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SUMMARY:
This protocol describes heterodyne-detected tapping-mode photothermal atomic force microscopy–infrared spectroscopy for nanoscale chemical characterization of semiconductor materials and devices, including infrared spectral acquisition and chemical mapping of patterned surfaces and process-related contaminants.

ABSTRACT:
Atomic force microscopy (AFM) is widely used to characterize the nanoscale electrical, magnetic, mechanical, thermal, electrochemical, and electromechanical properties of materials and devices; however, it does not directly provide chemical identification. In contrast, infrared (IR) spectroscopy probes chemical bonds through their vibrational signatures but is traditionally limited to micron-scale spatial resolution by optical diffraction. Photothermal AFM–IR spectroscopy (AFM–IR) combines AFM and IR spectroscopy to enable nanoscale chemical characterization by measuring localized photothermal expansion following IR absorption. This article presents a protocol for heterodyne-detected tapping-mode photothermal AFM–IR and its application to semiconductor materials and devices. The protocol describes instrument preparation, probe selection and tuning, AFM topography imaging, IR laser alignment and optimization, acquisition of localized IR spectra, and chemical mapping of selected vibrational modes. Particular emphasis is placed on practical implementation of tapping-mode AFM–IR for semiconductor characterization and on factors that influence data quality, including probe selection, resonance tuning, and IR beam alignment. Representative examples demonstrate the use of AFM–IR to distinguish material composition in patterned structures, evaluate deposited materials on semiconductor substrates, and identify residual photoresist contamination following processing. The protocol enables acquisition of co-localized topographical and chemical information with nanoscale spatial resolution and illustrates how AFM–IR can be applied to characterization challenges encountered in semiconductor research and manufacturing. To assist new users, a brief overview of AFM–IR development and a comparison of commonly used IR sources and imaging modes are also provided.

INTRODUCTION:
Advanced characterization methods play a vital role in semiconductor research, development, and manufacturing. Atomic force microscopy (AFM), which can be performed under ambient conditions, in a cleanroom environment, in an inert atmosphere glovebox, or under vacuum, is widely employed in the semiconductor industry. Available AFM modes combine nanoscale topographical mapping of semiconductor materials and devices with co-localized electrical, magnetic, mechanical, piezoelectric (i.e., electromechanical), and thermal measurements, including surface potential, electrical resistance, dopant profiling, and site-specific current–voltage (I–V) measurements1–5. However, despite its ability to provide a wealth of property information, AFM does not directly provide chemical-composition information. In contrast, infrared (IR) absorption spectroscopy probes the chemical bonds or phonon modes present in a sample but is traditionally limited to micron-scale spatial resolution because of the Abbe diffraction limit and the wavelength of mid-IR light (~2.5–25 μm or 400–4,000 cm−1)6–8. The development of photothermal AFM–IR6–13, which combines AFM with near-field IR microscopy and spectroscopy for nanoscale chemical identification, addresses this limitation7,8,14–16. AFM–IR accomplishes this by focusing a mid-IR (MIR) source onto a typically metal-coated nanoscale (~20 nm) AFM probe tip, enabling co-localized acquisition of AFM topography and IR spectroscopy data (Figure 1)6-8,11,15–21.

[Place Figure 1 here.]

Initial implementations of AFM–IR utilized a broadband IR source, sometimes in combination with a specialized thermally sensitive probe rather than a standard AFM cantilever22,23. Researchers subsequently adopted pulsed IR sources24, which provide higher peak powers and, in the case of tunable repetition rates, enable resonance enhancement (RE) of the cantilever response to photothermal excitation of the sample11,15,25,26, resulting in detection sensitivities approaching the monolayer level21. The first AFM–IR system to demonstrate nanoscale IR resolution employed a free-electron laser and bottom-up evanescent-wave illumination through an IR-transmissive substrate9. Shortly thereafter, top-down illumination27 using a wavelength-tunable optical parametric oscillator (OPO)24,28 or tabletop laser source, such as a quantum cascade laser (QCL)11,21, was introduced10. This configuration forms the basis of most current commercial AFM–IR systems because top-down illumination simplifies sample preparation by eliminating the requirement for an IR-transmissive substrate and enables analysis of thicker samples7,8,15,16. Subsequent developments enabled acquisition of IR spectra at selected locations on a sample surface and chemical mapping of specific vibrational modes6–9,15,24,29–32. As a result, AFM–IR has been applied across a broad range of fields, including biology and drug delivery6,25,33–37, polymer characterization6,12,26,38,39, nanoparticle identification26,40–43, and semiconductor research7,44–49, with ongoing efforts focused on expanding the accessible wavelength range and, consequently, the variety of vibrational modes and material systems that can be investigated8,28,50.

Related techniques, such as IR scattering-type scanning near-field optical microscopy (IR s-SNOM)14,51–61 and tip-enhanced Raman scattering (TERS)62–66, detect elastically or inelastically scattered light, respectively. In contrast, AFM–IR uses the AFM probe cantilever to transduce and amplify, through the quality factor (Q factor) of the cantilever resonance, the photothermal expansion of the sample surface following IR excitation6–8,14–16,31,67. The resulting probe oscillation is detected by measuring the movement of the AFM deflection laser, which is reflected from the back of the cantilever, on the position-sensitive detector (Figure 1). Because this detection pathway is also used to measure changes in sample topography, AFM–IR requires a method to separate the topographical and IR absorption responses. This separation was initially achieved using contact-mode AFM. Following excitation of the sample by an IR pulse, the probe response to the sample’s photothermal expansion decays rapidly on a nanosecond-to-microsecond timescale, which is much faster than the millisecond-scale effective probe dwell time associated with AFM data acquisition at rates of a few kilohertz6,8,15,16,50,67. The resulting time-varying optical signal, or ringdown, at each data point (i.e., AFM image pixel) can be filtered through a frequency band-pass centered around the cantilever contact resonance frequency and Fourier transformed. The resulting amplitude is proportional to the localized photothermal response of the sample (Figure 2A, 2B)6-8,15,31,67,68. However, variations in sample stiffness can shift the probe contact resonance frequency, which may convolve the photothermal expansion signal with variations in the mechanical behavior of the sample surface. To improve the sensitivity of contact-mode AFM–IR, resonance-enhanced (RE) AFM–IR was developed. In this mode, the laser pulse repetition rate is tuned to match a contact resonance frequency of the probe, causing in-phase amplification of the cantilever mechanical resonance and converting the ringdown decay into a continuous-wave oscillation (Figure 2C, 2D)7,8,11,15,21. This approach substantially improves the signal-to-noise ratio (S:N) in proportion to the Q factor of the cantilever resonance8,15,16,21. The incorporation of a phase-locked loop (PLL) allows the cantilever resonance to be monitored continuously and the laser pulse repetition rate matched to the varying resonance frequency while the sample response is mapped at a selected IR wavenumber. This helps ensure that the measured RE AFM–IR signal remains proportional to the IR absorption coefficient of the vibrational mode, independent of variations in mechanical properties, and therefore contact resonance frequency, across the sample surface8,15,16,37,69.

[Place Figure 2 here.]

The next major advancement in AFM–IR technology was the implementation of heterodyne detection70, which enabled the combination of tapping-mode AFM with AFM–IR for imaging soft, sticky, or lightly adhered samples8,15,16,25,26,37,71. In tapping mode, also referred to as intermittent-contact mode, the probe is oscillated at or near a cantilever resonance frequency to induce intermittent contact with the sample surface, thereby reducing lateral forces and minimizing the potential for damage to the sample and/or probe. Compared with contact-mode operation, tapping mode is therefore particularly advantageous for samples that are mechanically soft, weakly adhered, or susceptible to surface modification during imaging8,15,16,25,26,37,71. In tapping-mode AFM–IR, the laser pulse repetition rate is set to the difference between two cantilever resonance frequencies, such that . One resonance frequency is used to acquire sample topography (ftap), while the second resonance frequency monitors the photothermal response (fdemod) arising from IR absorption (Figure 2E, 2F)8,15,16,71,72. Similar to resonance-enhanced contact-mode AFM–IR, a PLL can be used to maintain synchronization between the laser pulse repetition rate and Δf during scanning, compensating for small shifts in the cantilever resonance frequencies caused by variations in the tip-sample interaction potential across the surface8,16. The cantilever response (oscillation amplitude, Z) in heterodyne-detected tapping-mode AFM–IR depends on ftap, fdemod, Δf, and the Q factor of the selected demodulation resonance8,15,16,26,71:

.

