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Excitation of electrons into higher energy states in solid state materials can be induced by absorption of visible light, a physical process generally studied by optical absorption spectroscopy. A promising approach for improving the spatial resolution of optical absorption spectroscopy beyond the diffraction limit is the detection of photoinduced forces by an atomic force microscope operating under wavelength-dependent light irradiation. Here, we report on a combined photovoltaic/photothermal effect induced by the absorption of visible light by the microscope probes. By monitoring the photoinduced modifications of the oscillation of the probes, it is found that the oscillation phase-voltage parabolic signals display specific fingerprints which depend on light intensity and the nature of the materials composing the probes. In particular, a localized surface photovoltage (SPV) is evidenced at the tip apex of uncoated Si probes, while none is observed on Au-coated Si probes. The photothermal effects are distinguished from photovoltaic effects by specific shifts of the phase-voltage parabolas. The findings are relevant for the whole range of atomic force microcopy techniques making use of visible light as an additional means of local optical characterization.

I. INTRODUCTION

Casting light from external sources into atomic force microscopes opened the opportunity to explore numerous optoelectronic phenomena with an unprecedented high spatial resolution [START_REF] Sakaguchi | Nanometer-Scale Photoelectric Property of Organic Thin Films Investigated by a Photoconductive Atomic Force Microscope[END_REF][START_REF] Anderson | Locally Enhanced Raman Spectroscopy with an Atomic Force Microscope[END_REF][START_REF] Dazzi | Local Infrared Microspectroscopy with Subwavelength Spatial Resolution with an Atomic Force Microscope Tip Used as a Photothermal Sensor[END_REF][START_REF] Coffey | Time-Resolved Electrostatic Force Microscopy of Polymer Solar Cells[END_REF][START_REF] Yamanishi | Optical Force Mapping at the Single-Nanometre Scale[END_REF][START_REF] O'callahan | Photoinduced Tip-Sample Forces for Chemical Nanoimaging and Spectroscopy[END_REF]. For instance, Kelvin probe force microscopy (KPFM) [7] operating with visible lightinduced electrostatic force modifications [START_REF] Loppacher | FM Demodulated Kelvin Probe Force Microscopy for Surface Photovoltage Tracking[END_REF][START_REF] Takihara | Photovoltage Mapping on Polycrystalline Silicon Solar Cells by Kelvin Probe Force Microscopy with Piezoresistive Cantilever[END_REF][START_REF] Burke | Relating the Functional Properties of an Organic Semiconductor to Molecular Structure by Nc-AFM[END_REF] became a useful technique for studying inorganic and organic photo-active materials [START_REF] Borowik | Measuring the Lifetime of Silicon Nanocrystal Solar Cell Photo-Carriers by Using Kelvin Probe Force Microscopy and x-Ray Photoelectron Spectroscopy[END_REF][START_REF] Henning | Kelvin Probe Force Microscopy of Nanocrystalline TiO2 Photoelectrodes[END_REF][START_REF] Shao | Intensity-Modulated Scanning Kelvin Probe Microscopy for Probing Recombination in Organic Photovoltaics[END_REF][START_REF] Almadori | Multimodal Kelvin Probe Force Microscopy Investigations of a Photovoltaic WSe2/MoS2 Type-II Interface[END_REF]. Moreover, the possibility to accurately position the microscope tip at various distances above the sample surface permits the investigation of optical-field enhancement effects and other phenomena induced by the localization of light. This correlated approach of optics and near-field force-mapping is thus valued for many analyses where light-matter interactions at sub-diffraction limit are active. The role of the microscope tip being either to behave as a nanoscale light-amplifier (see tip-enhanced Raman spectroscopy [START_REF] Anderson | Locally Enhanced Raman Spectroscopy with an Atomic Force Microscope[END_REF] for instance), or to sense photoinduced forces, both cases depending on the local properties of the sample. In the latter case, the difficulty resides in the fact that the photoinduced forces may have different origins, obstructing a forthright interpretation of the measured signal. For example, while the nature of the optical signal has been well studied for tip-enhanced Raman [START_REF] Anderson | Locally Enhanced Raman Spectroscopy with an Atomic Force Microscope[END_REF] and AFM-IR spectroscopy [START_REF] Dazzi | Local Infrared Microspectroscopy with Subwavelength Spatial Resolution with an Atomic Force Microscope Tip Used as a Photothermal Sensor[END_REF], the situation is different for photoinduced force microscopy operating in the visible spectral range (PiFM-Vis), where the exact origin of the photoin- * mircea.rastei@ipcms.unistra.fr duced forces, as well as the role played by the tip-sample nanocavity are still under investigation.

