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Abstract
With size reduction of active elements in microelectronics to tens of nanometers and below, the effect of surface and interface properties on overall device performance becomes crucial. High resolution spectroscopic and imaging techniques provide a metrological route for characterization of these properties relevant to device diagnostics and failure analysis. With its roughly 100 nm spatial resolution, superior surface sensitivity, and approximately 200 meV spectral resolution, scanning photoelectron microscopy (SPEM) stands out as a comprehensive tool to access the surface/interface composition of nanodevices, as well to provide chemical state designations and materials property evolutions upon treatment by thermal, electrical, chemical, radiative and other stimuli. Here we present a SPEM-on-device setup that combines X-ray spectromicroscopy with advanced NIST microhotplate technology to demonstrate new combined analytical and electrical measurements capabilities of this metrology platform for operando nanodevice characterization. Using model integrated SnO2 nanowire (NW) chemiresistor devices, the chemically induced alterations in the chemical state of the nanowire surface are correlated to the observed conductance changes, thus directly testing the receptor and transduction mechanisms for SnO2 NW conductometric chemical sensors. 
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Introduction
During the last two and a half decades scanning photoelectron microscopy (SPEM), initially a classical surface science instrument has evolved into a powerful metrology tool, capable of bridging multiple challenging pressure, temporal, thermal and material gaps encountered in surface science research. It is now possible to perform SPEM analysis of interfaces at elevated pressures of reactive gases and in liquids (see recent reviews [1, 2] and references therein). In addition to spectromicroscopy, very interesting nanopatterning and nanofabrication capabilities of SPEM, integral to advancing semiconductor nanomanufacturing, have also been reported [3, 4]. 
Modern semiconductor technology relies on active elements with dimensions of only a few nanometers to tens of nanometers. The enhanced surface-to-bulk ratio of these nanostructures coupled with complex architectures, involving a variety of materials, makes the entire operation of the nanodevice dependent on multiple surface and interfacial physico-chemical processes. It is, therefore, of paramount importance to develop metrology for understanding the effect of the interfaces on the electrical properties of the nanodevices and to mitigate the factors that deteriorate their functionality and ultimately reduce their reliability or cause device failure. SPEM, with its current 80 nm (and improving) spatial resolution, sub-monolayer surface sensitivity, and analytical power is a prospective tool to access the surface/interface composition of nanodevices, and monitor its evolutions as a result of thermal, electrical, chemical, radiative, mechanical, and other types of excitations. The potential  of SPEM for device analysis was recognized very early [5] and it has continued to gain attention and increased scope [6-9] . The improved spatial spectral and temporal resolution and innovations connected to the sample stage hardware along with new multichannel spectral and image data acquisition electronics of SPEM at Elettra light source has drastically enhanced its spatio-temporal capabilities allowing for operando analysis of nanodevices and under realistic working conditions [10-12]: elevated temperatures, in gas-phase environments and even in liquids including electrochemical devices [13]. 
While SPEM techniques continue to advance, further metrological advancements can be achieved by sample platform modifications. Microhotplate (μhp) devices developed at NIST were designed as a versatile measurement platform for combinatorial material analysis [14], growth studies [15], chemical sensing [16] and microcalorimetry studies [17]. These microdevices consist of an array of individually addressable, isolated microheater elements each equipped with additional electrodes for probing of locally deposited materials, integrated nanostructures, or post-assembled nanodevices. The open design of these functional microsubstrates makes them integrable to other systems such as optical, scanning electron (SEM) and transmission electron microscopies (TEM) instrumentation. Using the well-studied model SnO2 metal oxide semiconductor chemiresistors which utilize NIST microhotplate array platform, we demonstrate here the potential of the SPEM technique to probe an individual nanodevice and correlate its surface/interfacial properties with electron transport measurements. Typical experimental challenges and artifacts encountered in such studies are discussed as well.
 
Experimental
Two different SnOx nanowire types have been tested comparatively. Nearly stoichiometric (101)/(010) single crystal low index faceted SnO2 NWs were grown on ceramic substrates at 900 °C using standard vapor-solid (VS) method (see growth and characterization details in [7, 18]).  The second type SnO2-x NWs (≈ 200 nm in diameter) were produced via oxidation of metal Sn nanowires, which were electrochemically deposited inside track-etched polycarbonate templates. The deposition solution consisted of tin sulfate and gelatin in water at a pH of ≈ 1(See detailed information in [19], [20]). The nanowires were released from the template and dispersed in water for deposition.  
