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ABSTRACT

In this work, the novel enhancement to multichannel scatterometry data collection, Spectral Interferometry, is introduced
and discussed. The Spectral Interferometry technology adds unique spectroscopic data by providing absolute phase
information. This enhances metrology performance by improving sensitivity to weak target parameters and reducing
parameter correlations. Spectral Interferometry enhanced OCD capabilities were demonstrated for one of the most critical
and challenging applications of gate-all-around nanosheet device manufacturing: lateral etching of SiGe nanosheet layers
to form inner spacer indentations. The inner spacer protects the channel from the source/drain regions during channel
release and defines the gate length of the device. Additionally, a methodology is presented, which enables reliable and
reproducible manufacturing of reference samples with engineered sheet-specific indent variations at nominal etch
processing. Such samples are ideal candidates for evaluating metrology solutions with minimal destructive reference
metrology costs. Two strategies, single parameter and sheet-specific indent monitoring are discussed, and it was found
that the addition of spectroscopic information acquired by Spectral Interferometry improved both optical metrology
solutions. In addition to improving the match to references for single parameter indent monitoring, excellent sheet-specific
indent results can be delivered.

Keywords: OCD, Spectral Reflectometry, Spectral Interferometry, gate-all-around, nanosheet FET, indent, inner spacer

1. INTRODUCTION

Over the last few decades, optical critical dimension (OCD) metrology has played a pivotal role in the semiconductor
manufacturing process due to its extreme sensitivity, accuracy, flexibility, and speed. The constant progress in
semiconductor manufacturing technology demands the fabrication, metrology, and control of ever smaller and more
complex three-dimensional devices. Stacked nanosheet gate-all-around (GAA) devices will be the succeeding FinFET
technology as the next-generation logic architecture in the coming years.!”* Complex integration schemes, specifically
related to the gate definition, in conjunction with shrinking dimensions require precise process control for optimal device
performance, which creates many new challenges for in-line metrology. One of the most critical manufacturing steps for
GAA transistors is formation of inner spacers, which protect the channel from the source/drain regions during channel
release. The first process step toward forming the inner spacer is a partial lateral etch of multiple sacrificial SiGe layers
sandwiched in between epitaxial Si nanosheets, which are the electronic transport channels. Accurate, fast, and non-
destructive measurements of the SiGe indentation etch are essential for competitive development and successful high-
volume manufacturing. It is a demanding and challenging task for any metrology technique since the layers are vertically
stacked and buried, and the nominal indents are only a few nanometers deep. Hence, the overall associated volume change
is very small, leading to small metrology response changes. Ideally, a metrology accuracy of <1 nm is desired. The only
suitable and currently available in-line metrology techniques for fully integrated samples are OCD, X-ray fluorescence
(XRF), and maybe Raman spectroscopy.*”

Previously published studies related to in-line metrology focused on the determination of the average sheet indent of
simplified test structures>® and fully integrated device architectures.* However, for the indent etch process, sheet-specific
rather than single parameter monitoring is desired, because the process window for optimal device performance is very

Metrology, Inspection, and Process Control for Semiconductor Manufacturing XXXV,
edited by Ofer Adan, John C. Robinson, Proc. of SPIE Vol. 11611, 116111U
© 2021 SPIE - CCC code: 0277-786X/21/$21 - doi: 10.1117/12.2582364

Proc. of SPIE Vol. 11611 116111U-1

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 07 Mar 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


mailto:schmidt@ibm.com

small. If the indent is too deep or too shallow, the gate length will be too short or the spacer not thick enough to protect
the source/drain regions, respectively. Monitoring an average indent depth only, multiple failure modes are possible that
could go completely unnoticed. For example, in the case where the bottom sheet has a very shallow indent, the middle
sheet exhibits a nominal indent depth, and the top sheet is too deep, the average indent of the three sheets could be on
target but the device would fail due to an insufficient bottom spacer thickness. Therefore, sheet-specific indent monitoring
is necessary for successful high-volume manufacturing. Scatterometry is currently the only available non-destructive in-
line technique capable of sheet-specific monitoring of fully integrated wafers at relevant fin and gate pitches. Other
techniques either lack the depth resolution, specifically when the dummy gate is present, or are destructive.