Thus, when other factors are comparable (e.g., similar Q factors for f1 and f2), improved S:N can be achieved by using a stiffer probe, operating in tapping mode at the higher resonance frequency (i.e., ), and demodulating the photothermal response at the lower resonance frequency (i.e., ). Beyond enabling analysis of soft, sticky, or lightly adhered samples, tapping-mode AFM–IR offers reduced sensitivity to variations in sample mechanical properties, approximately two-fold improved lateral resolution (~10 nm versus ~20 nm), and approximately 10–20-fold improved surface sensitivity relative to contact-mode implementations8,15,16,26,71.

In collaboration with academic and industry partners, tapping-mode AFM–IR has been used to evaluate deposition and material-removal processes on patterned wafers44,45, identify undesired nucleation sites44, detect residual photoresist45, and optimize processing conditions for contact pads in wide-bandgap semiconductor devices45. The protocol presented here describes heterodyne-detected tapping-mode AFM–IR and demonstrates its application for acquiring nanoscale IR spectra at selected locations, as well as for mapping the spatial distribution of chemical species through vibrational-mode imaging at fixed IR wavenumbers. Although AFM–IR can also provide information related to molecular orientation through polarization-dependent measurements8,16,73–76, those applications are beyond the scope of the present protocol and representative examples provided.

PROTOCOL:
This protocol does not involve the use of animal or human cell lines or subjects. Note that although other AFM–IR implementation modes are discussed, this protocol is specific to heterodyne-detected tapping-mode photothermal AFM–IR.

1. Experiment Setup

NOTE: This tapping-mode AFM–IR protocol is intended to be as general as possible; however, setup and operation will depend on the make and model of the system employed, including associated hardware (e.g., IR source(s), AFM platform, and related instrumentation) and software. Refer to Figure 3 for generalized schematic block diagram of a typical AFM–IR system. The system used in this study is listed in the Table of Materials.

[Place Figure 3 here.]

1.1. Initiate purge-gas flow through the IR beam path and instrument enclosure at approximately 4 L/min. Use ultrahigh-purity (99.999%) N₂ as the purge gas when available, or compressed dry air when N₂ is unavailable8.

NOTE: Purging displaces atmospheric H2O and CO2 that absorb in the IR spectral region. Maintaining a low purge-gas flow rate during instrument setup reduces the purge time required immediately prior to data acquisition (see Step 1.25).

1.2. Consult the laser user manual to confirm the required laser-chiller coolant composition.

NOTE: The broadband optical parametric oscillator (OPO) source used in this study (APE Carmina) operates at 22°C using a 3:1 mixture of distilled water and Innovatek Protect IP concentrate. The MIRcat QCL quantum cascade laser operates at 21°C using 10% isopropyl alcohol in distilled water. Both chillers have a capacity of approximately 450 mL, a maximum flow rate of 4 L/min, and a nominal temperature stability of ±0.1°C. During AFM–IR measurements, both chillers operate at 20% pump drive and typically achieve temperature stability of ±0.01°C to ±0.03°C over 15 min to 1 h.

1.3. Verify that the appropriate coolant is circulating before powering the IR source.

NOTE: Lasers often require chillers to remove excess heat and maintain a stable operating temperature to ensure stable output power, wavelength, mode quality, and beam pointing. Chiller coolants help preserve component lifetimes by preventing corrosion and/or algal growth.

1.4. Power on the laser power supply, AFM controller, IR source(s), and associated instrumentation (e.g., laser chiller(s) and lock-in amplifier(s)).

1.5. Allow all equipment to warm up according to the manufacturer’s recommendations (typically 15–60 min).

1.6. Start Analysis Studio v3.17 AFM control software.

1.7. Open the Hardware Configuration menu from the Setup dropdown menu.

1.8. Select the instrument configuration appropriate for the AFM–IR system from the Active Config dropdown menu to load the correct system configuration file.

1.9. Click the Initialize icon and confirm communication between the IR source(s), AFM controller, and lock-in amplifier(s) by verifying that no startup error messages are displayed.

NOTE: An incorrect configuration may require assistance from the instrument vendor.

1.10. Select the experimental configuration appropriate for the planned measurement (e.g., Tapping AFM–IR Mode) from the dropdown menu in the AFM Scan window.

1.11. Select the New icon in the Analysis Studio toolbar to create a new project where all data will be saved. Use the Save As option in the File menu to specify the desired project filename.

1.12. Select an AFM–IR probe compatible with the sample, illumination geometry, and imaging mode. Use a gold-coated TnIR-D-10 high-stiffness tapping-mode AFM–IR probe for most heterodyne-detected tapping-mode AFM–IR measurements on the Bruker nanoIR3 AFM–IR system.

NOTE: The high-stiffness tapping-mode AFM–IR probe has a nominal tip radius of 20 nm, spring constant of 42 N/m, and resonance frequency of 320 kHz. A gold-coated TnIR-A-10 low-stiffness tapping-mode AFM–IR probe may be used for softer samples when lower cantilever stiffness is desired. The low-stiffness tapping-mode AFM–IR probe has a nominal tip radius of 20 nm, spring constant of 3 N/m, and resonance frequency of 75 kHz. See Discussion for more details regarding appropriate probe choice and relevant considerations.

1.13. Mount the selected probe onto the AFM head (Figure 4A, 4B).

NOTE: AFM–IR probes used for top-down illumination typically contain a thin Au or Pt coating on the cantilever and substrate. The coating minimizes probe IR absorption, produces a flatter spectral response, and enhances the local electric field at the probe apex through the lightning-rod effect, thereby increasing localization and wavelength-independent amplification of the photothermal signal8,15,16,77–81.

[Place Figure 4 here.]

1.14. Mount the sample on a magnetic specimen disc compatible with the AFM–IR system sample chuck, securing the sample using double-sided carbon tape, silver paste, fingernail polish, superglue, or epoxy.

NOTE: Use a conductive adhesive such as carbon tape or silver paste if electrical AFM modes or subsequent electron microscopy characterization will be performed.

1.15. Select the Load icon in the AFM Probe window to open the Load Tip Wizard window.

1.16. Verify that the probe and sample region of interest are visible within the optical field of view (Figure 4C, 4D).

NOTE: Samples up to approximately 25 mm in diameter can be accommodated on the sample chuck; however, only the central 6 mm × 8 mm region is accessible for AFM–IR measurements. The region of interest will be dependent on what the user desires to interrogate with AFM–IR, but use visual markers in combination with sample schematics to distinguish and identify a site.

1.17. Adjust the optical focus using the up/down arrows in the Focus on Probe window until the cantilever edges nearest the probe apex are clearly resolved, then click Next.

1.18. Position the crosshair directly over the probe tip at the distal end of the cantilever in the Center Crosshairs window, which will center the probe tip in the optical field of view, then click Next.

1.19. Adjust the optical focus using the up/down arrows in the Focus on Sample window until sample surface features are clearly resolved.

1.20. Use the Sample XY Navigation stage control arrows and the optical microscope view to navigate the sample until the area of interest is positioned beneath the probe tip, then click Next.

1.21. Set a Standoff distance of at least 100 µm and select Approach Only.

NOTE: After clicking Approach Only, the tip will approach to within the Standoff distance of the sample surface and the Load Tip Wizard window will close automatically.

1.22. Use the AFM laser-alignment control knobs to position the AFM laser on the back of the cantilever directly above the probe tip and maximize the laser-sum voltage (Figure 4C).

1.22.1. Center the laser laterally on the cantilever.

1.22.2. Position the laser near the cantilever apex above the probe tip.

1.22.3. Adjust the laser position until the maximum laser-sum voltage is achieved.

NOTE: Verify that the laser-sum voltage exceeds 5 V when using a high-stiffness tapping-mode AFM–IR probe. If not, the probe may be damaged or not properly mounted.

1.23. Adjust the photodetector-alignment control knobs to center the reflected laser beam on the position-sensitive photodiode.

1.23.1. Adjust the alignment until the deflection signal is within ±0.1 V of zero.

1.23.2. Verify that the Deflection readout displays a green indicator centered in the readout field (Figure 4E).

1.24. Close the instrument enclosure.

1.25. Increase the purge-gas flow rate to approximately 7 L/min and continue purging until the enclosure humidity decreases below 8%.

1.26. Reduce the purge-gas flow rate to approximately 4 L/min to maintain the reduced humidity level throughout subsequent measurements.

