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ABSTRACT

The continual demands to shrink device sizes and length scales in the semiconductor industry have accelerated the adoption
of X-ray photoelectron spectroscopy (XPS) as a critical step for in-line metrology. The technique was initially introduced
to the in-line environment to measure ultrathin layers and layer stacks predominantly in the gate module. As these stacks
and related structures increase in complexity through scaling, a more rigorous assignment of spectral components to their
material intensity source is necessary to use the full potential of XPS. In this paper, the application areas for in-line XPS
are reviewed and modeling practices are demonstrated that significantly enhance XPS measurement characterization
related to gate-all-around (GAA) transistor architectures. Besides traditional measurements on non-patterned areas, the
high surface sensitive nature of XPS may also be tailored specifically for use on fully integrated targets. For example,
successful quantification of material residues remaining on active device areas is presented and discussed. Such
measurements directly on device are particularly significant as dedicated measurement targets may not serve as a proxy
for active areas anymore. The need for advanced XPS modeling capabilities beyond 1D film stack characterization and
towards direct 2D/3D measurement on fully integrated structures will be highlighted.
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1. INTRODUCTION

Over the past couple decades, X-ray photoelectron spectroscopy (XPS) has emerged as a critical metrology technique in
the semiconductor manufacturing environment as scaling demands of the industry drive characterization of smaller device
sizes and surface interfaces. In-line XPS tooling was introduced in 2004 as a metrology solution to some of the challenges
in the 65 nm node and beyond [1,2]. At that time, ellipsometry had reached accuracy limitations for the small film thickness
variations of gate stack materials that could, however, be characterized with the highly surface and material sensitive, non-
destructive analytical properties of XPS. The technique increased in relevancy as industry specifications drove the control
of film thickness tolerances to sub-nm levels and new materials continued to be incorporated into different layers [3].
While XPS measurement areas have generally been relegated to unpatterned wafers or blanket film metrology pads on
integrated wafers, the technique and modeling capabilities have continually evolved to incorporate some direct
measurement on fully integrated structures and device areas [4]. In 2015, working XPS models on structure have been
published including a pitch-dependent monitor for Cu chemical mechanical polish (CMP) process control [5]. Later
developments cover a wide ranger of applications including direct measurement of dopant material composition of source
drain (S/D) pFET epi structures [6] and for area-selective deposition processes on patterned structure [7]. This trend is
expected to become more relevant as scaling pushes towards smaller structural dimensions, resulting in greater potential
deviations between metrology on blanket targets and 3D integrated structure.

Additional challenges for XPS measurement integration include characterization of Nanosheet gate-all around (GAA)
transistor architectures. Because XPS spectra and intensities include and are weighted respectively by all the materials
present in the near surface regions of the measurement area, XPS modeling is only as accurate as the ability to fully
characterize the respective spectra obtained. However, the precision of measurement is substantially improved if the proper
material quantifications and structural dimensions are established and defined appropriately.

In this paper, we first discuss XPS model developments necessary to enable blanket film thickness measurement on GAA
film stacks. We then demonstrate how XPS may be employed as a direct metrology technique on fully integrated targets
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and device areas. Several applications are highlighted including S/D epi composition, parasitic epi growth in S/D region,
and quantification of residues following removal via CMP processes. In addition, we highlight a hybrid metrology
application where the XRF emission and spectra generated during XPS measurement is utilized to quantify embedded
SiGe layers beyond limited depth of XPS penetration.

