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ABSTRACT. Advanced semiconductor devices are moving toward three-dimensional (3D) geom-
etries due to scaling demands and performance requirements. Non-destructive met-
rology necessary for process control of 3D structures must be advanced to facilitate
their transition from technology development to high-volume manufacturing. Thin
film metrology using Mueller matrix spectroscopic ellipsometry (MMSE) and X-ray
diffraction (XRD) film metrology, as well as patterned structure metrology using opti-
cal critical dimension (OCD) and X-ray fluorescence (XRF) techniques, have proved
capable of measuring the Si∕Si1−xGex superlattices and gate-all-around transistor
test structures. Because these techniques are indirect, their limitations associated
with superlattice device structures need to be further understood. To understand
these limitations, a four-superlattice layer Si∕Si1−xGex structure was measured
at four process steps: as an unpatterned film stack, after anisotropic column etch,
and at low and high levels of cavity etch. Thin film samples were analyzed with XRD
and MMSE, and patterned samples were analyzed using OCD, as well as XRF.
A model was developed describing the primary and secondary process effects on
the structure. This was evaluated for consistency on datasets collected at different
measurement azimuth angles. Square error–based methods were evaluated to
quantify OCD model detectability of fit variable step deviations, as well as sensitivity
relative to the model to measurement error. OCD and XRF results were compared
with reference scanning transmission electron microscopy (STEM) images of nano-
wire test structure lamellae. Dual-azimuth fit OCD models were found to be within
0.3 nm of the STEM reference mean.
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1 Introduction

1.1 Introduction
Non-destructive metrology is critical to enabling process control for current and next-generation
three-dimensional (3D) transistor and memory structures.1 3D structures have become necessary
due to scaling and performance requirements at advanced process nodes.2,3 Here, we discuss
optical scatterometry and X-ray metrology for 3D nanosheet/nanowire (NS/NW) transistors
with vertically stacked channels, which are fabricated using selective etching of the silicon–
germanium

(Si1−xGex) layers of Si∕Si1−xGex superlattice film stacks.4–7 NS/NW transistors have
increased in the number of channels and may further evolve into fork field effect transistor
(FET) and complementary field effect transistor (CFET).5 Memory devices such as Not AND
(NAND) memory have used film stacks with more than 100 alternating layers of dielectric films
to increase storage density. Dynamic random access memory (DRAM) is a candidate for scaling
into 3D because of the difficulty of scaling using the high-bandwidth memory (HBM) approach.
HBM devices stack die with single layers of 1T1CDRAMusing through-silicon vias.8,9 Currently,
3D DRAM structures based on superlattices with >100 layers of Si∕SixGe1−x are being devel-
oped, but samples are not yet available. These would most likely be 1T0C DRAM structures that
utilize the floating body effect to store memory.10–12 We also discuss the extension of X-ray met-
rology to Si∕SixGe1−x superlattices that are applicable to 3D DRAM.

Both high-resolution X-ray diffraction (HR-XRD)– and Mueller matrix spectroscopic ellips-
ometry (MMSE)–based scatterometry provide a non-destructive measurement of film stacks and
structures associated with the fabrication of both devices. Non-destructive measurements are key
to enabling in-line process control during high-volume manufacturing. In this study, we inves-
tigated the limitations of both methods using experiments and simulation. Among the limitations
studied here are sensitivity to film thickness variation, germanium concentration, feature dimen-
sions, and interfacial structure. We also investigated the superlattice structure itself using both
X-ray and optical characterization. This work is a continuation of an SPIE 2024 proceedings
paper of the same title.13

1.2 Sample and Metrology Overview
We characterized four-layer Si∕SixGe1−x superlattice film stacks and patterned nanowire test
structure (NWTS) samples with two types of test structures. NWTS targets consist of periodic
hole structures forming an anisotropic column etched into a Si∕Si1−xGex superlattice film.14 This
exposes the Si1−xGex in the column and allows high-selectivity etching of Si1−xGex during the
following gas-based cavity etch step.4 NWTS test structures are used to develop selective cavity
etch processes using a simplified structure used for selective etch process development for gate-
all-around (GAA) transistor devices. Optical critical dimension (OCD) and X-ray fluorescence
(XRF) metrology were done on NWTS structures consisting of a periodic array of column ovals
at a 120 nm × 240 nmX/Y pitch. These were etched through a SiNx hard mask ∼35 nm past four
superlattice repeats of 6-nm Si1−xGex and 8-nm Si layers.