NOTE: Reducing the purge-gas flow rate minimizes turbulence that may introduce AFM imaging noise. Samples exhibiting stronger IR absorbance are generally less sensitive to residual humidity. Under some circumstances, humidity levels as high as approximately 10% may be acceptable, allowing shorter purge times and lower gas consumption while minimizing turbulence.

2. Probe Tuning

2.1. Perform a pair of cantilever tunes to determine the probe resonance frequencies to use for Drive and Detection Mode (Figure 4F, 4G).

NOTE: Following the procedure below will ensure that the cantilever tune produces well-separated resonance peaks for both the topography (Drive Mode) and IR detection (Detection Mode) resonances.

2.1.1. Confirm Tapping AFM–IR mode is selected from the dropdown menu in the AFM Scan window.

2.1.2. Click the tuning fork icon to open the Cantilever Tune window.

2.2. Perform the Drive Mode cantilever tune.

2.2.1. In the Drive Mode tune panel, set a frequency sweep range of approximately 100 kHz around the nominal resonance frequency of the probe (Figure 4F), then click the green Start arrow.

NOTE: The nominal resonance frequency is typically listed on the box the AFM probe comes in.

2.2.2. Identify the resonance peak to use for tapping-mode topography imaging. Select a prominent isolated Gaussian-shaped peak without a significant shoulder. The highest amplitude peak in the frequency sweep range that fits these criteria is generally best.

2.2.3. Reduce the sweep range to approximately 10 kHz and refine the selected resonance frequency until the peak frequency is clearly resolved.

NOTE: Select a Drive Mode frequency slightly below the resonance peak such that it reduces the free-space oscillation amplitude by approximately 5% relative to the peak amplitude (Figure 4F). This offset helps compensate for attractive van der Waals interactions during approach and promotes operation within the repulsive interaction regime during tapping-mode imaging.

2.2.4. Adjust the Drive Mode Strength until a peak amplitude of approximately 9 V is achieved.

NOTE: The Drive Mode Strength is typically 0.2%–5%.

2.3. Perform the Detection Mode cantilever tune.

2.3.1. In the Detection Mode tune panel, set the center frequency to approximately six times the Drive Mode frequency.

2.3.2. Set the Detection Mode sweep range to approximately 500 kHz (Figure 4G), then click the green Start arrow.

2.3.3. Select the most prominent isolated Gaussian-shaped resonance peak in the Detection Mode frequency spectrum without a significant shoulder. The highest amplitude peak in the frequency sweep range that fits these criteria is generally best.

2.3.4. Reduce the sweep range to approximately 10–20 kHz and refine the selected Detection Mode frequency until the resonance peak is clearly resolved.

2.3.5. Adjust the Detection Mode Strength until a peak amplitude of approximately 9 V is achieved.

NOTE: The Detection Mode Strength is typically 5%–50%.

2.3.6. Set the Detection Mode frequency to the maximum amplitude of the selected resonance.

NOTE: The selection of the Drive and Detection Mode resonances for heterodyne-detected tapping-mode AFM–IR may significantly affect the measured IR response during imaging and spectral acquisition. The optimal choice depends on both the AFM probe cantilever resonance peaks and the capabilities or limitations of the instrument hardware, including maximum dither-piezo frequency and controller bandwidth. In this protocol and in Figure 4F, 4G, f1 is used for topography acquisition (Drive Mode), and f2 is used for IR detection (Detection Mode). Refer to the Discussion for considerations in selecting Drive and Detection resonances, including cases in which switching the order of the Drive and Detection Mode frequencies may be preferable.

2.4. Click the green Accept Cantilever Tune check mark icon to save the Drive and Detection Mode settings.

3. AFM (Topography) Imaging

3.1. Click the green Engage icon in the AFM Probe window to engage the probe on the sample surface.

CAUTION: Monitor the live video feed in the Microscope window throughout the engage process. Withdraw the probe immediately if the laser spot shifts off the probe cantilever, if the cantilever bends excessively (photodetector deflection ≥ ~5 V), or if the cantilever snaps during engagement.

3.2. Verify successful probe engagement by confirming that the Laser Sum signal remains near its free-space value and that fluctuations in the Z Position monitor remain below ±0.2 µm (i.e., the Z Position status bar indicator light fluctuates by plus or minus one position or less).

3.3. Disable IR imaging after successful probe engagement by deselecting the IR Imaging Enabled checkbox in the NanoIR window.

3.4. Begin AFM scanning by selecting the Scan icon in the AFM Scan window.

3.5. Ensure the Feedback is On (radio button).

3.6. Set the tapping-mode amplitude Setpoint to less than 8 V.

NOTE: Operating with an amplitude setpoint of approximately 70%–90% of the free-space amplitude (approximately 6–8 V for a 9 V Drive Mode free-space amplitude as in Step 2.2.4) generally provides good topographic tracking. Lower setpoints may improve tracking of high-aspect-ratio features but increase the risk of damaging the probe and/or sample.

3.7. Optimize the feedback gains by setting the gains to achieve the best trace and retrace overlap – increase the gains until feedback noise becomes apparent in the topography image and/or error channel, then reduce the gains until the increased noise disappears.

NOTE: Typical gain values are 3–5 for the I (Integral) Gain and 5–7 for the P (Proportional) Gain.

3.8. Select a scan size (Width and Height) appropriate for the feature(s) of interest.

NOTE: Scan sizes of 5–20 μm were used in this work. The maximum XY scan size of the AFM–IR system is 50 μm. Select a scan size that fully encompasses the feature(s) of interest while providing sufficient pixel resolution to resolve those features within the limits imposed by tip-radius convolution.

3.9. Select a scan rate that provides acceptable trace-retrace overlap while maintaining practical acquisition times.

NOTE: The greater the separation between the trace and retrace lines, the less the probe is accurately tracking the topography of the sample. In general, this separation increases with faster scan rates. However, the slower the probe scans, the longer it takes to acquire data. Scan rates of approximately 0.5–2 Hz typically provide a suitable balance between acquisition speed and noise. For typical scan sizes of 5–20 µm, this corresponds to probe velocities of approximately 10–20 μm/s. The probe velocity is calculated by multiplying twice the scan size (to account for trace and retrace motion) by the scan rate. Exceptions to these ranges can exist, for instance, a very rough sample (e.g., Rq > 30 nm) may need to be scanned at a probe velocity of <10 μm/s, while an atomically flat sample (e.g., Rq < 1 nm) could be tracked well at a probe velocity of >20 μm/s.

3.10. Select the lateral (X and Y) pixel resolution.

NOTE: The maximum image size supported by the AFM–IR system is 1024 × 1024 pixels. Pixel resolution is the scan size divided by the number of pixels per line. However, physical resolution is limited by the probe tip radius. For example, a high-stiffness tapping-mode AFM–IR probe has a nominal tip radius of 20 nm; therefore, selecting a lateral pixel spacing substantially less than ~20 nm may result in oversampling and worse S:N with little or no improvement in physical resolution.

3.11. Apply X and Y piezo Offsets as needed to center the region of interest within the scan area.

3.12. Continue scanning while iteratively adjusting the amplitude setpoint and feedback gains to optimize image quality by verifying that the trace and retrace overlap and the error signal is minimized (i.e., the feedback gains have been increased until just before an increase in noise becomes apparent, as described in Step 3.7) for the selected scan size, scan rate, and pixel resolution.

3.13. After imaging parameters have been optimized, continue scanning the full area to capture an image of the area of interest for IR analysis.

NOTE: As shown in the Representative Results, the area to be scanned is dependent on the specific sample needs (e.g., point-selective IR spectral analysis of a contaminant, IR mapping of the spatial distribution of a specific chemical functional group, etc.).

3.14. Select the Stop icon in the AFM Scan window to stop scanning after the topography map has been completed and site(s) of interest are confirmed.

NOTE: If desired (e.g., if only IR point spectra will be subsequently collected rather than IR maps, but correlation of IR spectra with topographical features is desired), save the AFM topography image by selecting Capture: Last Frame from the Microscope window toolbar.

4. IR Laser Alignment and Optimization

4.1. Identify a likely IR-active feature of interest in the AFM topography image.

NOTE: Identification of an IR-active feature of interest may be an iterative process, depending on extent of a priori knowledge of sample composition as well as correspondence (or lack thereof) between topographical features and identifiable IR-active features. Accordingly, it can be useful to fabricate an IR-alignment sample such as the polyethylene terephthalate (PET) blanket film on a highly reflective substrate shown in Figure 5.