2. EXPERIMENTAL DETAILS
2.1 Experimental setup

XPS is a technique that utilizes the photoelectron spectra generated from an X-ray source to determine the chemical and
dimensional properties from the surface region of the sample. The fundamental interactions are illustrated in Fig. 1a where
an X-ray excites a core level electron in the sample, simultaneously ejecting a photoelectron and leaving behind a core
level hole. An electron from a higher shell may then relax into this hole and subsequently release the excess energy as X-
ray fluorescence (XRF) or through the ejection another higher core electron, defined as an Auger electron emission. A
general setup for XPS measurement (Fig. 2b) consists of an X-ray source which bombards a sample with monochromatic
X-rays. A finite solid angle of the ejected photoelectrons corresponding with the aperture size are passed through and
filtered by kinetic energy through the electron optics column and hemispherical energy analyzer before terminating at the
electron detector. These photoelectron detection events may then be converted into spectra categorized by kinetic energy
and signal intensity, or electron count rate, of the detected photoelectrons. Figure 1c shows an example survey scan for a
Ti0, sample generated with all photoelectron excitation and Auger ejection peaks labelled.
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Figure 1. (a) Simplified representation illustrating the photoelectron emission and X-ray fluorescence events following the X-
ray excitation of an z. (b) Schematic of an XPS measurement setup. (c) XPS spectra of a TiO2 sample with photoelectron
excitation and Auger peaks labeled.

While laboratory based XPS instrumentation and measurements are often designed to widely characterize a new material
or process with a higher resolution and wider spectral output, in-line XPS measurements are engineered tightly around
target materials and processes that have been otherwise characterized beforehand. Once an in-line XPS measurement
routine can reliably quantify variation from a process baseline, the primary recipe design goal is to minimize measurement
time much as possible to improve fab productivity. Recipe side optimizations include the minimization of spectral
acquisition ranges, measurement scan time, and the number and location of measurements per wafer. Throughput
optimizations on the tool side include standardization of instrumental configuration to a singular X-ray source, fixed
photoemission angle to the detector, and a fixed high analyzer pass energy to maximize photoelectron flux. As XPS
measurements require high-quality vacuum conditions < 5x1077 Torr in an analysis chamber, throughput delays are
minimized by staging wafers in queue in a pre-chamber load lock. This allows for simultaneous pump down of incoming
wafers to appropriate vacuum levels while the active wafer is being measured in the analysis chamber.

Measurements in this study were taken on a Nova VeraFlex IV XPS tool platform, capable of fully automated in-line
processing of 300 mm wafers. This tool produces AlKa X-rays in a 50 pm diameter spot, allowing for measurement on
fully integrated metrology targets equal to or greater than these dimensions. The electron detector in the setup utilizes a
spherical capacitor analyzer (SCA) for XPS photoelectron detection. A secondary silicon drift detector (SDD) is installed
on a side port on the instrumental chamber and allows for the capture and analysis XRF as well.

2.2 Photoelectron attenuation modeling

In order to provide meaningful quantification of collected XPS spectra, measurements rely on understanding and modeling
the photoelectron yield and attenuation as the electrons move and scatter during their travel through measured material.
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While a full review of these mechanisms is beyond the scope of this manuscript, many other studies provide a more
comprehensive overview of these interactions, including fundamentals of spectral interpretation and peak fitting [8-13].
Figure 2a illustrates the potential travel pathway of photoelectrons generated at several depths of a sample. As
photoelectrons travel further through material layers, there is a larger probability that the photoelectron will undergo single
or multiple scattering events, both inelastic and elastic. The expected reduction in photoelectron yield as a function of
travel length and scattering can be characterized the effective attenuation length (EAL) [14]. This is dependent on the
kinetic energy of the photoelectron as well as the material traversed in the path of the photoelectron. Photoelectrons
generated near the surface of the film are less likely to scatter than photoelectrons generated in the bulk levels and therefore
provide the highest intensity yield.

Figure 2b shows a model depiction of the intensities generated from an SiO/Si film stack and Fig. 2c¢ shows the modeled
Si and SiO intensities as a function of film thickness. In this scenario, the intensity of Si scales according to the equations
below

(- dsio )
Iy; X e EALsio (1)
(- dsio )
Isip x 1 — e E4Lsio 2)

where Isi is the intensity of Si, Isio is the intensity of SiO, dsio is the thickness of SiO, and EALsio is the EAL of Si
photoelectrons travelling through the SiO layer. The thickness of the SiO layer can be extracted from the measurement by
scaling the Si and SiO intensities accordingly. These exponential sensitivity properties of XPS enable the precise detection
of small changes in ultrathin films < 2 nm while the bulk scattering generally results in the effective loss of measurement
sensitivity beyond > 10 nm of material when utilizing an Al Ko X-ray source.
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Figure 2. (a) Illustration for photoelectron excitation and electron scattering from the surface and bulk depths of sample. (b)
Model depiction of a SiO overlayer on top of a semi-infinite Si substrate along with corresponding (¢) XPS SiO and Si
intensities as a function of SiO overlayer thickness.