While these AFM-based techniques contribute to the development of optical imaging and spectroscopy beyond the diffraction limit, most studies have focused on photoinduced phenomena in the sample. However, the microscope force sensor (tip + part of the cantilever) is also subjected to incident light, which influences the imaging and spectroscopy signals and complexifies the identification of tip-sample interaction forces. In this context, different excitation schemes have been developed with the purpose of facilitating the recording of photoinduced force signals. For instance, the use of heterodyne detection [START_REF] Sugawara | High Potential Sensitivity in Heterodyne Amplitude-Modulation Kelvin Probe Force Microscopy[END_REF] has been found to minimize non-local lightcantilever interaction effects [START_REF] Yamanishi | Heterodyne Technique in Photoinduced Force Microscopy with Photothermal Effect[END_REF][START_REF] Yamanishi | Heterodyne Frequency Modulation in Photoinduced Force Microscopy[END_REF]. Although expected to simplify signal interpretation, direct excitations at one of the vibrational eigenmodes of the cantilever were also found useful, but only for particularly small tip-sample distances [START_REF] Nowak | Nanoscale Chemical Imaging by Photoinduced Force Microscopy[END_REF] or in the case of strong gradient forces [START_REF] Tumkur | Photoinduced Atomic Force Spectroscopy and Imaging of Two-Dimensional Materials[END_REF]. For light-dependent KPFM, the measured signal has also been found dependent on local (tip apex) [START_REF] Schumacher | Measurement of Surface Photovoltage by Atomic Force Microscopy under Pulsed Illumination[END_REF], and nonlocal interaction forces (due to the cantilever) [START_REF] Sadewasser | Artifacts in Time-Resolved Kelvin Probe Force Microscopy[END_REF]. It can therefore be concluded that local and non-local photoinduced effects are critical for the spatial resolution and, as a consequence, are fundamental for all AFM methods where external light is used as a means of influencing the tip-sample interaction force.

