 mW, a laser frequency 

ranging from 355-1382 kHz, and using three laser pulse widths of 60, 100, and 200 ns.  

First, the influence of laser power on the AFM-IR signal was investigated. Figure 3a 

depicts the projected difference in thermal expansion created using incrementally increasing laser 

power values. Figure 3b depicts the raw AFM-IR spectra for increasing laser power values and 

indicates an increase in the C=O peak signal located at 1762 cm-1 with increasing laser power. 

Finally, Figure 3c depicts the PLA/PS AFM-IR signal (1762/1602 cm-1) measured at 

incrementally increasing laser power values. This signal ratio remains consistent until reaching 

25-40 % laser power, where the ratio began to increase linearly until reaching 100 % laser power. 

This finding supports the linear relationship between incident laser power and depth sensitivity 

which can be manipulated to alter the depth of probe. Additionally, the sample was also measured 

in tapping mode where the AFM-IR signal as a function of laser power increased until reaching an 

asymptotic limit (Figure S3a-b). 

Secondly, the influence of laser pulse width on the AFM-IR signal was investigated. 

Figure 3d depicts the projected difference in thermal expansion created using incrementally 

increasing laser pulse width values. Figure 3e depicts the raw AFM-IR spectra for increasing laser 

pulse width values and indicates an increase in the C=O peak signal located at 1762 cm-1 with 

increasing laser pulse width for three different pulse widths. Lastly, Figure 3f depicts the PLA/PS 

AFM-IR signal response as a function of laser pulse width. As pulse width increased, there was a 
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linear increase in the PLA/PS signal, indicating a linear relationship between depth sensitivity and 

laser pulse width. Further, In Figure 3f, the AFM-IR signal increases linearly with pulse width 

until it reaches a pulse width of 150 ns. When the pulse width reaches 150 ns, the AFM-IR signal 

Figure 4. (a) AFM-IR 3-D height image depicting the lateral interface of the bottom layer blend 

and the top PS barrier layer. (b) IR imaging  of the lateral interface collected at the PLA 

resonance of 1762 cm-1. (c) AFM-IR spectra collected at the locations indicated in (a) and (b). 

(d) AFM-IR height image of the area covered by the PS top layer. (e) IR imaging of the area 

covered by the PS barrier layer collected at 1762 cm-1 using a laser pulse width of 60 ns. (f) IR 

imaging of the area covered by the PS barrier layer collected at 1762 cm-1 using a laser pulse 

width of 200 ns. (g) 1-D Plot of the PLA/PS AFM-IR signal as a function of laser pulse width. 

(h) The 1-D AFM-IR spectra collected using a 60 ns pulse (1074 kHz laser frequency) width 

corresponding to the scan location indicated in figures 4d-f. (i) The 1-D AFM-IR spectra 

collected using a 200 ns pulse width corresponding to the scan location indicated in figures 4d-

f (collected at 1074 kHz laser frequency). 
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plateaus. This suggests that, at identical laser powers, increasing the pulse width beyond 150 ns 

does not further enhance the thermal expansion in the sample. 

Lastly, The influence of laser frequency on depth sensitivity was investigated. Figure 3g 

depicts the projected difference in thermal expansion created using incrementally increasing laser 

frequency values. The influence of laser frequency on depth sensitivity was investigated by 

selecting five frequencies between 355 kHz and 1382 kHz and monitoring the ratio of the PLA/PS 

AFM-IR intensities using laser pulse widths of 60, 100, and 200 ns. The laser pulse frequency is 

defined as the number of illumination cycles per second for additional clarity. In contrast, the laser 

pulse width is defined as the duration of each pulse. Figure 3h depicts the raw AFM-IR spectra 

for increasing laser frequency values and indicates a linear decrease in the C=O peak signal located 

at 1762 cm-1 with increasing laser frequency for three different pulse widths. Lastly, Figure 3i 

depicts the PLA/PS AFM-IR signal response as a function of laser frequency. As laser frequency 

increased, there was a linear decrease in the PLA/PS signal, indicating a inversely-proportional 

relationship between depth sensitivity and laser frequency. Figure S4a-b also depicts the effect of 

changing pulse frequency and pulse width in tapping mode. While increasing pulse width also 

showed additional depth sensitivity, there was no effect of changing drive frequency on probing 

depth.  