The NIST-developed, microhotplate metrology platform (Figure 1 a, b, c) was used for heating (25 °C to 500 °C) and electrical contacts to index individual nanowires [16]. The array elements of the μhp platform each consist of a microfabricated 4-beam suspended SiO2 membrane that features an embedded polycrystalline-Si heater layer and top-surface of Pt electrode pads which can contact drop-cast or dry-cast nanowires. The details of integration for the nanowire two-terminal chemiresistors with NIST μhp can be found elsewhere [21, 22]. The major advantages of the μhp platform arise from the multiple addressable elements and their miniscule thermal mass and inertia: an individual micro-element can be easily heated up to several hundred °C during a millisecond time frame. Typical thermal/power characteristics are ≈ 25 °C per milliwatt. The combined X-ray photoelectron spectroscopy (XPS) and conductometric measurements on individual nanowires were carried out in ultra-high vacuum as a function of time, temperature, O2 gas exposure (ca 10-4 Pa) and soft X-ray irradiation. The individual NW devices were exposed to a tightly focused soft X-ray beam provided by the SPEM beamline 2.2L at the Elettra light source. All XPS data were fit using standard Shirley background subtraction and fitting software [23]. [image: ]
Figure 1. The principles of SPEM on individual nanowire devices; a) Vapor-solid (or template-grown) nanowires were dry (or wet) casted on to the front surface of the microheater(s) (b); c) A soft X-ray beam is focused onto the individual nanostructure using zone plate optics. Three data acquisition modes can be used: (d) local XPS microspectroscopy, (e) elemental-chemical mapping with XPS analyzer set to a selected XPS peak; (f) XBIC imaging when the current from the source or drain electrode is used as a signal during the sample 2D mapping. The difference in the left and right columns in (f) is due to the presence of a defect near the source electrode, which interrupts the electron flow.

SPEM at Elettra [24] use Fresnel zone plate optics and is capable of delivering a photon flux of ≈109 ph s-1 to 1010 ph s-1 with high energy resolution (ΔE ≈ 200 meV) in the soft X-ray regime (400 eV to 1200 eV), which can be focused to at the ≈130 nm spot diameter (Figure 1 c). In the configuration employed in this study, SPEM can operate in three complementary modes: (i) local XPS microspectroscopy acquisition mode, including complimentary external stimuli such as, exposing to an oxidizing/reducing gas environment, elevated temperature, or NW bias (Figure 1 d); (ii) device chemical imaging enabled by collecting the photoelectrons within a selected kinetic energy window while scanning the device across the focal plane of the focused X-ray beam (Fig. 1 e), and (iii) X-ray beam induced current mode (XBIC) (Fig. 1 f). In the latter case, the X-ray beam induced current in the nanostructure device is used as an image-forming signal (instead of the photoelectrons) during the sample scanning [25]. The collected data represent the X-ray induced current flow map in the working device. In the ideal case with an ohmic device and contacts, the expected image reflects the resistivity map where the signal strength gradually drops from the highest resistivity point (e.g., center of the nanowire in our case) towards the ohmic contacts. This mode is particularly useful for exposing the possible current flow obstructions across the conducting channel(s) and/or parasitic leakage channels. The example depicted in Figure 1 (f) represents this case, where a nanowire defect of unknown nature cannot be identified in either SEM or SPEM maps (Figure 1 (c)) but is revealed as the obstruction in free current flow between the left and right electrodes via XBIC mapping. Below we demonstrate typical application examples of the SPEM-on-device spectroscopic and imaging modes and discuss various challenges and artifacts which can be encountered in these analyses. 
Figure 2. SEM images of template-grown (a) and vapor-solid grown single crystal (b) NWs bridging two electrodes of the chemiresistor device. Cross points indicate the locations where the micro-XPS data were collected. The blurring between electrodes is due to charging from an insulating SiO2 supporting membrane; c) Micro-XPS Sn 3d5/2 spectra collected from the centers of the nanostructures with corresponding Sn fitting components (shadowed). Polycrystalline nanowires display a significant unreacted (metal) Sn component due to incomplete oxidation during fabrication.