The effects of impinging light on the dynamics of cantilevers have been studied in the context of photothermal actuation [START_REF] Umeda | Scanning Attractive Force Microscope Using Photothermal Vibration[END_REF][START_REF] Ramos | Photothermal Excitation of Microcantilevers in Liquids[END_REF][START_REF] Pini | Dynamical Characterization of Vibrating AFM Cantilevers Forced by Photothermal Excitation[END_REF][START_REF] Kiracofe | High Efficiency Laser Photothermal Excitation of Microcantilever Vibrations in Air and Liquids[END_REF][START_REF] Pichois | Photothermal Plasmonic Actuation of Micromechanical Cantilever Beams[END_REF], static bending [START_REF] Yamashita | Tip-Sample Distance Control Using Photothermal Actuation of a Small Cantilever for High-Speed Atomic Force Microscopy[END_REF][START_REF] Stahl | Photothermal Cantilever Actuation for Fast Single-Molecule Force Spectroscopy[END_REF][START_REF] Ilic | Theoretical and Experimental Investigation of Optically Driven Nanoelectromechanical Oscillators[END_REF][START_REF] Ma | Quantitative Measurement of Radiation Pressure on a Microcantilever in Ambient Environment[END_REF], and radiation pressure [START_REF] Ma | Quantitative Measurement of Radiation Pressure on a Microcantilever in Ambient Environment[END_REF][START_REF] Vassalli | Role of the Driving Laser Position on Atomic Force Microscopy Cantilevers Excited by Photothermal and Radiation Pressure Effects[END_REF][START_REF] Ma | Measurement of Wavelength-Dependent Radiation Pressure from Photon Reflection and Absorption Due to Thin Film Interference[END_REF]. In particular, Ramos et al. [START_REF] Ramos | Photothermal Excitation of Microcantilevers in Liquids[END_REF] have demonstrated that selective photothermal excitation of the flexural modes of a microcantilever can even be achieved in liquids thus avoiding spurious effects encountered in acoustic excitations [START_REF] Tan | Dynamical Characterization of Micro Cantilevers by Different Excitation Methods in Dynamic Atomic Force Microscopy[END_REF][START_REF] Labuda | Comparison of Photothermal and Piezoacoustic Excitation Methods for Frequency and Phase Modulation Atomic Force Microscopy in Liquid Environments[END_REF]. Photovoltaic effects induced by absorption of light on the contact potential [START_REF] Brattain | Surface Properties of Germanium[END_REF][START_REF] Kronik | Surface Photovoltage Phenomena: Theory, Experiment, and Applications[END_REF] are more rarely studied [START_REF] Schumacher | Measurement of Surface Photovoltage by Atomic Force Microscopy under Pulsed Illumination[END_REF][START_REF] Barsella | Photonic Excitation of a Micromechanical Cantilever in Electrostatic Fields[END_REF] although they are also expected to significantly contribute to the electrostatic interactions in near-field configurations.

In the present study, we report a combined photothermal/photovoltaic effect in AFM probes (Si and Aucoated) induced by unmodulated visible light. By measuring the oscillation phase of the cantilever as a function of external bias voltage, we identified photothermal/photovoltaic effects in the probe, which independently shift the phase/voltage parabola on y-and x-axes, respectively. In particular, the photothermal effect is found to increase the temperature of the cantilever, causing a shift of the phase signal, whereas the photovoltaic effect alters the overall charge distribution at the tip apex (for Si tips) which gives rise to a change in the tip-sample contact potential difference (CPD). Varying the incident laser power causes a linear shift of the phase due to the photothermal effects, and a logarithmic change of CPD values because of the photovoltaic effects.

II. EXPERIMENTAL DETAILS

Experiments were realized with a modified Bruker atomic force microscope operating under vacuum (p < 10 -3 Torr). An external laser beam was focused on the tip through an ITO coated glass slide [Fig. 1(a)]. A supercontinuum Fianium SC400 laser source with the slit of the monochromator set at 550 ± 5 nm provided the optical excitation. The laser beam is focused on the sample within a spot of about 8 µm 2 diameter. The phase signal was monitored using a high-frequency lock-in amplifier measuring the cantilever oscillation phase with respect to the piezoelectric actuation phase. The bias voltage was applied to the tip with respect to the conductive ITO surface. The free oscillation amplitude resulting from the piezoelectric excitation was set at about 20 nm. Two types of probes were used for this study. The first type is an antimony-doped Si probe (tip and cantilever -of 0.01 Ω.cm resistivity) presenting a 50 nm thick Al reflective coating on the detector side (flat upper side) and a spring constant of 40 N/m (first resonance frequency f 0 = 303 kHz). The second type is an antimony-doped Si probe coated on both sides with a 50 nm-thick Au layer (f 0 = 150 kHz and k = 20 N/m).

III. RESULTS AND DISCUSSION

The AFM is operated in a regime where the tip is far away from the ITO surface so that the usual "surface forces" (which ordinarily enable the visualization of the surface topography) are negligible. The dominant forces which influence the cantilever vibration are the "long range" (as opposed to short ranges forces such as Van de Waals) electrostatic forces. One may think of the system ITO-tip as a capacitor which would be charged at the CPD voltage, with the top electrode (the tip) vibrating around its equilibrium position. When the phase variation of the cantilever is plotted as a function of an external bias voltage [Fig. 1 (b)], the resulting curve has a parabolic shape having its maximum when the bias voltage is equal to the CPD of the tip-ITO couple, in the limit of small tip biases i.e. |∆φ| << 90 • .