3. RESULTS AND DISCUSSION
3.1 Nanosheet blanket models

Layer-by-layer stack thickness measurements can generally be quantified with a high degree of precision using XPS so
long as each layer of interest has a unique, identifiable peak in the XPS spectra. However, modelling the Nanosheet GAA
stack consists of alternating Si and SiGe layers, both of which contribute separately to the intensity of the XPS Si peaks.
This introduces error into the XPS measurement to any layers above the top Si sheet unless the contributions to the net Si
intensity are properly attributed to their corresponding layers.

An example of this is seen when comparing similar thicknesses of an interlayer (IL) dielectric grown on a directly on Si
(Fig. 3a) compared to IL grown on a SiGe supported Si top sheet (Fig. 3b). While the XPS SiO intensity is similar between
the two stacks (Fig. 3c), the Si intensity is measurably lower for the measurement on the Nanosheet stack. The traditional
IL model has been built with the assumption that all the intensity from Si (/s;) comes from the Si substrate. However, the
IL grown on a GAA Nanosheet stack has a lesser Si contribution since the Si content is more dilute in the SiGe layer
compared to Si of a comparable depth and thickness.
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Figure 3. Schematics for the blanket layer assumptions for the (a) traditional IL model on Si and (b) IL model with Si top
sheet and SiGe underlayer. (c) XPS Si 2p spectra for IL grown on Si (red) and IL grown on Si/SiGe (green).

Nanosheet correction and top sheet extraction

Figure 4a shows an illustration of the Nanosheet stack consisting of alternating Si and SiGe layers along with an overlayed
chart of XPS signal intensity as function of distance to surface. This plot indicates that while most of the underlayers
provide insignificant intensity contributions, the topmost SiGe layer still contributes substantially and must be considered
in the model. Spectral contributions are shown for Ge (Fig. 4b) and Si (Fig. 4c), which includes both the Si contributions
from the Si top sheet as well as the topmost SiGe layer. These Si contributions must be separated and applied to the
appropriate layers in order to produce an effective model. After using the SiGe Ge percentage as a model input, the
following intensity correction for the Si top sheet layer can be applied as follows

ISi,correct = ISi,measured —CF- IGe,measured (3)

where Is;comect 1S the corrected Si top sheet intensity, Is;measurea 1S the total measured Si peak intensity, /e measured 18 the
measured Ge intensity, and CF is the conversion factor used to relate the Ge and Si intensities from the SiGe layer.
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Figure 4. XPS Ge 3d and Si 2p peak fitting and intensity extraction for (a) Process A and (b) Process B. (¢) Si top sheet
thickness output for the Nanosheet model for Process A and Process B.

Beyond the IL thickness correction, the Si intensity correction allows for the measurement of the Si top sheet thickness.
The results of this model for two separate process treatments on the Nanosheet stack are shown with corresponding spectra,
labelled as Process A (Fig. 5a) and Process B (Fig. 5b). Process B shows significantly higher Ge and Si intensities and
substantially lower SiO intensities compared to Process A. Figure 5S¢ shows that when the Nanosheet model is applied to
spectra from these processes, Process A clearly exhibits a larger Si thickness than process B. In addition, both the processes
and the model provide a stable cross-wafer baseline for Si thickness.
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Figure 5. XPS Ge 3d and Si 2p peak fitting and intensity extraction for (a) Process A and (b) Process B. (c) Si top sheet
thickness output for the Nanosheet model for Process A and Process B.