Results and discussion 
Local XPS of two-terminal nanowire chemiresistor devices
To demonstrate the analytical capabilities of a SPEM-on-device setup, we collected, for comparison purposes, micro-XPS spectra from a single-crystal vapor-solid-grown and from template-grown SnO2-x nanowires, each initially as-deposited at room temperature (Figure 2).  Figures 2 a and b depict SEM images of the two-terminal devices where the electrodes are bridged by a bundle of template-grown NWs (a), and an individual single crystal NW (b). Panel (c) shows the corresponding Sn 3d5/2 core level spectra collected at the centers of each nanowire. The spectra can be fit with standard Sn0, Sn2+ and Sn4+ components commonly used for SnO2-x films [26-28] and nanowires [29]. The comparison of as‑deposited single crystal and polycrystalline nanowires indicated the significant presence of unreacted Sn in the latter. Apparently, template-grown nanowires were not oxidized completely. This limited oxidation can be due to kinetic and diffusion limitations, characteristic for topotactic oxidation of metal Sn nanowires [30].  In addition, we observed that the local XPS spectra exhibit global shifts (and broadening) due to local potential variation upon biasing of the nanostructure (data not shown). This can be used for mapping a potential distribution across the biased nanostructure by collecting spectra and monitoring energy shifts at multiple locations along the nanostructure. This method, however, is prone to possible local radiation damage of the nanostructure and related artifacts (see discussion in section 3.3) due to the prolonged exposure of the same region to the focused X-ray beam. Alternatively, one can extract the local spectra from every pixel of the acquired chemical map using counts values at all 48 channels of the multi-channel electron detector of the electron energy analyzer set to a specific element core level and energy window [10]. Typical X-ray dose rates during multichannel map collection is up to 3 orders of magnitudes lower that for high energy resolution micro-XPS spectra acquisition.
We now discuss the differences and particularities from XPS data acquisition from the individual 1D nanostructures compared to traditional “extended surface” XPS. First, when the diameter of the nanostructure is comparable to the size of SPEM focal spot, the signal contribution from media that supports the nanostructure (SiO2 in our case) can be expected and should be taken into consideration. In addition, at elevated temperatures, the thermal drift of the nanostructure of interest during local acquisition of XPS spectra with comparable size conditions may affect the interpretation of the results. In this regard, the NIST microhotplate (and similar microheaters designed for the TEM community) offer an ideal metrology platform, since any thermal drift is drastically reduced compared to standard substrates due to the small size and thermal inertia of the microheater substrate. Secondly, the possible delayed neutralization of the X-ray induced photo-holes in the poorly conducting long nanowires can play a crucial role in a local potential build-up, thus introducing the significant shift and broadening to XPS characteristic features [31, 32]. In our case, the conductance of the nanostructures was within an acceptable 10-2 μS to 1 μS range, which would be expected to result in a local potential of less than 100 mV. Therefore, any possible shifts of the fitted XPS peaks in our measurements were related to either chemical or band bending shifts. The interpretation, however, can become more complicated if the beam partially hits the insulating SiO2 support and/or the nanowire has poor electrical contacts to the electrodes due to morphological/chemical defects or Schottky barriers (see discussion in the 3.3. section).  
Operando SPEM on individual SnO2 nanowire chemiresistor 
In this section we describe another capability of the SPEM-on-device setup, in which the surface XPS data are collected sequentially under exposure to various partial pressures of O2. We used (101)/(010) low index faceted single crystal SnO2 nanowires as a model case (Figure 3 a). The as-deposited nanowire was first heated in vacuum to approximately 250 °C, mimicking a reducing gas environment, and then molecular oxygen was admitted into the chamber to oxidize the surface. Under these conditions the nanowire is first partially reduced and exhibits high n-type conductance (Figure 3 b, c top panels) [33, 34]. During oxygen exposure, the oxygen chemisorbs at the surface of the nanowire as an acceptor (O) causing a band bending effect that depletes electrons near surface and reduces the effective diameter of the conducting channel, displayed schematically in (Figure 3 b, c bottom panels). This kinetically and thermodynamically controlled process defines the operation principal of a NW chemiresistor gas sensor as the initial conductance can still be recovered. This is highlighted in Figure 3 d where the current under VBias=4 V drops upon O2 exposure, but then recovers once the O2 is removed.  
Figure 3.  a) Sn 3d (6.4 µm x 6.4 µm) chemical map of the single crystal SnO2 nanowire chemiresistor device fabricated on NIST µhp platform; b) Upward band banding VS sketch at the surface of the n-type nanowire upon adsorption of the acceptor molecules c) The illustration of the semiconductor SnO2-x nanowire with the square cross-section. In vacuum and elevated temperature, the NW is n-type semiconductor with conduction channel width nearly equal to the NW diameter (top panel case). Surface adsorption of oxygen acceptor causes band bending which, in turn, decreases the conduction channel width (bottom panel); c) Experimentally recorded SnO2 nanowire conductance evolutions upon periodic oxygen exposures in vacuum at ca 250 °C (see details in the text).