In this paper, SiGe indent monitoring capabilities for stacked nanosheet GAA device manufacturing using state-of-the-art
OCD technology will be discussed. First, the latest advancement in scatterometry tool capabilities, Spectral Interferometry,
is introduced and discussed. Then experimental strategies will be reviewed and highlighted that allow for monitoring an
average indent with a goal of best time to solution. Furthermore, a straightforward methodology is described, which
enables reproducible device manufacturing with engineered sheet-specific indent variations by tuning the alloy
composition of the SiGe sheets individually. Lastly, sheet-specific indent results are presented and discussed. For both
cases, monitoring the average SiGe indent or multiple sheet-specific indents, OCD enhanced with Spectral Interferometry
improves the optical solution.

2. SPECTRAL INTERFEROMETRY

To provide adequate improvement of the metrology capabilities, OCD tools have gone through extensive improvement
and refinement to allow extremely accurate measurements and high throughput. In addition to improving the essential tool
characteristics, another venue by which OCD performance can be improved is diversifying the measured information. The
majority of the current OCD solutions are based on well-established broadband spectral reflectometry and ellipsometry
(SR/SE) techniques. These techniques are measuring the sample at different incidence angles, azimuths, polarizations, and
wavelengths (Figure 1a).8° Also, the relative phase between reflected polarization components can be accessed through
ellipsometry measurements.

Another essential attribute of light scattered from a patterned structure is the phase difference between the incident and
reflected electromagnetic waves (absolute spectral phase). Typically, this spectral phase has different values for different
wavelengths, incident angles, azimuths, and polarizations and has new and unique information content. Since accessing
the spectral phase directly is not possible at optical frequencies, one must use interference effects, usually observed with
an interferometer, and recover the encoded phase information from the interference effects.

The difference between the relative and absolute spectral phase can be best illustrated with the Jones matrix, which
describes the scattering of polarized light from samples.®® The Jones matrix presents a light beam scattered from a sample

by a 2-component complex vector, consisting of the amplitude and phase of each polarization (Jones vector ﬁ). The

polarization state will describe the scattered light (at a given azimuth and incidence angle): P = ] P. The Jones matrix is
a 2x2 complex matrix of the form:

] — el-(p (rss Tsp) )

Here, 7; is the complex reflectance component for incident polarization j and scattered polarization i. For example, 7 is
the complex reflected field in the s polarization (perpendicular to the plane of incidence) when the incident field is s
polarized. Similarly, i, represents the reflected s polarized field for incident field polarized in the p direction (parallel to
the plane of incidence) and is related to the degree of polarization conversion created by the sample. The matrix
components are complex and include relative phase difference between every two components, which is easily accessed
through ellipsometry measurements and is different from the absolute spectral phase defined by the pre-factor ‘.

The Stokes-Mueller formalism, widely used for ellipsometry measurements, can be used as another example highlighting
the difference.®® For non-depolarizing samples, there is a simple transformation between the Jones and Stokes-Mueller
matrices: M = TJJ*T 1, where M is a Mueller matrix, and 7 is the conversion matrix:
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Transformation shows that for the non-depolarizing samples, the Mueller matrix does not hold any additional information
content not included in the Jones matrix. On the other hand, the Jones absolute phase component vanishes in conversion,
so in the Mueller matrix formalism the absolute spectral phase is not present.

In this paper, the enhanced OCD hardware is presented. It combines multichannel reflectivity measurements with
measurements of the absolute spectral phase. The optical scheme of the Spectral Interferometer (SI) is depicted in Figure
1b. It is based on a Spectral Reflectometer, where sample reflectivity is accurately measured. However, in this scheme,
the objective lens used for the measurement is replaced by an interferometric objective. Optical path difference control
can be obtained by changing either the sample arm's length or modifying the reference arm path. Light from the reference
mirror and the sample are combined in the beam splitter and directed to the spectrometer. The spectrometer measures the
intensity of every wavelength separately and records the interference pattern of the interferometer. The unique design must
ensure the required stability of interferometric measurements to external noise sources and enable fast throughput for high-
volume manufacturing environments.