4.2. Move the probe to the selected feature using the point-and-click navigation function in the Microscope window’s live video feed.

4.3. Click the Align icon in the NanoIR window to open the Load Tip Wizard window. This will enable the visible alignment laser that is colinear with the IR laser path (Figure 5A, 5B).

[Place Figure 5 here.]

4.4. Adjust the IR focus using the Adjust IR Focus up and down arrows in the Center Align Laser window to identify the focal position that produces the smallest, most circular visible laser spot (Figure 5B).

NOTE: A highly reflective sample will make it easier to see the visible laser beam if it is not hitting the cantilever.

4.5. Center the visible alignment laser on the back of the cantilever directly above the probe tip using the Align Laser Navigation arrows.

4.6. Click Finish to close the Load Tip Wizard window.

NOTE: Steps 4.3–4.6 provide coarse alignment only. Final optimization of beam alignment and focus is performed using the IR beam in subsequent steps to ensure a measurable photothermal response from the sample (Figure 5C, 5D).

4.7. Select an IR wavenumber corresponding to a known IR-active vibrational mode of the feature of interest.

NOTE: Prior knowledge of the expected chemical composition and corresponding IR absorption bands may simplify optimization. For example, carbonyl (C=O) groups commonly exhibit strong IR absorbance near 1720–1730 cm−1.

4.8. Verify that all required laser-safety procedures are in place before enabling the IR source.

CAUTION: IR radiation is invisible and may cause serious eye injury. Follow all applicable laser-safety requirements before enabling the IR source, including signage, safety interlocks, shutters, enclosure controls, and laser-safety eyewear when required. The broadband OPO source is a Class 4 laser system, and the QCL source is a Class 3B laser system. As installed, the AFM–IR system is Class 2 because beam tubes contain the laser beams and safety interlocks engage shutters when the AFM–IR enclosure is open. Because the shutters are designed to fail closed upon loss of power, laser-safety eyewear is not required during routine operation unless interlocks are defeated or shutters are forced open during maintenance or beam realignment. When eyewear is required, use IR laser-safety glasses that protect across the full IR laser range, such as Schott-glass IR laser-safety glasses.

4.9. Select the desired incident IR Power from the dropdown menu of available attenuation levels in the NanoIR window based on the available neutral density filter wheel combinations.

NOTE: Excessive IR power may thermally damage sensitive materials. For polymer-based samples on the AFM–IR system, maintain IR power below approximately 20%.

4.10. Set the laser Duty Cycle in the NanoIR window.

NOTE: For the broadband OPO source, use a duty cycle of 50%. For the QCL, use a duty cycle below 10%, typically 2%–4%. For QCL operation, duty cycle and neutral-density filtering jointly determine incident IR power, with power scaling linearly with duty cycle. The software automatically adjusts the QCL pulse duration from 40 ns to 500 ns in 20 ns increments to match the selected duty cycle and pulse repetition rate.

4.11. Click the Optimize icon in the NanoIR window to open the IR Optimize window.

4.12. Adjust the slider bar at the top of the IR Optimize window to select an area larger than 200 μm × 200 μm and click Scan to raster the IR beam.

4.13. If necessary, adjust the IR focus to compensate for differences between the visible alignment and IR beams. To do this, click on Tools and select Focus Capture. Select a Number of Focus Captures (e.g., 5) as well as focus Start and End points, then click Focus Capture to simultaneously optimize beam alignment and focus.

NOTE: A properly aligned beam should produce a roughly Gaussian response profile. Figure 5C shows a beam-optimization map obtained when the sample is IR-inactive at the selected wavenumber and/or when the IR alignment and focus are poorly optimized. Figure 5D shows a representative optimized beam with a spot size of approximately 40–50 μm and a photothermal response of approximately 3 mV above background. A beam spot size of < 100 μm with a photothermal response of > 0.5 mV above background is generally acceptable; however, this will be dependent on the exact input beam size, mode quality, divergence, and wavelength, as well as the beam pathway design (e.g., focusing optics, neutral density filters, etc.). The magnitude of the photothermal response is also heavily dependent on the IR absorption strength of the sample itself, which depends on the magnitude of the change in the bond’s dipole moment during vibration and the number of those bonds present in the probe’s near-field response area.

4.14. Repeat beam optimization at additional wavenumbers when spectra or chemical maps will be acquired across a broad spectral range.

NOTE: Beam alignment and focus may vary as a function of wavelength; therefore, optimize beam alignment and focus at multiple wavenumbers when spectra or chemical maps will be acquired across a broad spectral range8.

4.15. Click OK to close the IR Optimize window and save settings.

4.16. Click the Pulse Tune icon in the NanoIR window to open the Laser Pulse Tune window.

4.17. Set a Tune Range of approximately 100–200 kHz centered on the nominal difference-frequency Pulse Rate identified during probe tuning.

NOTE: The nominal pulse repetition rate is equal to |f₂ − f₁|, where f₁ and f₂ are the selected Drive and Detection resonance frequencies.

4.18. Sweep the laser pulse repetition rate over the selected Tune Range about the Pulse Rate by clicking Acquire.

4.19. Verify that a prominent isolated Gaussian-shaped resonance peak without a significant shoulder is observed, similar to Steps 2.2.2 and 2.3.3 in the Probe Tuning when selecting the Drive and Detection Mode resonances. 

NOTE: Increase the sweep range to as much as 1,000 kHz if a clear resonance peak meeting the above criteria is not observed.

4.20. Select the identified resonance peak. The highest amplitude peak in the selected laser pulse repetition rate (frequency) range that fits the selection criteria is generally best and should produce the strongest heterodyne-amplified IR absorption response.

4.21. Reduce the Tune Range to be swept to ≤50 kHz.

4.22. Refine the selected pulse repetition rate by locating the maximum of the resonance peak.

4.23. Enable the PLL under Auto-Tune.

NOTE: The PLL maintains the laser pulse repetition rate at the difference frequency between the selected cantilever eigenmodes, compensating for resonance-frequency drift during measurement15.

4.24. Set the PLL bandwidth to ≤ ±30 kHz around the selected resonance by setting corresponding Minimum and Maximum allowable frequencies.

4.25. Set the PLL threshold slightly above the observed noise level in the pulse-tune (~1.1 times the noise).

4.26. Click OK to close the Laser Pulse Tune window and save the settings.

NOTE: Reconfirm laser alignment if the optimized pulse repetition rate differs substantially from the value obtained during the initial probe tune.

4.27. Select Tools > IR Background Calibration from the main menu.

4.28. Click New to acquire a background spectrum, I₀(ṽ).

4.29. Confirm the Pulse Rate and Duty Cycle are equal to the values established during IR optimization.

4.30. Set the spectral Resolution (cm−1/pt) equal to the value planned for sample acquisition.

NOTE: The maximum achievable spectral resolution is IR source dependent (<1 cm−1 for the MIRcat QCL and ~20 cm−1 FWHM for the APE Carmina operating in narrowband mode). Additional considerations in selecting the spectral resolution are expected vibrational linewidths and spacing of spectral features (if known), reasonable acquisition time (which scales linearly with resolution), and desired S:N (which decreases with increased spectral resolution). Commercial FTIR spectrometers for analyzing solid samples typically offer user-selectable resolutions of 1, 2, 4, 8, or 16 cm−1, with 4 cm−1 resolution a commonly used setting.

4.31. Select Start and End Wavenumbers that encompass the entire spectral range intended for sample measurements.

4.32. Set Power to 100%.

4.33. Set Backgrounds to Average to 5 acquisitions.

4.34. Click Acquire to acquire the averaged background spectrum.

NOTE: A quality background spectrum should mirror the shape of the manufacturer’s IR laser power output versus wavelength spectrum. Refer to the data sheet/manual of the laser(s). Additional absorption features can occur in the background spectrum if the AFM−IR chamber is not adequately purged (e.g., water is typically observed as a series of absorption peaks between approximately 1250 and 2000 cm−1, with maxima at ~1550 and ~1700 cm−1, plus a broad ~300 cm−1 wide FWHM absorption centered at 3750 cm−1, while CO2 is typically seen as a broad absorption at ~2325 cm−1). Consult the NIST Chemistry WebBook (https://webbook.nist.gov/chemistry/) for representative vapor phase IR spectra of H2O and CO282.