[bookmark: _Hlk132387804]SPEM allows us to shed a light on the evolution of the surface chemical state during exposure of this particular NW to the gaseous ambient. Figure 4 shows Sn 3d (a), O 1s(b) and valence band (c) spectra collected from the single crystal VS-grown NW which, initially, was partially reduced by a prolonged annealing to 250°C in vacuum (bottom spectra), and then successively exposed to oxygen partial pressure of 1×10-4 Pa for 950 seconds (middle spectra) and 263 min (top spectra) at the same temperature. The Sn 3d spectra were fit with a 0.65 eV separation between the Sn2+ and Sn4+, where 485 eV (red), 486.5 eV (blue), and 487.2 eV(green) components correspond to Sn0, Sn2+, and Sn4+, respectively [29]. The relative ratio of each component area with respect to the total peak area is displayed in Figure 4d. The initial high contribution of Sn0 in the Sn 3d spectra is due to the extended time that the NWs were kept in vacuum at 250 °C. As the O2 exposure progresses for 950 s, the Sn2+ contribution increases at the expense of slight Sn0 and Sn4+ decrease. This is consistent with prior studies of single crystal SnO2(101), where the Sn4+ is unstable at higher temperatures and begins to favor Sn2+ by forming threefold coordinated Sn atoms bonded to threefold coordinated O atoms [33]. No change in the Sn 3d spectra after further exposure to O2 for 263 min suggests that the surface is already saturated and terminated with Sn2+ stoichiometry.
Figure 4. High-resolution XPS of Sn 3d (a) and O 1s (b) core levels and the valence band (c), collected at the center of the crystalline NW during exposure to 1×10-4 Pa. Changes in relative peak ratios upon oxygen exposure are shown for Sn 3d fits (d) and O 1s fits (e).

The O 1s spectra can be fitted to four peaks, where the NW-related peaks are represented by 530.4 eV, 531.1 eV, and 532.7 eV BE corresponding to SnO, SnO2, and SnO22-, respectively. These assignments are consistent with prior literature for SnO2-x nanowires [35] and nanosheets deposited on top of SiO2 [26, 27, 36], where a peak difference of 0.7 eV between SnO and SnO2 can be observed and a rather broad peak is used to account for adsorbed O species. Several adsorbed species have peak energies in the range from 531.7 eV to 532.7 eV, in particular H related species like -OH or -OH2, as well as oxidized adventitious carbon [29]. However, due to the 250 °C annealing temperature, any adsorbed H or C species should either desorb in vacuum or react with the ambient O2. Therefore, this peak most likely accounts for O22- species suggested by Nagasawa et al. [37]. Relative ratios for each component with respect to the total O 1s band are shown in Figure 4 e. Initially upon oxidation, the same relative ratio of Sn4+: Sn2+ is seen for the O 1s as the Sn 3d. After 950 s of O2 exposure, we again see an increase in Sn2+ that saturates following additional O2 exposure. 
The fourth O 1s component is the substrate contribution from the underlying SiO2 membrane, presumably occurring due to a small X-ray beam offset or defocus. Using XPS survey data from the other spot that displayed significant charging, we were able to pinpoint the shape of the SiO2 signal so that the rest of the fitted spectra held a peak with a constrained FWHM and unconstrained BE position. Throughout all O 1s spectra, even while allowing the SiO2 peak energy to float, approximately the same relative ratio of Si-O to total O intensity is seen, which is expected as the relative substrate signal should not be changing with respect to the signal from NWs on the surface.
Finally, we also recorded the changes of the valence spectra during oxidation. The valence band of the SnO2 is highly sensitive to the surface oxidation state and has been used effectively to show evidence of reduction or oxidation of SnO2-x [38]. As we expose our NWs to O2 and terminate the surface with Sn2+, we see an increase in the band edge at ≈2 eV. This phenomenon occurs due to a stronger presence of Sn 5s and 5p orbitals for Sn0 and SnO compared to the O 2s and 2p orbitals for SnO2 [38] and corroborates with observed Sn 3d evolutions.
Device characterization and failure analysis using combined SPEM-XBIC spectromicroscopy 
XBIC microscopy is already a well-established technique in X-ray microscopy community [39-41], with an application space including materials diagnostics [25], photovoltaics [42], and detectors science [43]. Very recently XBIC was used for individual nanowire device characterization [44, 45] and nanowire detectors [46]. The recorded X-ray induced current depends on multiple factors such as local photoelectron and secondary electron emission yields, local electron-hole (e-h) recombination rate and overall nanostructure conductance. There are two possible sampling scenarios: (i) the resistive one, where the inspected sample does not have any built-in fields, and (ii) the amplified one, where p-n junctions, Schottky-like defects, and charged interfaces are present. Different than for the resistive XBIC case, the e-h recombination rate is reduced within p-n junctions, Schottky-like barriers, and near charged interfaces, which drastically increases the collected beam-induced current from these areas (Figure 5 a). 
