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Abstract. A spectral interferometry technique called vertical travelling scatterometry (VTS) is
introduced, demonstrated, and discussed. VTS utilizes unique information from spectral interfer-
ometry and enables solutions for applications that are infeasible with traditional scatterometry
approaches. The technique allows for data filtering related to spectral information from buried
layers, which can then be ignored in the optical model. Therefore, using VTS, selective analyses
of the topmost part of an arbitrarily complex stack are possible within a single metrology step.
This methodology helps to overcome geometrical complexities and allows for focusing on param-
eters of interest through dramatically simplified optical modeling. Such model simplifications are
specifically desired for back-end-of-line applications. Three examples are monitored discussed:
(1) the critical dimensions (CDs) of a first metal level on top of nanosheet gate-all-around tran-
sistor structures, (ii) the thickness of an interlayer dielectric above embedded memory in the active
area, and (iii) the CDs of trenches on top of tall stacks in the micrometer range comprising many
layered dielectrics. It was found that, in all three cases, data filtering through VTS allowed for a
simple optical model capable of delivering parameters of interest. The validity and accuracy of the
VTS solution results were confirmed by extensive reference metrology obtained by traditional
scatterometry, scanning electron microscopy, and transmission electron microscopy. Furthermore,
it was shown that machine learning models trained with VTS filtered data can converge to a robust
solution with a smaller dataset compared with models training with traditional scatterometry data.
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1 Introduction

Due to the ever-shrinking dimensions of semiconductor devices, there is a constant drive for in-
die and fully integrated device metrology to capture subtle differences where they matter rather
than going through a dedicated metrology target in the scribe line. More importantly, scribe line
targets usually comprise simplified stacks and designs to focus on a specific process step of
interest and to not be impacted by prior process variations where possible. These simplifications
may result in minor structural differences compared with fully integrated device stacks, and they
are starting to matter more with shrinking dimensions. Furthermore, the recent developments of
embedding memory elements in the early back-end-of-line (BEOL) of the manufacturing process
demand advanced materials and dimensional metrology very late in the process that was previ-
ously not required.' In particular, there is now a significant need for optical critical dimension
(OCD) metrology during these later stages of device manufacturing.” The most advanced
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back-end memory devices are embedded between the first and second metal levels on top of front-
end complementary metal-oxide-semiconductor (CMOS) logic. The integration scheme requires
a dielectric chemical-mechanical polishing (CMP) planarization that necessitates in-line monitor-
ing on the active device for tight process control. This results in substantial modeling challenges
due to the large number of layers and buried three-dimensional features and front-end architec-
ture. The cumulative statistical process variations would all need to be considered for an accurate
optical model, leading to a large number of floating parameters. Depending on the stack complex-
ity, traditional OCD approaches may no longer be capable of solving these tasks with the pre-
cision required for the parameters of interest.

Recently, OCD was enhanced with spectral interferometry technology by providing absolute
phase information to improve the sensitivity to weak target parameters and to reduce parameter
correlations.® Here a spectral interferometry method that enables OCD to overcome geometrical
complexities and allows for focusing on the parameters of interest is introduced. The new spec-
tral interferometry technique, called vertical travelling scatterometry (VTS), allows for a selec-
tive measurement of the top part of a stack separately from the bottom part within a single
metrology step only. Thus VTS solutions can exclude complex or unknown underlayers, which
allows for solving applications that are not feasible with traditional scatterometry approaches.* In
this paper, scatterometry challenges are discussed, and one approach that helps to overcome
some of the shortcomings of the model-based optical technique is presented in more detail.
VTS capabilities for three different BEOL examples are demonstrated: (i) measuring critical
dimensions (CDs) of a first metal level on top of nanosheet gate-all-around (NS-GAA) transistor
structures,>® (ii) measuring the thickness of an interlayer dielectric (ILD) above embedded
memory in the active area,' and (iii) measuring CDs of trenches on top of tall stacks in the
micrometer range comprising many layered dielectrics. In addition, the significantly improved
prediction capabilities of VTS trained machine learning models over traditional approaches are
shown. All VTS results are validated with traditional OCD, scanning electron microscopy
(SEM), or transmission electron microscopy (TEM).