Demonstration of Controlled Depth Sensitivity  

  Here, we demonstrate the capability of depth-sensitive AFM-IR to detect buried polymeric 

structures. For this set of experiments, a bilayer sample was prepared using a bottom layer (89.6 

nm thick) composed of a blend of PLA and PS (1:1 v/v), exhibiting microscale phase separation. 

A top barrier layer (56.1 nm thick) of PS was placed on the blend and imaged by AFM-IR. An 

AFM height image of the lateral interface between the top and bottom layer is shown in Figure 
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4a. This interfacial area was scanned at the PLA absorbance of 1760 cm-1 using a laser power of 

25 %, laser frequency of 764 kHz, and a pulse width of 200 ns. The resulting image depicted in 

Figure 4b highlights the presence of PLA in the uncoated bottom layer in high-intensity areas of 

yellow. 

Meanwhile, imaging the area covered by the top barrier layer highlights the presence of 

PLA in high-intensity areas of green, indicating a reduction in AFM-IR signal due to the presence 

of the PS barrier. In Figure 4c, AFM-IR spectra are collected across the lateral interface in 

locations depicted in Figures 4a-b. The AFM-IR response to the PLA excitation at 1762 cm-1 is 

muted compared to the response observed once the probe contacts the bare PLA:PS blend. 

Meanwhile, the AFM-IR response to the PS excitation at 1602 cm-1 decreases drastically upon 

crossing the interface due to the reduced PS composition compared to the barrier layer. Rescanning 

the same bilayer sample on the area covered by the barrier layer resulted in a height image 

depicting the PS topography with no features indicating the underlying blend phase separation 

(Figure 4d). The targeted area in the image indicates where AFM-IR spectra were collected. The 

height image of the top layer on top of the bottom layer is in Figure 4e. At this location, the ratio 

of the PLA/PS signal was monitored as a function of laser pulse width, which produced an 

asymptotic trendline (Figure 4g). Scanning this area at the PLA resonance of 1762 cm-1 using a 

short laser pulse width of 20 ns resulted in an image depicting no underlying microscale phase 

separation (Figure 4e). The 1-D AFM-IR spectra collected at the targeted area illustrate the clear 

presence of PS at 1602 cm-1; however, no response was observed at 1762 cm-1 (Figure 4h). Tuning 

the laser pulse width to 200 ns and rescanning the sample at the same location resulted in the 

precise imaging of the underlying phase-separated blend with PLA domains highlighted in high-

intensity areas of red (Figure 4f). The 1-D AFM-IR spectra collected at this pulse width depicted 
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an unmistakable PLA signal at 1762 cm-1, indicating that the underlying PLA was sufficiently 

excited to generate a detectable thermal oscillation (Figure 4i). This observation highlights the 

control over AFM-IR depth sensitivity by optimizing the properties of the radiation source alone.  

 CONCLUSION 

 

The influence of infrared laser properties on the depth sensitivity of AFM-IR was 

investigated by measuring bilayer films containing a bottom target layer and a top barrier layer. 

Increasing the incident laser power increased the depth sensitivity due to the enhanced thermal 

vibrations induced by the additional absorbed radiation. Second, adjusting the frequency of 

pulsation for the infrared laser proved effective in controlling the depth of sensitivity. As bilayer 

samples were measured, the mathematical ratio of PLA/PS measured using AFM-IR was plotted 

as a function of the infrared laser frequency. Using higher infrared laser frequencies resulted in a 

reduced PLA/PS ratio and greater surface sensitivity. The reduced depth sensitivity is caused by 

tuning the infrared laser frequency to match weaker cantilever resonances, resulting in reduced 