In our settings, SPEM and XBIC imaging can be conducted simultaneously since the corresponding signal collection employs two independent channels: the multi-channel photoelectron detector and the device electrodes (Figure 5 a). The combination of the SPEM analytical capabilities with electron/hole transport mapping offered by XBIC is invaluable for characterization of micro- and nano-devices where electron/hole transport is dependent on the chemical composition and structure of the surfaces/interfaces. The nanowire chemiresistor is an ideal model device platform for these types of measurements since its single channel conductance sensitively depends on the surface reactions (band bending, see discussion above) and defects along the length of the conduction channel.  [image: ]
Figure 5. a) SPEM-XBIC imaging principle for resistive and amplified charge collection modes; b) top: 48-channel Sn 3d5/2 XPS data acquisition and corresponding 26 µm x 26 µm SPEM image of SnO2 single crystal nanowire bridging two Pt electrodes; c) SPEM (8 µm x 8 µm) image processing obtained via subtracting low energy from high energy channels of 48-channeled Sn 3d5/2 band; d) XBIC (4 µm x 8 µm) images of the same nanowire collected from the source (top panel) and drain (bottom panel) electrodes. Blue and red color correspond to collection of electrons and holes, respectively. The midpoint electron transport interruption indicates the presence of the electroactive defect such as n-p-n junction depicted in the panel (e) due to local X-ray beam induced reduction of SnO2 to SnO in vacuum.


In this section we also want to highlight the focused X-ray beam induced radiation damage to the nanostructure[47], and how it can be characterized with XBIC. Figures 5 (b, bottom panel) and 5 c show the Sn 3d chemical map of the single crystal SnO2 NW chemiresitor indexed by two electrodes. The panels in the Figure 5 (c) depict the XBIC images collected from the left (source, upper panel) and right (drain, lower panel) electrodes. As can be seen, only half of the conduction path can be observed in these complementary maps, indicating the presence of a defect in the NW which interrupts the electron/hole transport along the conducting channel; note however that the chemical SPEM map shows no obvious difference at this location. Two plausible explanations can be invoked to explain these results: (i) local beam induced “photobleaching” (chemical reduction) of the SnO2 nanowire that, in turn, forms the local back-to-back SnO/SnO2 n-p-n junction (Figure 5 e) [48] (or even Sn/SnO2 metal-semiconductor Schottky barriers) or (ii) local gating of the conducting channel by the primary X-ray beam (and/or secondary electrons) induced charges localized in the SiO2 support under the NW. To discriminate between these two scenarios, we processed the SPEM map exploiting the fact that this is a cumulative 48-channel image covering the entire Sn 3d5/2 spectrum. By subtracting the low energy (numbers) channels from the higher ones, one can emphasize the presence of the more unreacted component in the Sn 3d5/2 map. The panel 5 (c) depicts this result, which indeed, indicates the existence of the reduced (or metallic) SnOx area exactly at the point of XBIC transport interruption. This result is not surprising, since this was the location receiving the longest focused X-ray beam exposure where all prior multiple XPS spectra were collected.  

Conclusions and outlook
SPEM has demonstrated astonishing progress and instrumental adaptivity to users’ needs during the last 30 years. In this short communication, we have highlighted the present SPEM capabilities to collect high‑quality real-time micro-XPS spectra under reactive environment conditions simultaneously with conductometric measurements on an individual nanodevice, which is only 100 nm to 200 nm wide. Combining SPEM with the NIST microhotplate array is a very effective approach for materials studies, since it thermally decouples the device of interest from more commonly used, massive sample holders. The microhotplate platform not only offers the possibility of improved statistics across the elements of the array, but also resolves the principal challenge posed by thermal drift, which is detrimental for high quality spectroscopy on nanoscopic objects. We have shown the apparent limitations of SPEM at this scale that are related to the beam damage effects on the chemical and electrical conditions of the device during data acquisition. The general strategy to compensate for these effects is to minimize the total radiation dose via careful selection of the excitation energy, dwell time, and spot size.
Further developments in SPEM will depend on beamtime requests of significant fundamental and/or technological importance. From the prospective of current needs for the semiconductor industry and device characterization, the study of atomic layer deposition and plasma-assisted processes relevant to novel microfabrication protocols in near atmospheric pressure (NAP) SPEM can be envisioned. Similarly, the growing metrological needs for quantum computing can benefit from adding an optical read-out channel to the current SPEM setup. The later will allow for X-ray excitation, imaging, and spectroscopy of the individual qubits like nitrogen-vacancy (and similar) centers in diamond.   
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