2 Scatterometry Challenges and Strategies

With the continued pitch scaling, enabled through the insertion of extreme ultraviolet (EUV)
lithography, and the increasing device complexity, nondestructive, inline metrology continues
to gain importance. Semiconductor development or production lines could not run without
dimensional process monitoring by OCD scatterometry. One of the major advantages of the
nondestructive optical spectroscopy technique is the fast measurement speed, which allows for
sufficient sampling to gain within-wafer and wafer-to-wafer process uniformity information.
Traditionally, OCD is a model-based technique, and dedicated metrology targets with a homo-
geneous periodic pattern are measured. Smaller targets are preferred because they allow for a
more active chip area. Ultimately, because of decreasing device dimensions, in-die measure-
ments are desired because seemingly small differences between metrology proxy targets
(typically found in the scribe line) and active areas may play an important role for overall device
performance. However, stacks with buried complex device architectures are very challenging for
any model-based metrology technique such as scatterometry.

The broadband optical beam of currently available OCD tools can be focused to an area of
less than 40 x 40 um? without sacrificing metrology performance. It is important to note that,
although the nonimaging technique may allow for subnanometer precision, the measured quan-
tity is always an average value from across the entire probed area, which is identical to the
focused beam size. It is interesting to note that CD uniformity values, can be extracted from
within the measured area using machine learning algorithms.” Nonetheless, there is a desire
to significantly reduce the spot size area by at least 100x, which would benefit measurements
in active areas as well as enable mapping to understand local process variabilities between the
center and edge of memory arrays. Because reducing the measurement area of a broadband
instrument is not straightforward, the interesting concept of microsphere-assisted spectroscopic
reflectometry was recently demonstrated as one option to dramatically reduce the spot size even
below the diffraction limit.® Although smaller beam sizes are desired to measure in-die active
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areas, they would also allow for significantly smaller dedicated metrology targets (with simpli-
fied designs more suitable for optical modeling) that can be placed with much more flexibility
across the chip and even in or near device areas.

Workhorse OCD tools used in logic manufacturing today employ high-intensity broadband
light sources (within the wavelength range from ~200 to 1000 nm), which allow for sensitive and
versatile measurements of semiconductor device architectures, such as gate-all-around nanosheet
transistors.” In certain scenarios, shorter wavelengths toward EUV and x-rays would be desired
for increased sensitivity to weak parameters of interest, roughness, precise shape analyses, or
measurements of optically opaque materials.'>"' In contrast, longer wavelengths in the infrared
or terahertz would be beneficial for contactless electrical transport property characterization of
patterned materials.'>!'* Although x-ray scattering'® and mid-infrared ellipsometry'® in-line tools
have been demonstrated for CD metrology in 3D NAND channel holes, further tool develop-
ments are required to efficiently deploy them for metrology on patterned wafers in advanced
logic manufacturing. For example, increased brightness of x-ray sources, decreased acquisition
times, and decreased spot size allow for measurements on a sufficiently small area.

To obtain any quantitative geometrical information from a scatterometry experiment, typi-
cally a parameterized optical model is required, which describes the smallest unit cell of the
periodic pattern within the measured area. It defines dimensional, shape, and profile information
of the measured features and requires the dielectric function of each material within the stack.
Rigorous coupled-wave analysis (RCWA) is then used to solve Maxwell’s equations and to cal-
culate the optical response corresponding to the measurement conditions.!” Even though RCWA
calculations are used because of their efficiency, depending on the complexity of the stack and
the size of the unit cell, it can become computationally intensive. Minimization algorithms are
utilized to vary the floating parameters in the optical model until the difference between calcu-
lated and measured spectra reaches a minimum.'®