4.35. Click Save to save the background spectrum and automatically close the Collect Background window.

NOTE: During IR Spectral Acquisition, the software will automatically divide the measured photothermal response by the IR Background Calibration file to correct for the variation in laser output power as a function of wavelength/wavenumber (i.e., the laser output spectrum).

5. IR Spectral Acquisition

5.1. Identify the feature of interest in the previously acquired AFM topography image, then position the AFM probe over the selected feature in the Imaging View using the Microscope window point-and-click navigation function.

5.2. Define the desired spectral acquisition range (Start and End in cm−1) in the NanoIR window based on available laser coverage and expected vibrational modes of interest (if known).

NOTE: The APE Carmina used here covers 5–15 μm (~670–2000 cm−1), while the MIRcat QCL has 4 chips covering 755–1005, 955–1425, 1425–1835, and 2635–3000 cm−1. For the patterned silicon wafer and polymer samples shown here, the approximate spectral range of interest is 1000–1800 cm−1.

5.3. Set the Spectra Resolution (cm−1/point) in the NanoIR window to match the value used during IR Background Calibration.

5.4. Select the desired IR laser Power from the dropdown menu in the NanoIR window.

NOTE: See Note on Step 4.9 and Discussion for details regarding incident IR power considerations.

5.5. Specify the number of spectra to acquire in the NanoIR window.

NOTE: Although the default is one spectrum, acquiring multiple spectra enables evaluating spectrum-to-spectrum variability and allows manual co-averaging of spectra in post-processing to improve S:N.

5.6. If spectral averaging is desired to improve S:N, ensure the Co-average Spectra checkbox is selected and specify the desired number of spectra Co-averages from the dropdown menu in the NanoIR window.

NOTE: S:N will improve as the square root of the number of co-averages, while the time required for acquisition will increase linearly, so there is a point of diminishing returns to increasing the co-averages.

5.7. Click Acquire in the NanoIR window to start acquisition of an IR spectrum. 

5.8. If desired, export and save the acquired spectrum by selecting Export from the File dropdown menu in Analysis Studio.

NOTE: Available file formats for exporting spectra include CSV, TSV, and Image (TIFF, GIF, BMP, PNG, or JPEG). In addition to the IR spectrum XY data (i.e., IR amplitude as a function of IR wavenumber), CSV or TSV files will include the user-selected IR power percentage, beam shape factor, and PLL frequency, as well as the IR Background Calibration data used to scale the raw photothermal response and correct for the laser output power spectrum (see Step 4.35). Images will not contain any metadata.

5.9. Repeat the acquisition at additional locations as needed.

NOTE: See Results and Discussion for examples of parameter selection and interpretation of AFM–IR spectra.

6. IR (Vibrational Mode) Mapping

6.1. Set the IR wavenumber in the NanoIR window to the amplitude maximum of the vibrational mode of interest based on the IR spectrum acquired in Step 5.

NOTE: Pick a vibrational mode (spectral peak) that exhibits high amplitude and provides the greatest material contrast (i.e., a peak that is only found in or significantly stronger in one material component), as shown in the Representative Results (e.g., the 1730 cm−1 carbonyl stretch of PMMA in Figures 6 and 9, the 1120 cm−1 Si–O stretch of SiO2 in Figure 7, or the 1600 cm−1 aromatic stretching mode of the photoresist residue in Figure 8). IR correlation charts, published or locally acquired IR spectra, or publicly available spectral databases such as the NIST Chemistry WebBook can be consulted for peak assignments82.

[Place Figure 6 here.]

[Place Figure 7 here.]

[Place Figure 8 here.]

[Place Figure 9 here.]

6.2. Select the IR Imaging Enabled checkbox in the NanoIR window.

6.3. Begin AFM scanning by clicking the Scan icon in the AFM Scan window. This will start simultaneous acquisition of the AFM topography image and corresponding IR amplitude map.

NOTE: Typically, the same AFM Scan parameters can be used for IR Mapping as were used previously to acquire the AFM topography image in Step 3. See Representative Results and Discussion for examples of parameter selection and interpretation of AFM–IR chemical maps.

[bookmark: _Hlk232694088]6.4. Select Capture: End of Frame from the Microscope window toolbar to save the AFM topography image and IR mapping data.

NOTE: The saved AFM topography and IR mapping data can be exported as either an Image (TIFF, GIF, BMP, PNG, or JPEG) or Gwyddion (*.gsf) AFM data file for subsequent offline post-processing and data analysis if desired by selecting Export from the File dropdown menu in Analysis Studio. While metadata regarding data acquisition parameters is available in the Analysis Studio Project file, the exported image or AFM data files will not include it. In contrast with AFM topography data, IR maps are typically displayed as acquired, with no post-processing performed or necessary (e.g., plane-fitting or flattening), similar to other non-topography SPM modes such as CAFM/TUNA, KPFM, or MFM.

RESULTS:
In the semiconductor field, a thermoplastic such as poly(methyl methacrylate) (PMMA) can be used as an insulator and blended with active semiconducting polymers to tune device charge mobility77,78. PMMA also has utility as a positive resist for electron-beam or ultraviolet lithography79. In either application, AFM–IR can be used to confirm polymer distribution after processing. In Figure 6A, 6B, electron-beam lithography (EBL) was employed to pattern PMMA features on a silicon wafer covered with a thin oxide layer (SiO₂). Spectral differences between the polymer (PMMA) and the Si/SiO₂ substrate can be observed in the resulting averaged, smoothed point-selective AFM–IR spectra (Figure 6A). By tuning the IR laser to the 1730 cm⁻¹ absorption maximum of the PMMA carbonyl (C=O) bond, the polymer pattern can be mapped (Figure 6B) to assess processing quality, including polymer-distribution uniformity and EBL pattern fidelity.

Another example of AFM–IR evaluation of patterned semiconductor features is shown in Figure 7A–7F. An industry collaborator provided wafers patterned with SiN films deposited on Si ridges alternating with SiO₂ trenches (Figure 7A). The as-received patterned substrate was first examined using AFM–IR to confirm consistency between the topographical (Figure 7B, 7C) and chemical (Figure 7D, 7E) patterning. Point spectra obtained within the SiO₂ trenches exhibited the characteristic Si–O–Si symmetric stretching mode at 1120 cm⁻¹, whereas spectra acquired from the SiN-covered ridges did not (Figure 7D). Subsequent mapping of a patterned region with the laser tuned to 1120 cm⁻¹ revealed a SiN/SiO₂ distribution consistent with the substrate topography as evidenced by overlaying of the IR map in Figure 7E on the topography image in Figure 7C.

Such patterned substrates are a prerequisite for area-selective deposition (ASD), a promising alternative to traditional photolithographic patterning methods involving multiple deposition and etching steps. Relative to conventional photolithography, ASD offers reduced material consumption, reduced energy usage, and improved pattern-registration control for complex integrated-circuit architectures44. Here, conjugated polypyrrole (PPy) was selectively deposited onto the SiN ridges of the patterned wafer. AFM–IR, with the pulsed laser tuned to the 1120 cm⁻¹ Si–O–Si stretching mode, was used to identify SiO₂ trenches and indirectly identify PPy through its lack of absorption at that wavenumber (Figure 7F). AFM–IR identified both the intended PPy deposited on the SiN ridges and undesired PPy nuclei within the SiO₂ trenches, enabling calculation of deposition selectivity (S) based on the relative areal surface coverage (θ) of the desired-growth (g) and non-growth (ng) surfaces44:

.

This example demonstrates how AFM–IR can be used to characterize patterned semiconductor structures and evaluate material-selectivity outcomes during process development.

An additional application of AFM–IR in semiconductor processing is the identification of residual photoresist contamination. Photoresist residue remaining before contact deposition can reduce contact quality and increase contact resistance, potentially affecting device performance and reliability45. In this example, a sample was examined following 2 min of 100 W active oxygen descum treatment intended to remove residual photoresist after the development lift-off process (Figure 8A, 8B). AFM–IR mapping at the 1600 cm⁻¹ aromatic-ring vibration associated with the photoresist enabled visualization of the primary photoresist region (PR; Figure 8A, Site A) and identification of isolated regions of residual contamination within the contact area (Figure 8A, Site B). In contrast, regions farther from the photoresist boundary exhibited minimal AFM–IR signal (Figure 8A, Site C).