We present the enhanced OCD hardware capabilities, enabling measurement of reflectivity and absolute spectral phase,
for one of the most challenging applications of future nanosheet technology — sheet-specific indent metrology.
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Figure 1. (a) Schematic of current multichannel OCD tools, including normal incidence and oblique illumination and collection
channels. (b) Schematic of Spectral Interferometer (SI): light is split between the sample and a reference arm and then
recombined and measured with a spectrometer.

3. DESIGN OF EXPERIMENTS
3.1 Single Parameter Indent Monitoring

Single indent parameter monitoring refers to the characteristic that the optical metrology solution is capable of delivering
a single value corresponding to the average indentation of all SiGe sheets. In this study, the GAA device comprises a
nanosheet stack with three epitaxial SiGe sheets sandwiched between thin epitaxial Si layers. Fully integrated wafers were
processed with nominal conditions up to the lateral SiGe etch. At the SiGe indent process step, an intentional variation
using five different etch times was introduced with the goal to change the indent of all three sheets equally from shallow
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to deep. All wafers were measured with advanced multichannel scatterometry (T60OMMSR and NovaPRISM) after
indentation as well as with low energy XRF (VeraFlexIll+) before and after indentation. Center and edge scanning
transmission electron microscopy (STEM) images from each wafer were obtained to evaluate the etch variations and serve
as reference for the optical model solution.

The optical solution comprises a full geometric model with many degrees of freedom to account for potential process
variations. Additionally, a machine learning solution was developed using scatterometry in conjunction with XRF
reference data.*

=
10

Figure 2. Full geometric optical model developed for single parameter indent monitoring; the inset shows a more detailed
view of the nanosheet stack comprising alternating epitaxial Si and SiGe layers. STEM cross-section images with cuts
perpendicular to the gate direction depict three of the five etch conditions with successive increase in SiGe indentation from
left to right.

3.2 Individual Sheet Indent Monitoring

Individual sheet indent monitoring refers to the characteristic that the optical metrology solution is capable of delivering
a single indent parameter for each of the multiple SiGe layers within the nanosheet stack. For the individual sheet indent
monitoring part of the study, wafers with fin patterning only have been considered. Nonetheless, considering the small
volume change per layer and the fact that there are multiple instances of alternating thin Si and SiGe sheets, the question
of metrology sensitivity arises first. Figure 3 shows spectral sensitivity calculations for a bottom, middle, and top sheet
variation of 2 nm, respectively, at otherwise constant geometry. Representative MMSR channels at normal and oblique
angles of incidence confirm that the optical fingerprint differences between the three individual sheet variations are
significant and significantly different from each other. The SI channel adds additional unique spectral sensitivity.
Therefore, an appropriate optical model will be capable of discriminating between the individual sheets and can deliver
sheet-specific indent monitoring.

In order to experimentally evaluate and confirm the calculated sheet-specific capabilities and develop a reliable metrology
solution, a set of samples with certain properties is desired. Ideally, the indent variations can be precisely and reproducibly
controlled, individually by sheet and decoupled from any other potential process variations. Desired samples include, for
example, a successive increase or decrease from top to bottom, and a set where two sheets are processed nominally while
a third sheet has a deeper (or shallower) indent — and this sheet is then intentionally the top, middle, or bottom sheet.
Furthermore, reliable reference metrology besides STEM cross-section images is desired that is non-destructive, less
expensive, and less sensitive to potential local variability.
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Figure 3. Spectral sensitivity calculations for sheet-specific indent variations. Shown are schematics of the top portion of a fin
with multilayer Si/SiGe nanosheet stack with (a) bottom, (b) middle, and (c) top sheet variations of 2 nm together with
respective unique optical fingerprint differences for representative Normal (blue), Oblique (green), and SI (yellow) optical
channels.

Unfortunately, the etch process employed for the SiGe indentation itself does not allow for such a controlled sheet-specific
variability. However, the etch rate strongly depends on the Ge content within the SiGe alloy.!° The composition of the
SiGe alloy can be very well controlled for each sheet at nanosheet stack epitaxy. Hence, a small sheet-specific variation
of the Ge content at otherwise nominal process conditions will allow for the desired sheet-specific indent control and a
reproducible manufacturing.