There are multiple challenges related to optical modeling that may render the accurate extrac-
tion of desired parameters not feasible. First, the unit cell optical model is always an idealized
replica of the measured features and therefore an approximation. It has to be built based on proc-
ess assumptions and available structural information usually obtained from cross-sectional TEM
images that may not contain or reveal all details. Structural nonidealities (known or unknown),
such as sidewall/edge and interface roughness, concentration gradients, or compositional varia-
tions, are often ignored because there may be limited sensitivity in otherwise complicated stacks.
Corner rounding or feature footings may be represented by a simple slant rather than a radius.
Such approximations are also accepted because of lower computational efforts, especially because
some trade-offs regarding RCWA calculations may have to be made for stacks with intricate
architectures in terms of the number of slices and harmonics.!” Additionally, with increasing
device complexity, the number of floating parameters required to account for statistical process
variations can quickly reach double digits and increasing parameter correlations will negatively
impact the analysis.” Furthermore, the optical constants of nanometer thin and patterned materials
can change with thickness and dimensions due to quantum confinement effects and electron—pho-
non interactions, so neither bulk nor properties of very thin but continuous films may be appro-
priate. In addition, compositional variations as well as strain have an effect on the dielectric
function and must be considered appropriately for accurate analyses.'®

Although each individual approximation of the above-mentioned challenges may only have a
minor influence on the final geometric parameters of interest in a complex architecture, com-
pounding effects can lead to unacceptable inaccuracies. It should be noted that, in state-of-the-art
nanosheet transistor architectures, small volume changes need to be monitored with high accu-
racy. For example, in the inner spacer module, such volumes may be comparable to some round-
ing or footing that would have been previously approximated with a slant.’

With this in mind, it is important to work also on solutions that reduce the modeling complex-
ity. One opportunity, which is applied to some extend already, is a methodology that may be
called design metrology co-optimization (DMCO). The idea is to develop metrology targets that
mimic the device architecture as closely as possible but with design simplifications for optimized
sensitivity to the desired parameters. Continuously increasing device complexity requires an
increased focus on DMCO, which is relevant not only for scatterometry but also for other inline
metrology techniques, such as ellipsometry, Raman spectroscopy,'® and overlay.
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Another path may be material-specific metrology techniques, such as grazing exit x-ray fluo-
rescence, in which it is possible to reconstruct an element-specific geometry based on a two-
dimensional fluorescence map.”” Resonant soft x-ray scattering has been shown to significantly
improve contrast between components compared with typical hard x-ray scattering experi-
ments.”! It may be possible to reduce the required geometrical model to layers comprising spe-
cific elements and ignore other features altogether, which would significantly simplify the
efforts. However, both techniques are still far from being in-line capable.

Optical modeling approaches including machine learning solutions (in which no geometric
optical model is required) are discussed under consideration of specific BEOL examples.
Figure 1 illustrates three typical scenarios that pose significant challenges for traditional scat-
terometry and may render a conventional optical model infeasible. Measuring the line height and
CDs of the first metal layer (M1) on top of an NS-GAA device architecture using OCD is very
challenging [Fig. 1(a)].>® Even though, in this example, the metrology target does not comprise
middle-of-line (MOL) contacts, an optical model would require many degrees of freedom to
account for statistical process variations associated with the nanosheets including the gate stack
and source/drain region. Furthermore, in the case of any front-end-of-line (FEOL) process
changes, a model would likely require a significant update and reoptimization, leading to a long
time-to-solution. Figure 1(b) depicts an example of MRAM embedded between M1 and M2. In
addition to CD measurements of the magnetic tunnel junction (MTJ) and its electrodes, the ILD
thickness also must be monitored in the active region (on device). The integration scheme
requires planarization before M2 patterning, and the CMP process homogeneity across the chip
is critical to preventing subsequent processing issues.' A traditional optical model for the active
area is infeasible because the OCD spectra carry information from the entire device architecture
including FEOL and wiring all the way to the memory pillar and ILD. The last example of
trenches at the top of a tall stack comprising many layers of optically transparent dielectrics
may appear like a simple one [Fig. 1(c)]. However, once the total stack thickness reaches several
micrometers, the measured OCD spectra are dominated by strong oscillations due to the thin film
interference effects related to the tall stack and the many layer interfaces. A traditional OCD
solution would be extremely cumbersome, and sensitivity to the critical parameters of interest
will likely be low.