IR point spectra were collected from the photoresist region (Site A) and compared with spectra acquired from isolated regions of elevated IR intensity within the descummed contact area (Site B), confirming the presence of residual photoresist at those locations based on spectral similarity and knowledge of the AZ nLOF 2020 photoresist composition obtained from manufacturer datasheets and its corresponding characteristic spectral signatures (Figure 8B). In contrast, spectra acquired from Site C did not exhibit the characteristic photoresist-related absorption bands. Spectra were co-averaged over five spectral sweeps and are presented without spectral processing or normalization, with the spectra offset vertically for clarity. This example demonstrates the utility of AFM–IR as a nondestructive tool for assessing interface cleanliness at the nanoscale and identifying the likely source of localized chemical contamination through a combination of process knowledge and AFM–IR spectral analysis.

An additional example illustrating optimization of AFM–IR performance is shown in Figure 9A–9F. Resonance-enhanced contact-mode AFM–IR relies on the selection of an appropriate contact-resonance frequency, and the choice of laser pulse repetition rate can significantly influence signal quality. A pulse-tune sweep acquired from PMMA patterned on a Si/SiO₂ substrate revealed multiple accessible contact resonances (Figure 9A). AFM–IR spectra acquired using different resonance frequencies exhibited substantial differences in signal intensity and spectral quality (Figure 9B). Analysis of the relative Q factors of the identified resonances (Figure 9C) and the corresponding S:N ratios of the acquired spectra (Figure 9D) demonstrated that resonance selection directly affects AFM–IR sensitivity. Relative Q factors were determined by dividing each resonance peak amplitude by its dimensionless relative width. This was accomplished by multiplying the peak amplitude by the center frequency and dividing by the full width at half maximum (FWHM). The S:N ratio was determined by taking the difference between the highest peak amplitude in a spectrum and the average value of its baseline (measured across the 870–970 cm⁻¹ region), then dividing that difference by the root-mean-square (RMS) deviation of the baseline region from its slope-corrected average value (i.e., the baseline noise floor). These differences are further illustrated in the AFM–IR chemical maps acquired at 1730 cm⁻¹ using pulse repetition rates of 177 kHz and 1139 kHz (Figure 9E, 9F), where the higher-quality resonance condition produced improved chemical contrast and image quality. This example demonstrates the importance of resonance optimization during AFM–IR measurements and provides a representative comparison between suboptimal and optimized acquisition conditions.

FIGURE LEGENDS:
Figure 1. Schematic illustration of photothermal atomic force microscopy–infrared spectroscopy (AFM–IR). A focused pulsed infrared (IR) beam excites localized photothermal expansion of the sample surface. The resulting cantilever oscillation is detected using the AFM deflection laser and position-sensitive photodiode, enabling co-localized acquisition of sample topography and chemical information at the nanoscale. Adapted with permission from Figure 1A in Dazzi and Prater7. Copyright 2017 American Chemical Society.

Figure 2. Representative time-domain and frequency-domain responses obtained using different AFM–IR operating modes. (A) Time-domain cantilever ringdown response following photothermal excitation of a sample during contact-mode AFM–IR. (B) Fast Fourier transform (FFT) of the ringdown signal in (a), showing multiple contact-resonance modes. (C) Time-domain response acquired during resonance-enhanced contact-mode AFM–IR using a soft cantilever (k = 0.3 N/m). (D) FFT of the resonance-enhanced signal showing amplification at the selected contact resonance (365 kHz), corresponding to the laser pulse repetition rate. Peaks at approximately 730, 1095, and 1460 kHz correspond to higher-order harmonics. (E) Time-domain tapping-mode AFM–IR signal acquired using a stiff cantilever (k = 40 N/m). (F) FFT of the tapping-mode AFM–IR response. Topography acquisition was performed using the drive resonance at approximately 250 kHz, while the photothermal response was detected at approximately 1.55 MHz using a heterodyne pulse repetition rate corresponding to the difference frequency (f₂ − f₁) of approximately 1.3 MHz. Panels (A, B) adapted with permission from Figure 3 in Mathurin et al.16 Copyright 2022 AIP Publishing.

Figure 3. Generalized schematic block diagram of a typical AFM–IR system. The diagram illustrates the infrared laser source, visible alignment laser, alignment optics, shutter, focusing optics, AFM probe assembly, photodiode detector, lock-in amplifier, AFM controller, sample stage, and environmental purge enclosure used during AFM–IR measurements. Abbreviations: AFM = atomic force microscope; MIR = mid-infrared; OAP = off-axis parabolic reflector.

Figure 4. Instrument setup, probe alignment, and cantilever tuning for a nanoIR3-s AFM–IR system running Analysis Studio v3.17. (A) AFM head assembly showing the AFM head handle, slider handle, and head-positioning components. (B) Probe holder containing a pre-mounted TnIR-D-10 AFM–IR probe. (C) Alignment controls used to position the AFM deflection laser on the cantilever and center the reflected beam on the position-sensitive photodiode. (D) Optical image of the sample and AFM probe before laser alignment, showing a low laser-sum signal. (E) Optical image after laser alignment, showing a laser-sum signal greater than 5 V and near-zero cantilever deflection. (F) Representative tuning curve of the TnIR-D-10 probe’s first resonance frequency (f₁) at approximately 240 kHz used for topography acquisition (Drive Mode). (G) Representative tuning curve of the higher-frequency resonance (f₂) at approximately 1550 kHz used for photothermal detection (Detection Mode).

Figure 5. IR laser alignment and optimization workflow. (A) Optical image of an AFM probe with the visible alignment laser out of focus and not centered on the cantilever. (B) Visible alignment laser centered on the cantilever directly above the probe tip after optimization of focus and positioning. (C) Example raster scan of a 200 µm × 200 µm area with a Carmina OPO tuned to 1730 cm⁻¹ and filtered to 11.39% power, acquired under non-optimized beam-alignment and focusing conditions. The sample was effectively IR-inactive at the selected wavenumber and/or the IR focus was poorly aligned with the tip–sample interface; therefore, no localized high-intensity photothermal response was detected. (D) Optimized raster scan of the beam centered on the same 200 µm × 200 µm area around the probe tip, showing a centered and approximately Gaussian laser profile with a spot size of 40–50 µm and a strong photothermal response with a maximum intensity of approximately 3 mV. (E) Representative raw heterodyne-detected tapping-mode AFM–IR spectrum acquired at 2 cm⁻¹/point resolution from a polyethylene terephthalate (PET) alignment sample following optimization of IR beam alignment to the probe tip at 1730 cm⁻¹. The y-axis corresponds to the photothermal AFM–IR response measured in millivolts of signal on the beam-bounce photodiode at the Detection Mode frequency.

Figure 6. AFM–IR spectroscopy and chemical mapping of patterned poly(methyl methacrylate) (PMMA). PMMA was patterned on a thermally oxidized Si/SiO₂ substrate using a Teneo Nabity NPGS electron-beam lithography (EBL) system. Measurements were performed using resonance-enhanced contact-mode AFM–IR with a CnIR-B-10 probe and a MIRcat QCL filtered to 14.75% IR power and tuned to a laser pulse repetition rate of approximately 782 kHz corresponding to a contact resonance of the probe maintained at a deflection setpoint of 2 V (approximately 4 nN load). (A) AFM–IR spectra acquired from PMMA (orange) and SiO₂ (blue) regions of the sample. Spectra represent the average of five sequential acquisitions collected at the same location with a spectral resolution of 2 cm⁻¹/point. Spectra were smoothed in Origin v10.0.5.157 using a third-order Savitzky–Golay filter with a rolling 10-point window, and the PMMA spectrum was vertically offset for clarity. The inset shows the PMMA molecular structure, with the carbonyl (C=O) functional group highlighted. (B) AFM–IR chemical map acquired at 1730 cm⁻¹, corresponding to the PMMA carbonyl absorption band. The map covers a 15 µm × 15 µm region acquired at a scan rate of 0.5 Hz and 30 nm pixel resolution (500 × 500 pixels). A phase-locked loop (PLL) was enabled throughout image acquisition to track changes in the contact-resonance frequency.