Nanosheet correction for high-k gate stack layer

In addition, this correction can be extended to any subsequent layers added to the Nanosheet stack. Here we discuss the
improvements when applying the Nanosheet after the addition of the high-k dielectric layer. Figure 6a illustrates a model
depiction of the Nanosheet film stack following high-k dielectric deposition and corresponding spectra for a smaller Si top
sheet thickness (Fig. 6b) and a larger Si top sheet thickness (Fig. 6¢). In this case, new peak fitting must be applied to
deconvolute the Ge intensities from the additional high-k spectral contributions. While the Ge intensities decrease at larger
Si top sheet thicknesses, small Ge intensities can still be extracted with proper peak fitting as seen in the spectra. The
Nanosheet correction may be applied so long as the Ge intensity can be extracted consistently and reliably.

(b) (c)

Small Si High-k Large Si High-k
thickness 1 thickness

(a)

Ge

Rel. Intensity
Rel. Intensity

Binding energy (eV) Binding energy (eV)

Figure 6. (a) Schematic of XPS blanket model for high-K dielectric on Si/SiGe as a proxy for Nanosheet GAA. XPS Spectra
capturing the deconvolution of the high-K contribution from Ge for (b) a smaller Si top sheet thickness and (c) a larger Si top

sheet thickness.

Figure 7a shows the effect on XPS measurement output for high-k thickness when modeled on a Si substrate compared to
the Nanosheet stack. Nominal Si thicknesses were calibrated using X-ray diffraction measurements for and compared to
the output from the XPS models. In the case of the Si substrate model, the XPS high-k thickness is greatly distorted at the
lower end of nominal Si thickness measurements. However, the Nanosheet model correction flattens out the high-k
thickness over all ranges of nominal Si thicknesses. In addition, Fig. 7b shows that the XPS Si thickness scales linearly
with the nominal XRD calibrated thickness. The linearity of the model breaks only at much larger Si top sheet thicknesses
where the reference Ge intensities become vanishingly small. The Nanosheet model therefore provides a robust method of
monitoring Si top sheet thickness, particularly with smaller film thickness dimensions.
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Figure 7. (a) Calculated high-k thickness from Si and Nanosheet models and (b) calculated Si thickness from Nanosheet
model measured from wafers with variable nominal Si top sheet thicknesses.

3.2 XPS measurements on structure

XPS characterization of integrated structure introduces additional modeling challenges compared to blanket film stacks as
the measurement dimensionality changes from 1D to 3D. These measurements must account for any spectral contributions
from material differences in the lateral directions in addition to the in-plane composition and thickness variations with
respect to the wafer surface. In these scenarios, it is advantageous to apply hard modelling constraints to structural
parameters and limit the solution variable space while leveraging the strengths of XPS measurements. This includes
limiting analysis to the high sensitivity near surface structural elements, applying robust peak fitting to differentiate
compositional to isolate regions of interest from other spectral contributions, and constraining known 2D and 3D
parameters based on knowledge of the process and structures.

S/D characterization on fully integrated targets

XPS has previously been utilized to characterize SiGe composition for both the Nanosheet GAA blanket stacks as well as
the dopant concentrations for S/D regions on structure [6,15,16]. In the following example, the extraction of the Ge %
composition directly from the S/D regions of the structure is highlighted. The schematic in Fig. 8a shows a structure with
after S/D epitaxy. The measured intensity from the S/D epi is expected to be smaller since the epi accounts for a smaller
fraction of the exposed measurement area. The epi intensity is further diminished due to the taller dimensions of the
sidewall structures which narrows the acceptable photoelectron ejection trajectory to the detector. This is observed from
the spectra in Fig. 8b where the Si intensities from the S/D epi are substantially smaller than the other structural Si
contributions. Fig. 8c shows that that after accounting for scale, the signal to noise of the Ge intensities are lower compared
to the background level. Nonetheless, proper peak fitting enables the separation of the Si and Ge intensities specifically
from the S/D region epi so that SiGe Ge % composition can be calculated. Figure 8c shows the results of this model applied
to measurements on integrated targets with variable structural pitches. The cross-wafer averages show small differences
but measurable decreases in Ge % as a function of changing pitch in order of Macro A, Macro B, and Macro C. A calibrated
model for measurements on structure is highly desirable as shown here, where structural design variations directly affect
the material properties following the same process step.
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Figure 8. (a) Model of a structure with exposed S/D epi along with the photoemission path for epi measurement
characterization. XPS spectra for (b) Si 2p and (c) Ge 3d showing intensity contributions from S/D epi and other structure.
(d) Plot of S/D epi Ge % as a function of different structural pitches.
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Parasitic nFET-epi growth on pFET S/D epi