Typically, BEOL OCD developments are reported for wafers with short-loop processing
only, i.e., no FEOL or MOL content is present.”>>® Transferring these learnings to manufac-
turing is not straightforward because of the aforementioned challenges. Timoney et al. discussed
the substantial modeling complexities for M2 on fully integrated targets at the 7- and 14-nm
nodes.?’” The incoming process variations can impact the measurement uncertainty and may lead
to a significant measurement error of the features of interest.

AT AT
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Fig. 1 Schematics of challenging BEOL scenarios for traditional scatterometry. (a) CDs of the M1
metal level on top of NS-GAA transistor structures; (b) the thickness of the topmost ILD above
embedded memory in the active area; and (c) CDs of trenches on top of tall stacks in the microm-
eter range comprising many layered dielectrics.
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There are several pathways to a solution for the discussed scenarios, but they are coming with
numerous disadvantages. Although a feedforward or hybrid model reduces the number of
degrees of freedom, it still requires a complex geometric optical model that includes data from
either previous or other measurement steps.>*>?"*® Another variation of hybrid metrology is
related to “differential modeling,” which requires measurements before and after the process
step of interest along with appropriate algorithms.?® There are certain constraints, and the meth-
odology does not necessary simplify the solution.

Machine learning can enable scatterometry solutions without the need for a geometrical
model and may even allow for the prediction of parameters that are inaccessible with traditional
model solutions.”??>2%3 However, the required reference data are not always easy to obtain. It
may also be very time-consuming and expensive if, for example, only cross-sectional TEM refer-
ence metrology is an option. Interestingly, in the case of tall stacks [Fig. 1(c)], a very large
reference dataset would be required for a successful machine learning model because the mea-
sured optical spectra contain the convolution of parameters of interest related to the trenches and
information of each buried layer.

If measurements can be performed on specifically designed targets in the scribe line, design
modifications can help to engineer the optical response such that the solution may be simplified.
In the case of tall stacks with many transparent dielectric layers, it may be helpful to introduce
buried patterned metal layers if the process flow allows. These can help to suppress contributions
in the optical response from the layers below, thereby reducing interference fringes and limiting
sensitivity to buried layers. The materials, CDs, volume, number of patterned layers, and ori-
entation must be considered during the design phase to achieve desired simplifications. Of
course, the patterned layers must then be considered in the final optical model.

In all described scenarios, the root cause of the BEOL modeling complexities is the fact that
the measured optical spectra contain information from the entire stack. Hence, the irrelevant
information of all buried layers and architectures is convoluted with the optical response from
the topmost features of interest. A deconvolution is desired to separate relevant from irrelevant
information and thus to substantially increase sensitivity to the parameters of interest and to
dramatically simplify the optical solution.

3 Vertical Travelling Scatterometry

Over the last decades, OCD metrology has proven itself as an enabler for advanced node semi-
conductor device fabrication. The current workhorses in this field are the well-established nor-
mal and oblique incidence spectral reflectometry and ellipsometry techniques. The constant
progress in semiconductor technology requires design and fabrication of ever smaller devices
and architectures with increased complexities. This development must be accompanied by con-
current improvement in metrology capabilities to monitor and control the fabrication process.
The spectral interferometry technology, which is implemented in the NOVA PRISM platform, is
an example of such an improvement. Spectral interferometry technology enables access to the
absolute spectral phase information, which is not available otherwise. In addition to providing
improved sensitivity to structural parameters and decorrelation capabilities, spectral interferom-
etry also enables an entirely new methodology for solving complex applications called VTS.