The impact of the incident laser on the cantilever oscillation dynamics manifests itself by changing the parabola in two ways. There is firstly a shift of the parabola towards more negative phase values (red arrow) which, as shown below [Fig. 2 (b)], is the manifestation of the photothermal effect. Then there is also a displacement of the parabola on the voltage axis, which indicates a modifi- In a first approximation, the oscillation dynamics of a cantilever can be described by a damped harmonic oscillator. Considering a resonant frequency given by: ω 0 = k/m, the most likely effect brought by the incident laser is a reduction of the spring constant k through photothermal effects, which is expected upon absorption of light by the tip and cantilever. The new light-induced resonance frequency can thus be written as: ω 0 = (k -∆k)/m, where ∆k is a positive value quantifying the decrease of the spring constant due to the increase of temperature. The two accessible measurables are a change of the amplitude (∆A) and of the phase (∆φ) at the piezo excitation frequency, as illus-trated in Figs. 2 (a) and (b). In addition, it is worth noticing that the diameter of the laser beam (about 8 µm) is smaller than the width of the cantilevers used (about 35 µm), and far smaller than their lengths ( > 100 µm). Consequently, a laser focused at the free end of the cantilever causes heat propagation along the cantilever body, a dynamical phenomenon well captured by a one-dimensional heat diffusion equation [START_REF] Ramos | Photothermal Excitation of Microcantilevers in Liquids[END_REF]. Figures 2 (c) and (d) show maps of ∆A and ∆φ signals acquired while raster scanning the cantilever across the laser beam (the laser beam was kept fixed). Both maps are rather uniform across the cantilever surface, with some localized variations, indicating a good thermal conductivity and a fast heat dissipation along the cantilever. Note however that the larger variations are obtained when the laser is focused at the tip position (dark spot at the end of the cantilever). It is worth noticing that similar amplitude maps were exploited by Vassalli et al. [START_REF] Vassalli | Role of the Driving Laser Position on Atomic Force Microscopy Cantilevers Excited by Photothermal and Radiation Pressure Effects[END_REF] to discriminate between photothermal and radiation pression excitations. In the present case radiation pressure effects are expected to significantly impact the cantilever dynamics because of the absence of light modulation. 

B. Contact potential changes: photovoltaic effect

Considering a n-type Si tip close to a conductive ITO surface, the difference between the respective work functions is expected to create a contact potential difference (CPD). To investigate the impact of the laser illumination on CPD value, experiments as a function of tip bias voltage and laser power were realized. Adopting the notation from the literature, the difference between CPD values measured without and with the laser is: CPD OFF -CPD ON = SPV, known as the surface photovoltage [START_REF] Schumacher | Measurement of Surface Photovoltage by Atomic Force Microscopy under Pulsed Illumination[END_REF][START_REF] Donchev | Surface Photovoltage Spectroscopy of Semiconductor Materials for Optoelectronic Applications[END_REF].

Figure 3 shows the variation of the phase signal for three different configurations which helps to gain information about the processes induced by the laser. The different colours correspond to the laser power, with the red curve corresponding to the larger power. For all configurations the tip was lifted up to 15 nm, which still results in large phase signals up to 80 • . As expected, a parabolic shape of the phase-voltage is observed only for small values of the voltage, because of the -arctan shape of the phase variation [Fig. 2 (b)]. Figures 3 (b),(d), and (f) highlight the respective voltage intervals, which are also marked by rectangles in Figs. (a), (c), and (e) at the parabola apexes.