In the next example, we discuss a method using XPS to monitor parasitic epi growth on pFET S/D epi structures. Parasitic
epi growth is a consequence of epi deposition processes where epi nucleates in unintended regions and negatively impacts
device performance [17]. While many variations of parasitic growth exist, here we discuss using XPS to monitor a specific
form of parasitic epi growth in the form of nFET epi nodules on active pFET S/D regions as depicted in Fig. 9a. In this
case, some inhomogeneity in the process flow allows for nFET epi nodules to grow directly on the active pFET S/D region
following nFET epi deposition. Because the nFET epi contains P while the pFET epi is free of any P content, XPS P 2p
spectra can be used to detect the presence of nFET nodules on the surface of pFET S/D regions. This is shown in Fig. 9b
where a structure with parasitic nFET nodules shows an elevated P 2p peak while the same region for a clean, functional
pFET epi target is flat in that same region. By quantifying these P 2p peak intensities (Fig. 9c a clear elevated threshold
for P intensity counts is observed and established compared to the lower baseline for the functional pFET epi region. This
enables faster cycles of feedback directly after the nFET deposition so that processes can be optimized to minimize
parasitic epi growth well before comprehensive defect inspection and device yield tests.
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Figure 9. (a) Schematic of a clean pFET epi structure and pFET epi structure with parasitic nFET epi growth. (b) XPS P 2p
spectra for a clean pFET structure (green) and pFET epi structure with parasitic nFET epi growth (red). (c) Quantification of
XPS P 2p spectra for a functional pFET epi (green) and defective pFET epi (red).

Residue CMP removal monitor on integrated targets and device area

One key advantage of XPS measurement on structure is the enhanced sensitivity to the surface of measured target area.
This makes the technique particularly powerful for determining whether material present is exposed to the surface or
enclosed by another material with a separate composition. The following application highlights XPS as a way to monitor
surface residues structure post CMP processes. This methodology can be applied to both integrated target structure and
actual device areas.

Figure 10a shows a schematic of a device structure prior to CMP processing intended to remove the surface residue layer
to reveal the structure underneath. In the schematic, the surface residues are labelled as the highest sensitivity to XPS while
the structure below has a lower sensitivity. Any structure below these regions provides negligible intensity contributions
to the spectra due to the larger depth from the surface of the measured region. Figure 10b shows the XPS spectra region
of interest for measurements on structure for a region with residues present and with the residues fully removed. The
spectra for a structure with residues fully removed consists primarily of intensity region and peak area labelled as B,
corresponding with intensity coming from the primary structure to be revealed. In contrast, the spectra from a structure
with residues shows an elevated level of intensity from the spectral region labelled as A, corresponding with the larger
presence of residue materials. This interpretation is validated by TEM images taken along with the XPS measurements for
a device with underpolished structure (Fig. 10c) and a fully polished device with structure clear of residues (Fig. 10d).
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Figure 10. (a) Schematic of fully integrated structure utilizing XPS to validate full surface residue. (b) Comparison of XPS
spectra with residues and with residues removed and representative TEM images of structure with (c) residues present and (d)
residues removed.
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The progress towards clearing the surface of residues and revealing the underlying structure via CMP processes can then
be monitored as intensity ratio A/B, representing relative intensity contributions from residues to structure. Figure 11a
shows a box plot of ratio A/B measurements across fully integrated targets on a wafer following multiple rounds of the
CMP process. After the first round, both the overall value and the relative measurement spread of these ratios are elevated
across the wafer. These results are in agreement with larger amounts of residue still present on the wafer and
inhomogeneous residue removal. However, both the ratio and the spread drop precipitously after the second and third
rounds with some of the dies reaching a plateau at a low ratio value. By the fourth round, all the dies have settled
homogeneously on this low intensity ratio plateau, indicating that the integrated target structures on wafer are free of
residues.