VTS uses unique information from spectral interferometry along with novel algorithms to
enable a deconvolution of spectral information relative to the depth from which they originate.
Hence, it allows for a separation of relevant and irrelevant optical information, thereby enabling
selective measurements of the topmost layers of interest, for example, within a single metrology
step. The algorithm allows for filtering of data obtained through spectral interferometry channels
such that the dominant part of the information from below a user-defined cut-off can be selec-
tively removed from the measured optical response (Fig. 2). Hence, underlayer contributions
may be ignored in the optical model, which can dramatically reduce the geometrical complex-
ities and significantly increase the sensitivity to parameters of interest. Additionally, the
simplified optical model improves the time-to-solution. The utilization of VTS allows for solving
applications that are otherwise not feasible with traditional scatterometry approaches. Because of
the variable filter cut-off and the ability to ignore some measured information, the same optical
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Fig. 2 (a) Schematic of a spectral interferometer: white light is split between the sample and a
reference arm and then recombined and measured with a spectrometer. (b) lllustration of VTS
filtering in which spectral information from below the cut-off (dashed line) can be identified and
removed from the optical response.
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Fig. 3 Comparison of tall stacks (4.5-um total thickness) with (a) only solid dielectric and (b) solid
dielectric and a patterned Cu underlayers. (c), (e) Original spectral interferometry channels and
(d), (f) VTS filtered spectra with (c), (d) top and (e), (f) bottom rows showing simulated graphs for
stacks (a) and (b), respectively. The dashed lined indicates the VTS filter cut-off position. Each
graph shows a total of four different polarization-dependent channels (Ch A through Ch D). Both
axes are identical for each of the four graphs.

model can be used regardless of the type of underlayers (solid or patterned) and its process
variations. Figure 3 depicts an example of two tall stacks with a total thickness of 4.5 ym that
have a difference in one of the underlayers (patterned Cu lines introduced in one of the stacks)
but otherwise have identical trench patterning (the top of the stack). The simulated spectral inter-
ferometry data for four different polarization-dependent channels within the UV to NIR range
are dominated by strong oscillations related to thin-film interference effects. It is evident that the
original spectra are different because of the variation in one of the buried layers [Figs. 3(c) and
3(e)]. Applying a VTS filter removes the dominant part of the underlayer signals and hence
substantially reduces the oscillations [Figs. 3(d) and 3(f)]. When using the filtered VTS spectra,
a simplified optical model that does not need to account for underlayer contributions and allows
for focusing on the desired trench characterization can be employed.

4 Application Examples

4.1 BEOL Trenches on Tall Stacks

To verify VTS for tall stacks, the selected application requires monitoring the trench height and
CD for the fifth metal layer of a short-loop BEOL flow. For the specific metrology target under
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investigation, all layers below the trenches of interest are not patterned and comprise only thin
films of various BEOL dielectrics, which are optically transparent within the measured spectrum.
The total stack thickness measured from the substrate interface is ~4.5 ym. As discussed above,
the collected OCD spectra are overwhelmingly dominated by oscillations, and a traditional OCD
model attempt did not yield any reasonable results. However, through VTS filtering, the optical
model can be reduced to the topmost part of the stack (above the filter) comprising the trenches,
which allows for a metrology solution. Four wafers with dose variations were exposed to inten-
tionally change the trench CD: three wafers with fixed dose values and one wafer with a dose
stripe (variable dose across the wafer). After collection of the optical spectra, top-down CDSEM
reference data were obtained from 12 dies per wafer. On a different set of five wafers, a trench
height variation was achieved through etch time differences. For wafers 1 and 3, an increased and
decreased etch time was used, respectively. The other three wafers were etched at nominal con-
ditions. To verify the trench depth, cross-sectional SEM reference data were obtained for two
dies from each of the five wafers. A schematic of the stack and the VTS results in comparison to
reference metrology are shown in Fig. 4. The VTS solution results show very good correlation to
reference metrology, particularly for the trench height. These results confirm the basic working
principle of VTS and verify that it is possible to filter irrelevant spectral information from buried
layers.