AFM-IR signal amplitude. Lastly, the laser pulse width was tuned to limit the effective time that 

the sample was irradiated. By irradiating the sample at shorter time scales, the short thermal 

relaxation time of the sample allows the sample to relax before the induced thermal vibrations 

reach the cantilever probe. This effect becomes more apparent as barrier layer thickness increases 

and heat is dispersed too rapidly to produce a detectable thermal pulse at the cantilever 

probe/surface interface. With AFM-IR instruments and infrared laser packages now commercially 

available, the following suggestions offer practical guidance to assess either surface or subsurface 

features: 1) Improve material contrast by ensuring the feature of interest absorbs infrared light at 

a unique frequency that is shifted sufficiently away from neighboring absorption bands. This can 

be achieved either by intentional molecular design or by labeling the feature of interest using an 
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infrared tag or deuteration. 2) Certain cantilever resonance modes are more sensitive to thermal 

oscillations than others. Tuning the infrared laser frequency to these cantilever resonance modes 

results in "resonance-enhanced" AFM-IR measurements. Improve surface sensitivity by tuning the 

infrared laser frequency to weak cantilever resonance frequencies. Likewise, improve depth 

sensitivity by tuning the infrared laser frequency to higher cantilever resonance frequencies. 3) 

Using shorter laser pulse widths produces thermal vibrational responses with shorter lifetimes 

which may not produce a detectable signal at the cantilever probe/surface interface. Likewise, 

using a longer laser pulse width is more suitable for detecting subsurface features because a 

sufficiently strong thermal vibration is created, which may be more readily detected at the 

cantilever probe/surface interface. Overall, the information found in this study broadens the scope 

of applications for AFM-IR, including investigations into substructure formations and vertical 

anisotropy in thin films and composite materials.  

 

METHODS 

Materials. All reagents were used as received without further purification unless otherwise noted. 

Anhydrous toluene was purchased from Fisher Scientific. Polystyrene (Mn: 173,000 g/mol, Đ: 

1.06) was purchased from Polymer Source, Inc. Polylactic acid in the form of Ingeo™ Biopolymer 

2500HP was purchased from NatureWorks. Molecular weight and polydispersity information is 

not currently available for this particular grade of polylactic acid. 

Bilayer Film Preparation. Bilayer films (top/bottom) of PS/PLA and PS/(PLA:PS) were prepared 

as follows: bottom layers were deposited by spin-casting 10 mg/mL solutions in toluene at 2,000 

RPM onto silicon wafers to produce ~90 nm thick bottom layer films. Top layers with thicknesses 

ranging between ~28-105 nm were prepared by first depositing 3 % poly(styrenesulfonate) in 
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water onto a silicon wafer by spin coating and subsequently depositing the top layer material on 

top of the PSS-coated wafer. Next, the wafer containing the top layer is carefully dipped into a 

petri dish filled with deionized water until the PSS is dissolved and the top layer remains floating 

on the surface of the water. The wafer containing the bottom layer is then placed face-down on top 

of the floating layer and quickly removed from the petri dish. What remains is a silicon wafer 

containing the top layer overlayed onto the bottom layer with a horizontal offset. Thickness 

measurements were performed by AFM by placing a controlled scratch across the boundary of the 

two layers and measuring the vertical distance between the film surface and bare silicon for both 

the single bottom layer and top double layer. 

Atomic Force Microscopy – Infrared Spectroscopy. Spin cast films were measured using a 

nanoIR3 AFM-IR from Bruker Instruments (Santa Barbara, CA) coupled to a MIRcat-QT™ 

quantum cascade, mid-infrared laser (frequency range of 917-1700 cm-1 and 1900-2230 cm-1 using 

a range of pulse frequencies between 355-1382 kHz). AFM-IR data were collected in contact mode 

using a gold-coated AFM probe (spring constant (k): 0.07-0.4 N/m and resonant frequency (fo): 13 

± 4 kHz) sourced from Bruker. The pulsed, mid-IR laser was tuned to frequencies unique to each 

component as determined by FTIR characterization. Acquired images were flattened using 

Analysis Studio software. The selected parameters were primarily determined by the limitations 

of the laser and probe used in the AFM-IR process. First, the laser power levels were chosen based 

on the laser's adjustable range, which allows for irradiating a sample with power between 1-100%. 

Second, the laser pulse frequency was determined by the unique resonant frequency of the 

cantilever probe. Each probe possesses a specific resonant frequency that is used to amplify the 

thermal expansion signal of the IR-excited area. By inducing thermal expansion at the resonant 

frequency of the cantilever, the deflection signal is significantly enhanced. Lastly, the laser pulse 
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width parameters were constrained by the AFM-IR laser's capabilities, which offer a limited range 

between 20-200 ns. 
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