Figure 7. AFM–IR characterization of area-selective deposition (ASD) of polypyrrole (PPy) on patterned silicon structures. Measurements were performed using heterodyne-detected tapping-mode AFM–IR and a TnIR-D-10 probe. A Carmina OPO was filtered to 4.15% IR power and tuned to a laser pulse repetition rate of approximately 258 kHz, corresponding to the difference between the Drive and Detection Mode frequencies for heterodyne amplification of the photothermal IR-response signal, with the PLL bandwidth set to ±25 kHz. (A) Cross-sectional scanning electron microscopy (SEM) image of the patterned wafer showing SiN-covered silicon ridges adjacent to SiO₂ trenches. (B, C) 256 × 256 pixel AFM topography images of representative patterned regions displaying (B) a 10 µm × 10 µm area at approximately 40 nm pixel resolution and (C) a 5 µm × 5 µm area at approximately 20 nm pixel resolution. (D) Raw AFM–IR spectra acquired from SiO₂ and SiN regions, with a spectral resolution of 2 cm⁻¹/point, showing the characteristic Si–O stretching mode at approximately 1120 cm⁻¹. (E) AFM–IR chemical map acquired at 1120 cm⁻¹. Increased signal intensity corresponds to stronger Si–O absorption. (F) Three-dimensional rendering of the AFM–IR response at 1120 cm⁻¹ overlaid on sample topography following PPy deposition. Localized deposition is observed within the SiO₂ trenches. Pixel resolution of the 5 µm × 5 µm IR maps shown in (E) and (F) is approximately 20 nm (256 × 256 pixels). Maps were acquired at a scan rate of 0.5 Hz. Underlying data and figure adapted with permission under a CC BY 4.0 license from Figure 6 in Thelven et al.44.

Figure 8. AFM–IR analysis of a photoresist-removal process. Measurements were performed using heterodyne-detected tapping-mode AFM–IR and a TnIR-D-10 probe. A Carmina OPO was filtered to 4.15% IR power and tuned to a laser pulse repetition rate of approximately 266 kHz, corresponding to the difference between the Drive and Detection Mode frequencies for heterodyne amplification of the photothermal IR-response signal, with the PLL bandwidth set to ±25 kHz. (A) AFM–IR chemical map of a 20 µm × 20 µm area acquired at a scan rate of 0.3 Hz with 50 nm pixel resolution (400 × 400 pixels) and the IR laser tuned to 1600 cm⁻¹, corresponding to aromatic-ring vibrations characteristic of the photoresist. Regions of suspected residual contamination are highlighted with dashed outlines. Horizontal streaks caused by poor probe tracking of abrupt features were removed using the scar-correction function in Gwyddion v2.69. (B) AFM–IR spectra acquired at 1 cm⁻¹/point resolution from the locations indicated in (A). Site A corresponds to photoresist, Site B corresponds to a contaminated contact region, and Site C corresponds to a nominally clean Ga₂O₃ surface. The shaded region indicates the spectral range used to generate the chemical map based on the sample photothermal response at 1600 cm⁻¹. Spectra were smoothed using an FFT post-processing filter in Gwyddion v2.69. Underlying data and figure adapted with permission under a CC BY 4.0 license from Figure 6 in Pieczulewski et al.45.

Figure 9. Influence of contact-resonance selection on resonance-enhanced contact-mode AFM–IR performance. Measurements were performed on a single EBL-patterned PMMA-on-Si/SiO₂ sample using resonance-enhanced contact-mode AFM–IR and a CnIR-B-10 probe maintained at a deflection setpoint of 2 V (approximately 4 nN load), with a MIRcat QCL filtered to 17.85% IR power. The QCL pulse repetition rate was varied to correspond to different observed contact-resonance frequencies, with the PLL bandwidth set to ±30 kHz. (A) Contact-resonance sweep acquired from PMMA on a Si/SiO₂ substrate with the laser tuned to the PMMA carbonyl absorption band at 1730 cm⁻¹. (B) AFM–IR spectra acquired using laser pulse repetition rates of 177 kHz and 1139 kHz. Spectra represent the average of five sequential acquisitions collected at the same location, normalized to the height of the 1730 cm⁻¹ carbonyl peak, and vertically offset for clarity. (C) Relative Q factors calculated from the measured resonance peaks. (D) Relative signal-to-noise (S:N) ratios calculated as the ratio of the PMMA carbonyl peak intensity to the root-mean-square baseline noise. (E, F) Raw AFM–IR chemical maps acquired at a scan rate of 0.8 Hz from a single 15 µm x 15 µm scan at 1730 cm⁻¹ with 30 nm pixel resolution (500 × 500 pixels) using laser pulse repetition rates of (e) 177 kHz and (f) 1139 kHz. For ease of comparison, the raw data maps in (E) and (F) are displayed using the same color scale.

DISCUSSION:
Selecting the appropriate probe for the AFM–IR geometry (i.e., top-down versus bottom-up illumination) and operating mode (e.g., tapping-mode versus contact-mode AFM–IR) is an important consideration for obtaining optimal, artifact-free data. General probe characteristics to consider include the nominal spring constant and resonance frequency, which typically scale together. Higher resonance frequencies, and therefore larger spring constants (i.e., stiffer cantilevers), are generally preferred for tapping-mode operation because they reduce the likelihood of snap-to-contact and can enable faster data-acquisition rates and improved S:N ratios. An additional consideration is the presence or absence of a metal coating. For top-down illumination, highly reflective metal coatings are used to minimize IR absorption by the AFM probe and to provide wavelength-independent near-field enhancement of the electric field through the tip-apex-mediated “lightning rod effect”7,14,77–81. Gold coatings, in particular, exhibit a relatively flat spectral response across the MIR region (~2.5–15 μm), with high reflectivity (>98%–99%) and less than 1% variation in reflectivity as a function of incident-light polarization. More complex considerations, such as the selection of cantilever resonance frequencies for different operating modes, can substantially affect both the signal-to-noise ratio (S:N) and spatial resolution of the acquired data. For a cantilever that behaves as an ideal elastic beam, solutions to the normal-mode equations predict that the second resonance frequency should occur at approximately five times the fundamental resonance frequency (f₂ = 5f₁). Substituting this relationship into the cantilever-response expression presented in the Introduction for heterodyne-detected tapping-mode AFM–IR predicts a cantilever response (Z) proportional to 0.16Q₂ when tapping at f₁ and demodulating at f₂, compared with 20Q₁ when tapping at f₂ and demodulating at f₁. Therefore, if the two resonances exhibit similar Q factors (although Q₁ is often greater than Q₂), tapping at the higher resonance frequency while demodulating at the lower resonance frequency is predicted to provide approximately 125-fold greater sensitivity. In practice, however, this configuration may not always be possible because of instrument hardware limitations. For example, the higher resonance frequency (f₂) may exceed the operating range of the tapping-mode dither piezo. This can occur for some AFM systems when using the TnIR-D-10 probe employed in this work, for which f₁ ≈ 250 kHz (Figure 4F) and f₂ is closer to six times f₁ because of cantilever non-idealities, yielding f₂ ≈ 1.5 MHz (Figure 4G), while Q₁ ≈ 6Q₂. In contrast, when a softer tapping-mode probe with a nominal resonance frequency (f₁) of ≈75 kHz such as the TnIR-A-10 is used, the corresponding f₂ (predicted to be approximately 375–450 kHz) falls within the accessible operating range of standard AFM dither piezos, enabling tapping mode operation at the higher resonance. In summary, under ideal elastic behavior and assuming similar Q factors for all resonance modes and probes, tapping at f₂ while demodulating at f₁ is predicted to provide greater sensitivity. In practice, however, probe selection and Drive versus Detection Mode assignment must be optimized based on instrument capabilities and experimental determination of the actual resonance frequencies and Q factors obtained from the measured cantilever tuning curves.

[bookmark: _Hlk232093284][bookmark: _Hlk232093704]While this protocol is focused on heterodyne-detected tapping-mode AFM–IR, when operating in resonance-enhanced contact-mode AFM–IR, select a probe that readily deflects while in contact with the sample surface; in other words, use a soft probe with a small nominal spring constant (<1 N/m). This improves detection sensitivity and S:N while minimizing the risk of sample damage or probe wear due to applying excessive imaging force. The probe will exhibit multiple contact resonance frequencies, which should be evaluated through a comprehensive pulse tune (Figure 9A). In general, higher frequency peaks will result in slightly increased spatial resolution (due to decreased thermal diffusion time) but at the cost of S:N due to increased modal stiffness (and hence decreased detection sensitivity)8. Identify sharp, tall contact resonance peaks that exhibit both a relatively large amplitude (i.e., large IR response) and a narrow full-width at half-maximum (FWHM), corresponding to a high Q factor (e.g., the 177 kHz and 1139 kHz resonances shown in Figure 9C). The Q factor should generally correlate with the relative S:N of spectra acquired using a given contact resonance (Figure 9D). To provide a representative example, two contact resonances were evaluated for AFM–IR characterization of EBL-patterned PMMA structures deposited on an oxide-coated silicon wafer. Point spectra acquired at the same PMMA location using laser pulse repetition rates of 177 kHz and 1139 kHz, corresponding to high-Q resonances, both exhibited good S:N (Figure 9B). The same pulse repetition rates were subsequently used to generate AFM–IR maps of the PMMA feature (Figure 9E, 9F), with the higher Q (177 kHz) mode resulting in better IR mapping contrast even though the S:N of the point spectra acquired using the 1139 kHz contact resonance was slightly better (Figure 9B, 9D). In general, when acquiring IR spectra or mapping an IR-active vibrational mode, selecting a pulse repetition rate associated with the highest practical Q factor maximizes sensitivity and improves image contrast.