The first case [Fig. 3 (a) and (b)] corresponds to a Si tip with the laser beam focused on the tip. A clear displacement of the parabola to the left (change of CPD), as well as an overall phase shift towards more negative values (see red curves for instance) can be observed [also see again Fig. 1 (b)]. The second case [Fig. 3 (c) and(d)] corresponds to the same probe as above, but with the laser beam placed away of the Si tip, as schematically shown in the insets. The parabolas acquired as a function of laser power now show only a shift of the phase signal towards negative values. A lateral displacement of the parabola is not observed. This indicates that the CPD is unaffected, in contrast with the first case [Fig. 3 (a) and (b)]. As the difference between these two configurations is just the position of the incident laser (see insets), it can be concluded that the electrostatic interactions at the origin of the phase-voltage parabola have substantial components localized at the tip apex, and that the tip-apex potential varies with the laser excitation. The third configuration corresponds to the case of a Au-coated probe with the laser focused on the tip. The parabolas are not shifted on the voltage axis, indicating a constant CPD between the tip and ITO for all laser powers. This indicates that the ITO surface is not affected by the laser, conclusion which cannot be drawn from the first two configurations.

The change of the parabola position with respect to the voltage axis can therefore be ascribed to a change of the tip-apex potential induced by the laser radiation. Photons with energies close to or above the Si bandgap can create electron-hole pairs. The charge carriers then separate due to the internal electric field induced by the band bending close to the Si surface. This migration of charge carriers within the semiconductor has the consequence of changing the band bending and therefore of the CPD. This process is not expected to sharply change with the tip z-lift.

To verify this hypothesis, we performed additional experiments with the laser focused on the Si tip. Figure 4 shows phase vs. bias parabolas acquired at three z-lift values of the tip and at different laser powers. The red colour corresponds to the largest laser power. It is first seen that the parabolas display smaller curvatures when increasing the tip-sample distance. This is expected in a tip-sample capacitor-like configuration and a phase signal given by electrostatic force gradients which depend on the spatial variation of the capacitance C via the relation

: ∆φ = -Q k F ′ (z) = -1 2 C ′′ (z)V 2
where Q, and k are the quality factor and spring constant of the cantilever, respectively. Then, in order to determine the maximum of each parabola (representing V CPD ) the experimental data points can be fitted with a parabolic function. It is then possible to evaluate the difference CPD OFF -CPD ON = SPV for each laser power and z- Laser intensity x 10 7 (W.cm -2 ) lift value. The results are plotted in Fig. 5 (b), along with those obtained for the Au-coated tip and the Si cantilever.
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In the case of Si tip, the SPV signal increases logarithmically with the laser power, before leveling off at a value of about 80 mV. There is indeed no significant difference between the maximum variation of the curves corresponding to the three z-lift values. The SPV generation at a semiconductor surface in the steady state and in the case of above-bandgap excitation can be expressed as a function of the incident power density P, as follows [START_REF] Reshchikov | Surface Photovoltage in Undoped N-Type GaN[END_REF][START_REF] Dahlberg | GaP Photovoltage Transients[END_REF]:

∆E SPV = ηk B T ln ( cP R + 1) (1) 
where η is a factor describing the capacitance of the surface states to stabilize charges, k B T is the thermal energy, R is the bulk to tip-apex surface flow of charges under dark conditions and c = (1 -e -αW ) is a flow rate coefficient describing the difference in charge diffusion towards and away from the tip-apex surface in the presence of light. In our configuration, with the laser beam transmitted through the transparent ITO sample, the c term is given by the absorption coefficient α of the light in the depletion region of width W . This is similar to the front-side illumination described in Ref. [START_REF] Reshchikov | Surface Photovoltage in Undoped N-Type GaN[END_REF] in the case of a GaAs sample. Eq. 1 can be used to fit the experimental data points for Si from Fig. 5 (a), with η and c/R as fitting parameters. The solid line is the fitting curve obtained with η= 1.1 and c/R = 1.5 × 10 -6 W -1 cm 2 . The dash and dash-dot lines are fitting curves obtained by slightly changing η and c/R (figure caption for values), emphasizing the high sensitivity of the logarithmic variation to their exact values.