The samples manufactured for this study are listed in Table 1. No intentional process variations other than the sheet-
specific Ge concentration were introduced. The range was selected such that the dependency of etch rate versus Ge content
is linear and that the high Ge content sheet etches about two times faster compared to the sheet with the low Ge content.
All samples were measured by high-resolution X-ray diffraction (HRXRD) post nanosheet stack deposition to determine
individual sheet thickness and desired Ge content variations.” Additionally, low energy XRF measurements were carried
out before and after the indentation to measure Ge Lo counts, which are representative of the total amount of Ge present
within the probed volume.

Table 1. List of samples with sheet-specific Ge content variations from low (L), medium (M) and high (H).

Bottom Middle

Successive In/Decrease

One Sheet More (M)

One Sheet Less

r TS rr~rr-rr-=x
rmEr-r=2r-g-=2 ==
Irr< 8 rm T

One Sheet More (H)

Figure 4 depicts STEM cross-section images and indent measurements of slots 3 and 6. Slot 3 represents a sample with
successive increase in Ge content going from bottom to top sheet and the STEM image results are a testament that the
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processing worked as intended. The sheet-specific indent measurements show an approximately 4, 6.5, and 9 nm
indentation on each side for the bottom, middle, and top sheets, respectively. Hence, the etch rate as a function of Ge
content exhibits a linear behavior where the sheet with higher Ge concentration etches a little over two times faster
compared to the sheet with the low Ge content. Slot 6 is a sample from the group ‘one sheet more’ and helps to confirm
that the indent only depends on the Ge content and is independent of the location of the sheet. Both bottom and middle
sheets are epitaxially grown with the same low Ge concentration. Consequently, the indent measurements are with around
4 nm essentially identical as well as in excellent agreement with the indent of the low Ge content sheet of slot 3. The two
M sheet measurements do not match as well as the one for the L sheets, which is likely related to process variations and
image analyses uncertainty.
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Figure 4. Representative STEM cross-sections of (a) slots 3 (left) and 6 (right) together with (b) sheet-specific indent
measurements of these two samples as a function of Ge content. The topmost layer in (a) is a hardmask required for patterning.

Regarding the former, it has been discussed that the SiGe etch rate depends on the Ge content, the basic concept of the
entire sheet-specific design of experiments. Assuming process variations with a Ge content range of £0.05 around the
target value, at the process conditions used for this study, an indent variation of already +2.4 A can be expected.
Furthermore, the indent etch rate also scales with sheet height. Assuming a sheet-to-sheet height variation of 5 A,
depending on the alloy composition an indent range of #2.2 and +5.2 A and for the low and high Ge content sheets,
respectively, can be expected. Hence, in the worst-case scenarios (upper and lower bounds) the indentation of sheets with
a low Ge content may be different by over 9 A due to processing variations. Additionally, STEM image analyses results
carry an error due to the image calibration and manual readout, sometimes exacerbated by imaging artefacts, and represent
only a small slice of the target without depth information.

Substrate

T T T T
200 300 400 500 600
Wavelength (nm)

Figure 5. Optical model for sheet-specific indent monitoring with hardmask (HM), Si and SiGe layers, and Si substrate (left);
and SiGe optical properties, refractive index n and extinction coefficient k, with varying Ge content (right). The arrow indicates
the red-shift as the alloy becomes more germanium-rich.
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The optical model required for the patterned and indented nanosheet stack wafers (Table 1) is reasonably straightforward.
Besides the individually parameterized sheets, the overall fin and hardmask geometries need to be accounted for.
Additionally, since the design of experiments is based on a variation of the Ge content, the optical properties (n and k) of
the SiGe alloy have to be considered as they depend on the specific alloy composition (Figure 5). It was confirmed, by
way of simulations, that there is no significant correlation between SiGe composition and the indent itself. Specifically, a
change in the Ge content causes a different optical fingerprint change than the indent does.