Figure 11b shows another example of cross wafer residue intensity ratios as a function of radial position. These
measurements were taken directly on device areas following CMP processes, one of which resulted in a clean wafer and
another wafer with edge residues. The central areas of both wafer exhibit minimal residue ratio values, indicating that the
CMP processes are both effective in clearing the center of the wafer. However, the wafer with edge residues shows a
continual growth in residue intensity when moving radially outward from the center, indicating that the CMP process for
this wafer is less effective at the edges.
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Figure 11. XPS residue to structure (A/B) intensity ratios following (a) multiple CMP cycles across wafer and after (b) process
optimization for center to edge variation.

The dimensionless nature of these results, characterized as an accelerated dip in the residue to structure ratio followed by
a plateau region, gives this surface characterization the flexibility to be applied broadly over a range of structural designs.
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As long as the intensity ratio plateau threshold is properly established for the measured regions of a clean wafer, this model
can be extended to provide meaningful, quantifiable results on actual device areas in addition to fully integrated targets,
providing the closest point of reference for actual device performance.

XREF for SiGe indent and channel release

With the addition of an XRF detector to an in-line XPS setup, XRF spectra can be acquired simultaneously with XPS
spectra collection without any additional spectral acquisition time. In addition, XRF emissions are attenuated at a much
larger length scale compared to the electron scattering lengths of photoelectrons and therefore are not subject to the same
sampling depth limitations. This enables a much simpler quantification for XRF results as the total intensity from an XRF
excitation scales linearly with the amount of the material of interest captured in the measured structure.

XRF has long been evaluated as an option to characterize changes in the embedded SiGe layers within GAA stacks [18-
20]. Here we discuss a method to characterize SiGe channel indent depth initially conducted by Schmidt et al. using a
hybrid metrology approach with XRF and optical critical dimension (OCD) metrology [21,22]. In this study, the Ge La
obtained from the XRF was used to quantify the volumetric change in SiGe content before and after SiGe indent. This data
was then used along with an optical critical dimension (OCD) measurement in order to constrain the structural parameter
space output by the subsequent model. By taking this hybrid metrology approach, the XRF-enhanced OCD model converts
the volumetric changes from the Ge Lo counts into a specific indent depth for the SiGe layers separating the Nanosheets.
Beyond this application, the Ge La. XRF counts can be used to quantify any residual SiGe content following post channel
release processes intended for full SiGe layer removal. Figure 12a shows the XRF spectra progression in order of
decreasing Ge La for pre indent (Fig. 12b), post indent (Fig. 12¢), and post channel release processes (Fig. 12d). As the
Ge La excitations are insensitive to any surrounding structure, XRF can be used to monitor changes in the embedded SiGe
layers through multiple steps throughout the full process flow.
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Figure 12. (a) XRF Ge La spectra collected over the course of several SiGe removal processes along with process schematics
for (b) pre indent, (c) post indent, and (d) post channel release.

4. SUMMARY AND CONCLUSIONS

In this work, we have shown a novel method to improve XPS modeling to compensate for the finite thickness alternating
Si and SiGe layers in Nanosheet GAA film stacks. Furthermore, it was demonstrated that XPS measurement capabilities
have progressed beyond characterization limited to blanket films to the point of meaningful measurement on fully-
integrated target and device areas. This includes the selective characterization of S/D epitaxy to determine pitch-dependent
Ge %, parasitic epitaxial growth on the S/D regions, and the monitoring of material surface residues post CMP processes,
for example. With parallel in-line XRF capabilities, it was also highlighted how the complementary XRF intensities can
be utilized to measure volumetric in embedded materials beyond the limits of XPS penetration depth, and that these inputs
can be integrated in a hybrid metrology setup with OCD to determine actual structural parameters. Measurement directly
on integrated targets and active device areas are superior since it removes the need to account for differences in process
outcomes on structure compared to proxy, blanket film stacks. As the application of XPS measurements expands to
measurement on fully integrated structures, further development of modeling capabilities is needed to meet the growing
complexity.
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