The VTS methodology can also be very beneficial for machine learning-based solutions.
Training a model with VTS-filtered data may require only a reduced reference dataset with var-
iations of the parameters of interest. In contrast, training a comparable machine learning model
with unfiltered, original scatterometry or spectral interferometry data may require a much larger
reference set, which requires additionally process variations of all underlayers. To support these
statements, three different machine learning solutions were trained, and test results are depicted
in Fig. 5. In all cases, the machine learning models were trained with a small, labeled training
dataset comprising optical spectra and reference values from five wafers with nominal process-
ing. The prediction capability of the machine learning model was then tested on two additional
wafers not included in the training dataset. The supervised learning is done with CDSEM refer-
ence data and differs based on the optical input data. As expected, the machine learning model
trained with VTS filtered data yields very good results when tested on two independent wafers
despite the small training dataset with R? and slope of 0.94 and 0.95, respectively [Fig. 5(a)].
Here the data filter was applied such that spectral information pertaining to layers below the
trenches was not considered. Figure 5(b) shows the same dataset, but the input data comprised
unfiltered VTS data; hence spectral information from the entire stack is considered. This results
in a degraded test correlation between machine learning prediction and CDSEM reference
because of the influence of the buried dielectric film variation. The training set is not large
enough for a robust machine learning solution. However, this approach is still preferred over
using unfiltered spectral interferometry spectra for training [Fig. 5(c)]. Any changes in the
dielectric film stack will shift the spectral oscillations [see Fig. 3(c)] such that the algorithm
cannot find patterns within the small training set, leading to low prediction confidence.
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Fig. 4 (a) Schematic of the stack including VTS filter cut-off and comparison between reference

metrology and VTS results for (b) trench CD and (c) trench height. The trench CD reference was
obtained by CDSEM and the trench height by cross-sectional SEM.
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Fig. 5 Trench CD predicted by different machine learning-based solutions as a function of
CDSEM reference data. The difference is related to the scatterometry input data: (a) VTS spectra
with a filter cut-off just below the trenches; (b) VTS spectra with no cut-off filter; and (c) unfiltered
spectral interferometry spectra. Note that the machine learning models were trained on five nomi-
nal wafers and then tested on two different nominal wafers.

A significantly larger training set with sufficient process variation in each dielectric film would
be required for a robust solution capable of predicting the trench CD. The main issue is that each
wavelength within the spectral data is a convolution of optical information from the entire trans-
parent stack. Applying VTS and using deconvoluted spectral information relative to the depth
from which they originate enables a machine learning algorithm to identify pattern variations that
match the reference data. Therefore, in situations in which complex stacks are involved, large
process variations unrelated to the features of interest present, or only small reference datasets
are available, machine learning solutions trained with VTS spectra are advantageous over tradi-
tional approaches.

4.2 M2 ILD CMP on Fully Integrated Embedded MRAM Devices

Embedding memory elements in the early BEOL requires a dielectric planarization before the
subsequent metal patterning because the MRAM pillars introduce topography that is otherwise
not present. The ILD thickness is location- and design-dependent, and process variations may
lead to metallization defects. In the particular case discussed here, measuring a proxy target in
the scribe line is not sufficient for detecting process excursion, and thickness monitoring on fully
integrated devices post-CMP is required. The MRAM elements are embedded between M1 and
M2 on top of a fully built CMOS architecture [Ede20]. A traditional OCD approach would be
extremely challenging, if at all possible, due to the optical model complexities. The many
degrees of freedom required to account for statistical process variations very likely would lead
to a large measurement uncertainty that is not sufficient to control the process.