4. RESULTS AND DISCUSSION

4.1 Single Parameter Indent Monitoring

The main challenge with a geometric model for fully integrated devices and stand-alone indent monitoring (analyzing a
single measurement only acquired post indentation) is the many floating parameters required to account for process
variations within the fin and gate module. Hence, there is a risk that the model accuracy lacks due to parameter correlations,
especially since the etched SiGe volume is very small, or non-unique solutions can be found. Nonetheless, the match
between indent values reported by the OCD model for the five different etch conditions is in good agreement with STEM
cross-section image analyses (Figure 6a). In this example, adding SI channels improves the correlation to STEM from
R? = 0.8 with MMSR channels only to the depicted R? = 0.9.*

While this is an excellent result, another challenge is to keep metrology up to date, especially in the development stage of
a manufacturing process. Meaning, a full geometric model may need to be revised because of a small process change
somewhere upstream in the line. Time to solution is critical and building an OCD solution based on a full geometric model
including the calculation of a new model library is typically time consuming. To improve time to solution significantly
and be less dependent on process variations unrelated to the indent itself, a machine learning solution utilizing XRF as a
reference was developed. Specifically, the difference in Ge La (AGe) counts between before and after indentation, which
represents the overall loss of Ge, was used to train a machine learning model with scatterometry spectra acquired after
indentation only. Figure 6¢ depicts the excellent correlation between normalized AGe counts and OCD machine learning
results achieved already with only a few data points. Subsequently, only a few representative STEM reference images are
required to convert AGe counts to an indent depth in nanometers. This type of machine learning approach is basically
effortless compared to a full geometric model build because it only requires two XRF reference measurements from a few
wafers to get started. The time to solution in case an update is required can be counted in minutes rather than days with
the right infrastructures in place.!!
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Figure 6. Correlation plots of (a) STEM and OCD results from the full geometric model using MMSR+SI channels and (b)
normalized AGe counts and OCD indent values as obtained by a machine learning solution using XRF reference data.
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4.2 Individual Sheet Indent Monitoring

The sheet-specific SiGe indent scatterometry results for all eleven wafers listed in Table 1 are presented in Figure 7. The
graphs are vertically separated in three sections representing indent results for bottom, middle, and top sheet. Within each
section the y-axis lists the slots in ascending order and the common x-axis shows the indent in units of angstroms. The size
of the box and whiskers indicates the data spread of ten measurements across the wafer and the color designates the Ge
content low (blue), medium (green), and high (red). The three vertical grey areas around 35, 65 and 95 A are guides to the
eye.

Figure 7a depicts best model indent data from fitting MMSR and SI channels and the red circles are the STEM data from
two wafers (see Figure 5). Focusing first on slot 3, it is evident that OCD matches the STEM data very well for all three
sheets: the bottom sheet with the lowest Ge content is indented by about 40 A, the middle sheet with the medium
concentration around 75 A, and the germanium-rich top sheet is indented the most with 90 A. In a similar manner, STEM
data matches well with the OCD model output for slot 6. However, looking at all results for low Ge content sheets (blue
boxes around 35 A) for example, a median range of >10 A is observed, and it looks like the bottom sheets tend to have
deeper indents than the top sheets, for instance. The obvious first suspicion is that there are parameter correlations in the
optical model, either between sheets or with other floating geometrical parameters. Thorough analyses did not confirm
that there are significant correlations between any of the floating model parameters. Hence, the variations should be mainly
related to processing.
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Figure 7. Sheet-specific SiGe indent scatterometry results for all eleven wafers listed in Table 1 vertically separated by sheet
location (bottom, middle, top). The color of the boxes represents the Ge content of the sheets: low = blue, medium = green,
and high = red. (a) OCD model results considering MMSR and SI channels; XRD “sheet factor” corrected OCD model results
considering (b) MMSR and SI channels and (c) MMSR channels only.

In an attempt to verify if processing variations are the major source of variations here, sheet-specific heights and Ge
contents, as determined by HRXRD at the blanket stage were used to calculate a location-specific “sheet factor”
proportional to the etch rate. For example, sheets with a high sheet factor are expected to etch faster because they have an
above nominal height and/or Ge content. This scaling factor is then applied to the reported OCD indent values and results
are shown in Figure 7b. It is evident that the corrected indent results, specifically for the sheets with low and medium Ge
content, have “improved” in terms of data spread. These results give confidence that a significant part of the data spread
is indeed related to process variations at nanosheet stack epitaxy rather than issues with the OCD metrology or the model.
The remaining variation is attributed to the data correction procedure and total measurement uncertainties for both HRXRD
and OCD. The HRXRD data correction procedure to determine the location-specific “sheet factor” in this study is not
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optimal since the OCD and HRXRD sampling plans do not match exactly. Therefore, with the assumption of radial
symmetry, OCD indent results were corrected with data from close radial neighbors. It is believed that an improvement is
possible with matching sampling plans and maybe additional reference metrology using x-ray reflectometry, for example.