The position of the parabola with respect to the phase axis (i.e. photothermal effect) is plotted in Fig. 6. It reveals a linear variation of the photothermal effect with laser power. With the exception of the Au-coated tip (1.1 • /mW), all other variations display very similar slopes of about 3.3 • /mW. The data shown in Fig. 5 also indicate that an uncoated Si probe experiences a stronger photoinduced dynamics (as compared to Au), the oscillation being under the combined action of photovoltaic and photothermal effects. The cantilever dynamics is consequently a composite variable which depends on tip material and on incident light intensity. These results are pertinent for the whole spectrum of photoinduced force microscopy techniques based on phase detection or on the variation of the resonant frequency. From this point of view Si tips appear less adequate because of the mixed information they would provide and more complex deconvolution of the results. However, as frequently observed in scanning probe microscopy, nanoscale imaging can be achieved because of the lateral variation of the tip-sample interaction, provided that direct photoinduced effects on the probes are constant for each pixel of the image. In this context, it should be recalled that Si tips generally have sharper tip-apexes than coated probes, favoring, in principle, a higher topographic resolution and a stronger spatial localization of tip-interaction. The coated probes are instead less influenced by photovoltaic and photothermal effects, as demonstrated in the present study.

IV. CONCLUSION

We have investigated photoinduced changes of the phase dynamics of commercially available AFM probes in vacuum conditions. By analyzing the oscillation phase as a function of the applied voltage we revealed a significant photovoltage generation at all tip apexes made from Si, as well as a photothermal effect. These two effects displace the parabolic phase signal on the voltage or phase axis, respectively. The observed displacement induced by the photovoltage was not found on Au covered probes or when the laser was focused on the cantilever, confirming the semiconductor character and the band bending at the Si apexes. The values of the SPV was found to follow a logarithmic variation with the laser intensity, a dependence explained by a phenomenological model which accounts for surface-to-bulk and bulk-to-surface electron transfer and accumulation of photogenerated carriers in the depletion region during illumination. The largest observed values of the SPV were about 80 mV, suggesting band bending effects of the same order. Band bending is thus expected to decrease up to band flattening with the laser intensity. The photothermal effects arising from the absorption-induced heating of the cantilever were observed for all investigated probes. A quantification of the shift of the phase induced by the photothermal effect has revealed linear variations with the laser intensity for all investigated tips. The slopes of the linear variations were found identical when the laser was focused on the Si tip, or on the Si cantilever bearing the tip, suggesting a good heat dissipation along the cantilever body. In the case of a Au-coated probe, the slope was about three times smaller, indicating a reduction of light absorption and of the heat generation.
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 2 FIG.2. Amplitude (a) and phase (b) variations near the first resonance frequency of the cantilever. ∆A and ∆φ indicates the laser-induced amplitude and phase changes at the excitation frequency, respectively. ∆A (c) and ∆φ (d) maps realized by laterally scanning the cantilever across the laser beam. In this case the laser spot was set to 4 µm.
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 34 FIG. 3. Phase signal as a function of tip bias and laser intensity (different colors), with the laser beam focused on the Si tip (a) and (b), on the Si cantilever (c) and (d), and on the tip of a Au coated probe (e) and (f). The red curves correspond to the highest laser intensity (see figures below for exact values). The plots in (b), (e) and (f) show close-up views corresponding to the parabolic variations of the phase near the parabola apexes [see rectangles in (a), (c), and (e)].

FIG. 5 .

 5 Photovoltage (mV)

FIG. 6 .

 6 Photothermal phase shift (°)

We thank N. Beyer (IPCMS) for technical assistance. This work is supported by ANR OH-RISQUE SMARAGD (14 OHRI 0008 01), QMAT program of ANR-17-EURE-0024.