Perhaps the most critical step in this AFM–IR protocol is optimizing alignment and focusing of the IR laser onto the probe tip (Protocol Step 4), because this directly affects sensitivity to the sample’s photothermal response. Since IR radiation is invisible to the human eye, AFM–IR systems typically incorporate a visible alignment laser that is colinear with the IR beam path (Figure 3) to facilitate preliminary coarse beam alignment. The visible laser must be centered on the back of the probe cantilever directly above the probe tip in the XY plane and focused by adjusting the Z-position of the focusing optic relative to the sample surface and probe tip (Figure 5A, 5B). To minimize chromatic aberration, the focusing optic is typically a reflective optic, such as a gold-coated off-axis parabolic reflector (OAP). Even after optimization of the visible alignment beam, direct optimization of the IR beam remains necessary because differences in beam pointing, collimation, and source characteristics (e.g., M2) may exist between the visible and IR beams and between different IR sources. As described in Protocol Step 4, after selecting a feature of interest and an IR wavenumber expected to produce a strong photothermal response, raster the IR beam over a multi-hundred-micrometer area surrounding the visible alignment position while monitoring the photothermal signal (Figure 5C, 5D).

The optimal IR response is typically characterized by a centered, approximately circular signal distribution corresponding to the focused IR spot size. For the system used in this study, the apparent focused spot diameter, as measured from the photothermal response obtained using the software’s Focus Capture functionality (Figure 5D), is typically approximately 40–50 μm. While it is challenging to directly measure the actual beam spot size at the tip–sample interface, it is possible to estimate its order of magnitude (which is wavelength dependent) to evaluate the approximate fluence or power-density regime and assess the potential for undesired sample heating, damage, or nonlinear effects. Based on the 15 mm focal length of the IR-focusing optic and the ~5 mm diameter collimated Gaussian input beam used in this system, the diffraction-limited IR beam spot size (1/e² diameter) at the sample is estimated to be approximately 20–50 μm over the range of 1000-2000 cm−1 (λ = 5–10) range, depending on wavelength and input beam quality (M² ≈ 1–1.3). This estimate is consistent with the 40–50 μm apparent spot size observed during IR beam-alignment raster scans. Longer wavelengths (lower wavenumbers) and less ideal beam quality (M² > 1) result in larger spot sizes. Likewise, the power density (or fluence, in the case of a pulsed laser) is difficult to measure directly in our system. However, assuming the maximum specified laser output and no optical losses (including the absence of neutral-density filters in the beam path), the maximum possible fluence at the sample is estimated to be <1 J/cm² for the Carmina OPO and <800 mJ/cm² for the MIRcat QCL. For the QCL, the maximum power density is approximately 800 kW/cm² at a 50% duty cycle and less than 100 kW/cm² at 100% power for the <5% duty cycles employed in this work. These values are orders of magnitude lower than the tens of MW/cm² power densities achievable in standard confocal fluorescence microscopy. Because the Carmina OPO produces pulses with durations of approximately 3 ps in narrowband mode, nonlinear effects associated with peak fluence may be more significant than average-power thermal-dissipation effects. In the experiments presented here, the laser output was attenuated to approximately 10%–20% of its maximum value, with apparent spot sizes on the order of 50 μm. Under these conditions, the fluence was estimated to be <10 mJ/cm², and no laser-power-dependent effects were observed.

When investigating a novel or previously uncharacterized material system, it is advisable to first optimize IR alignment using a reference material with a strong and well-characterized IR absorption band. Suitable examples include thin films of PMMA or PET, which can be readily deposited on flat substrates (e.g., glass microscope cover slip or silicon wafer) and exhibit strong carbonyl (C=O) absorption bands near 1720–1730 cm⁻¹ (Figure 5E). This approach helps distinguish alignment-related issues from weak sample absorption and can improve reproducibility when transferring measurement conditions between samples. Likewise, when embarking on characterization of a new sample, it is advisable to start at a low incident power (e.g., <10%) and gradually increase the power, monitoring the IR spectrum for any power-dependent changes beyond improved S:N with increasing power.

A key limitation of AFM–IR is that chemical species to be characterized or identified must exhibit IR-active vibrational modes or absorption features within the accessible spectral range of the IR source. Accordingly, it is advisable to first obtain a conventional IR spectrum of the sample (e.g., using ATR FTIR) or consult published spectra of expected component materials to verify the presence of IR-active modes within the available wavenumber range. While these considerations are generally not problematic for most organic materials, numerous metals and metal-containing compounds, including transition-metal dichalcogenides (TMDCs), exhibit vibrational modes below the approximately 670 cm−1 (15 μm) cutoff of most currently available MIR laser sources. Thus, as noted in the Introduction, extending the accessible spectral range of tunable MIR sources remains an active area of research8,28,50. In the meantime, oxidation or surface functionalization of such materials can introduce functional groups with higher frequency vibrational modes that fall within the range of current MIR sources. An additional consideration is that AFM–IR signal generation and transduction depend on the photothermal response of the material, namely localized heating resulting from IR absorption and subsequent relaxation of the initially excited vibrational mode through vibrational energy redistribution to lower-frequency modes (sub-nanosecond timescale), followed by local thermal expansion that causes AFM probe-tip displacement and cantilever deflection. The local temperature increase is typically less than 1–10 K, depending on the excitation source (e.g., QCL versus OPO)8, and is proportional to the sample’s IR absorption coefficient at the incident wavelength67. The magnitude of the resulting thermal expansion (typically <1 nm) is determined by the material’s coefficient of thermal expansion, which is generally on the order of 10⁻⁴–10⁻⁶ K−1 and serves as a wavelength-independent, but material-dependent, amplification factor8,15. Therefore, materials with larger coefficients of thermal expansion generally produce greater cantilever deflections and correspondingly stronger AFM–IR signals, resulting in improved measurement sensitivity.

In conclusion, in addition to spectral-range limitations, AFM–IR performance depends strongly on probe selection, laser alignment, resonance optimization, and the thermal and mechanical properties of the sample. Variations in sample stiffness, thermal conductivity, and surface morphology can influence signal intensity and measurement reproducibility, particularly during contact-mode operation. Excessive laser power may also cause sample heating or modification, especially in soft polymeric materials. Furthermore, removal of atmospheric water vapor and carbon dioxide from the beam path and instrument enclosure, together with highly stable laser output, is essential for proper normalization of the AFM–IR signal as a function of wavelength. This is particularly important for weakly absorbing samples8, such as thin films produced by atomic layer deposition (ALD) or molecular layer deposition (MLD). Despite these limitations, AFM–IR provides a unique combination of nanoscale spatial resolution, chemical specificity, and direct correlation with AFM topography that is impossible to achieve using conventional IR microscopy alone. Even for challenging materials, surface oxides, hydroxides, or other functional groups generated through environmental exposure may introduce IR-active vibrational modes that can be detected. If only low-frequency vibrational modes beyond the accessible wavelength range of the MIR laser source(s) are present, alternative techniques such as TERS may be more suitable because they utilize visible excitation wavelengths62–66. Likewise, if the photothermal response is weak because of limited thermal expansion, IR scattering-type scanning near-field optical microscopy (IR s-SNOM) may be preferable to photothermal AFM–IR and can often be implemented on similar instrumentation platforms14,51–61,80. As demonstrated by the semiconductor examples presented here, AFM–IR can support process-development studies, contamination analysis, area-selective deposition investigations, photoresist-removal verification, and nanoscale materials characterization, making it a valuable tool for semiconductor research and advanced manufacturing.
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