In summary, the claim is not that OCD indent results must be corrected to get an accurate reading, but that the original and
uncorrected results (Figure 7a) are in fact accurate. Small process variations at multilayer stack epitaxy rather than OCD
metrology or model issues are likely the main source of variation. Therefore, the epitaxial SiGe deposition process needs
to be controlled with extreme precision and accuracy to achieve even indents.

If the unique information content obtained from SI channels is not considered for the model analysis, the results are still
acceptable but not as robust (Figure 7c). For ease of comparison, the corrected indent is shown. A slightly larger deviation
from the median within the population is observed. Besides that, it stands out that specifically the low Ge content bottom
sheets are on average about 5-10 A below expectation.
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Figure 8. Comparison between XRF and OCD (a) as a function of radius per slot and (b) a combined correlation plot.

In addition to STEM image analyses and working with sheet-specific HRXRD data, the OCD indent results are compared
to XRF reference data. Ge La counts were measured on all OCD measured sites before and after the SiGe indent etch.
While not a sheet-specific metric, the difference between these two acquisitions is representative of the total amount of Ge
removed during the etch process (AXRF = GeLoyre — GeLopost). In order to compare both XRF and OCD metrology results,
the sheet-specific OCD indent parameters are multiplied with the respective Ge content to yield an empirical SumIndent
parameter according to

OCD SumIndent = (Indent*Ge%)g,: + (Indent*Ge%)y;q + (Indent*Ge%)rop, - 3)

A comparison between AXRF and OCD Sumlndent is presented in Figure 8. The graph is horizontally separated by the
wafers and the x-axis within each panel depicts the wafer radius (Figure 8a). It is noticeable that both techniques report a
considerable difference between center and edge. Additionally, based on the amplitude, the wafers can be separated into
three groups based on the total Ge content matching the experiment: slots 1...3 have the highest and slots 4...6 the lowest
values; the other four wafers are in between. In general, the AXRF (top row) and OCD SumlIndent (bottom row) are
matching well in terms of amplitude and radial signature, which is also confirmed by the combined correlation plot with
R?=0.92 (Figure 8b).

5. CONCLUSIONS

In this paper, SI technology, which allows for the temporal characterization of the wavefront by measuring the absolute
phase through spectral interferometry was introduced and discussed. Spectral Interferometry adds additional and unique
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sample information, which enhances existing scatterometry capabilities and supports solving the most challenging
applications. It was shown how the addition of spectral phase information acquired by SI improved the presented optical
metrology solutions around SiGe indent metrology within the inner spacer module of gate-all-around nanosheet device
manufacturing.

Single indent parameter monitoring solutions were presented and summarized. A geometric model utilizing MMSR and
SI technology for in-line monitoring of fully integrated devices can deliver very good average indent results as confirmed
by STEM reference data. However, maintaining such a model in the development stage of a process with all its minor or
major adjustments is time-consuming and hence expensive. It was highlighted how a machine learning model trained with
XRF reference data could easily replace the full geometric model. In a straightforward manner excellent results can be
achieved with only a few wafers of training data.

Lastly, a methodology was introduced and discussed that allows for reliable and reproducible manufacturing of reference
samples with sheet-specific indent variations, which can be used to evaluate optical model solutions. Minor intentional
variations of the Ge content within individual SiGe nanosheets allow for engineered etch differences without modifying
the nominal etch process. It was demonstrated that an OCD model utilizing information from SI channels is capable of
delivering excellent sheet-specific results. While the data presented here are for structures without gates, the introduced
concept can be readily applied to design experiments for fully integrated flows. The results presented here highlight that
minor process variations in terms of sheet height and alloy composition can affect the indent depth substantially. Therefore,
epitaxial growth monitoring and tight process control are crucial for reliable indent manufacturing. XRD and XRF data
were used to confirm the accuracy of the OCD model.
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