Four wafers with different CMP split conditions but otherwise identical processing were
manufactured. Spectra for both dedicated metrology targets in the scribe line (MTJ only) and
fully integrated devices in the active area (MTJ + CMOS) were collected post-ILD CMP on all
wafers (Fig. 6). Both targets comprise MRAM pillars with identical dimensions, and the differ-
ence between the scribe line targets and the active area was merely the patterning below the
memory elements. Specifically, the MTJ-only targets do not comprise any patterned features
but only several thin films below the memory pillar [Fig. 6(a)]. Figure 6(b) shows the distinct
differences in ILD height after CMP between the two target areas. Moreover, different
CMP process conditions do not lead to a constant offset between the two measured targets,
which is the main reason why in-die measurements are key for successful in-line process
monitoring.

A geometric optical model was built to analyze the dedicated MTJ only metrology target.
Using RCWA algorithms, it is possible to solve for the total ILD thickness and the remaining
ILD thickness above the pillar. Due to the above discussed structural complexities, a geometric
optical model was not attempted for the measured in-die active area. Rather, VTS was used to
filter the measured spectra from the fully integrated area such that the irrelevant spectral
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Fig. 6 (a) Schematics of dedicated MRAM metrology target in the scribe line and active device (in-
die) comprising MRAM pillars on top of a 14-nm CMOS node. (b) ILD height box plot with across-
wafer data for both targets as a function of four different CMP split conditions. (c) Correlation
between VTS results and reference measurements from all four split conditions. The open sym-
bols correspond to TEM and the solid symbols to OCD reference data.

information from the buried CMOS does not need to be considered. Consequently, the optical
model can be dramatically simplified. This VTS solution was then used to analyze measured
spectra from both targets: MTJ only and MTJ + CMOS. The excellent match of VTS results to
reference metrology is shown in Fig. 6(c). For the MTJ only target, the ILD height as a result of
the traditional OCD model serves as reference. Note that here the remaining ILD thickness above
the pillar rather than the height in the open areas is plotted. A total of 12 cross-section TEM
images from the MTJ + CMOS targets were analyzed to obtain the total ILD thickness in the area
between the pillars for all four CMP conditions. These results confirm that the VTS algorithm
can be used to analyze fully integrated targets to obtain device information when a traditional
model is infeasible. Moreover, it is possible to use the same VTS solution for analyzing different
target types.

4.3 M1 CMP on Integrated Nanosheet Gate-All-Around Devices

For early BEOL applications such as M1, there is a desire to measure critical dimensional param-
eters using OCD on targets that are device-like or with little simplifications to match device
processing closely rather than on targets that skip FEOL patterning altogether. For example,
subtle metal line height differences that may be observed after CMP related to microtopography
do not have to be considered and characterized when measuring and monitoring on device-like
targets. Often, this is not done because of the inherent model complexities and the increased
measurement uncertainty that then significantly outweigh the benefits. Or often cumbersome
hybrid model techniques have to be developed to lower measurement uncertainties, but they
still require a detailed and complicated geometric optical model. Specifically in the process
development stage, an OCD solution comprising a full optical model is usually not a preferred
path. Continuous process improvements in the FEOL and MOL would require frequent updates
of the optical model, which is not economical due to the long time-to-solution. VTS enables
monitoring of M1 CDs on top of a full FEOL build comprising NS-GAA architectures without
the need to consider or model any of the FEOL features. Figure 7(a) depicts a cross-sectional
TEM image of a dedicated metrology target comprising nanosheets including gate and source
drain (MOL contacts are omitted here). VTS can be used to filter the spectral information related
to the FEOL and allows for focusing on the M1 characteristics only. The results of the VTS
solution show a very good correlation to OCD and cross-sectional TEM reference metrology
(Fig. 7). Note that a traditional OCD model was not developed for the device-like target con-
taining M1 and NS-GAA FEOL due to the architectural complexity. For simplicity and to avoid a
time-consuming model solution, the depicted VTS to OCD comparison is using results from a
short-loop BEOL wafer with only M1 patterning. The TEM results are obtained from full-flow
wafers and the targets comprising M1 on top of a full FEOL build with NS-GAA features
[Fig. 7(a)] as well as targets comprising patterned M1 only [Fig. 8(b)], respectively. For all three
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Fig.7 (a) TEM cross section of a device-like metrology target comprising M1 on top of a full FEOL
build with NS-GAA features including gate stack and source/drain; MOL contacts are omitted.
(b) M1 Cu CD and (c) M1 Cu height determined by VTS in comparison to OCD reference met-
rology for three sites and ten measurements each. (d) M1 Cu CD and (e) M1 Cu height deter-
mined by VTS in comparison to TEM reference metrology. Open symbols are referring to data
from a target having only M1 patterning, and solid symbols depict values obtained from a target
depicted in (a).
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Fig. 8 (a) Normalized fit quality obtained from OCD and VTS solutions for a dedicated metrology
target comprising M1 patterning only. The cross-section images correspond to areas (b) toward to
the center of the wafer (area 1) and (c) toward the edge of the wafer (area 2).

measured scenarios (short-loop M1 only, full flow M1 only, and M1 + NS-GAA), the same VTS
model was used.

While analyzing the dedicated metrology targets with M1 patterning only on some exper-
imental wafers, an interesting observation was made. As expected, the VTS solution delivered
consistently good results for all sampled target locations across the wafer. However, the OCD
solution fit quality degraded significantly toward the center of the wafer (Fig. 8). Cross-sectional
TEM images from two representative locations revealed that, in area 1 (toward the center of the
wafer), defects are present at the substrate interface. The traditional OCD model, utilizing the full
spectral information, starts to fail as soon as defects are present in the probed region. The VTS
solution, however, uses filtered spectral content and is therefore only sensitive to the topmost
layers including the M1 layer of interest. Hence, VTS is agnostic to the defects and can deliver
equally good results across the entire wafer. This example confirms once again that VTS spectral
filtering works as intended, and irrelevant spectral information from buried layers can be ignored
for a simplified optical solution.
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5 Conclusions

In this paper, the spectral interferometry technique VTS is introduced and demonstrated for three
metrology challenges related to state-of-the-art device manufacturing. VTS utilizes information
from spectral interferometry and allows for data filtering of irrelevant spectral information from
buried layers and features. Therefore, VTS enables selective measurements of the topmost part
of a stack and is agnostic to patterned or blanket underlayer variations. As shown, this can
dramatically simplify optical modeling, increase sensitivity to parameters of interest, and sig-
nificantly decrease time-to-solution. Due to the spectral filtering, applications can be solved with
VTS when traditional OCD modeling is not feasible.

It was shown that VTS can filter out reflections from buried layers and successfully deliver
critical dimensional parameters of trenches on top of a tall stack with many dielectric films.
In addition, it was discussed and confirmed that a machine learning model trained with filtered
VTS data exhibits superior performance over similar solutions trained with either unfiltered or
traditionally measured spectra. When using standard spectra, in the presented case, a much larger
training dataset is required to approach VTS correlation levels due to the convolution of depth
information across the entire measured spectrum.

Furthermore, M2 ILD CMP monitoring on fully integrated embedded MRAM devices was
demonstrated. VTS was used to characterize the remaining ILD thickness in the active area, a
task not feasible with traditional OCD modeling that would require a complex geometric model
and many floating parameters to account for any process variations. Finally, an example of M1
monitoring on top of a NS-GAA FEOL device architecture was presented. The simplified VTS
model is capable of delivering M1 dimensional parameters, and it was shown that the relevant
metrics can be reported regardless of underlayer variations. The VTS solution is agnostic to the
presence of buried defects and thus to FEOL process variations, meaning the VTS solution does
not need to be updated in the case of any process changes affecting buried layers or features.

This is of high value not only for process development but also for high-volume manufac-
turing due to the increased sensitivity to the parameters of interest and the significantly simplified
optical model, which leads to a fast time-to-solution. The VTS technique is not only relevant for
solving BEOL logic applications but also highly valuable for nonvolatile flash memory when tall
stacks with many layers have to be measured.
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