Samples were measured at four process steps: the deposited superlattice film, the anisotropical
column etched stack, and at two amounts of cavity etch. The film stacks were characterized using
both MMSE and HR-XRD. The film thickness and germanium concentration values were charac-
terized usingω − 2θ and X-ray reflectivity (XRR) scans to determine the thickness of each film and
the germanium concentration using ω − 2θ scans. HR-XRD reciprocal space maps (RSMs) were
used to search for stress relaxation and the presence of epilayer tilt. The film stack for patterned test
structure samples was also characterized in unpatterned die corner areas using MMSE.

MMSE scatterometry–based OCD was used to measure the cavity etch in patterned NWTS
samples at three levels of cavity etch, and a corroborating technique of XRF was also evaluated
for the patterned samples. OCD models were implemented in the commercial Ai Diffract™ soft-
ware, which uses rigorous coupled wave analysis (RCWA) to generate modeled spectra to fit
experimental spectra. XRF determines the volume of Si1−xGex lost to cavity etch by utilizing
the intensity drop of the Ge fluorescence peak at 9.89 eVamong process steps.15 XRF only needs
a simple geometric volume loss model and is useful for corroborating the more computationally
intensive OCD results.
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1.3 Alternate Non-Destructive Cavity Etch Metrology
Other metrology techniques that show promise for detecting buried feature geometries are
extreme ultraviolet (EUV) scatterometry and EUV reflectometry; however, these methods were
not explored in this publication. The small wavelength allows the gathering of more diffracted
orders of light when measuring the test structures. EUV scatterometry has been applied to the
characterization of arrays of forksheet transistor metrology test structures, and this technique was
shown to be sensitive to the selective Si∕Si1−xGex cavity etch step.16 EUV imaging reflectometry
for variable angle pychtographic imaging has been demonstrated to allow quantitative 3D
imaging of nanostructures, including their chemical makeup and doping levels.17

1.4 Previous NWTS Characterization Work Using MMSE
Previously, several of the authors of this paper showed that MMSE-based OCD is capable of
measuring the feature shape and dimensions of NWTS.18 These samples consisted of three
instead of four superlattice layers. Also, the structure consisted of 20-nm Si and 20-nm
Si1−xGex layers, which are significantly thicker than the 8-nm Si and 6-nm layer Si1−xGex stack
being evaluated in this paper. This study proved the sensitivity of MMSE scatterometry to the
amount of cavity etch through comparison to transmission electron micrograph data.14 However,
this study did not investigate the sensitivity of MMSE scatterometry to changes in film thickness
and feature dimensions. Also, XRF was not evaluated for corroborating OCD measurements. In
addition, the three-layer Si∕SixGe1−x superlattice film stacks in that study were not characterized
using HR-XRD.

1.5 Optical Properties of Superlattices
Although the effects of superlattice structure on their band structure have been studied, their
implications for semiconductor metrology require further consideration. Superlattices that are
pseudomorphically grown on silicon substrates exhibit both stress and band folding effects
on the electronic band structure of Si∕Si1−xGex superlattices.19,20 Most studies consider a perfect
superlattice where the main optical effect is on optical transitions at the band gap.19,20 When the
number of atomic layers in the Si∕Si1−xGex structure meets the specific criteria, the Brillouin
zone folds so that the structure has a quasi-direct band gap.19 Silicon, germanium, and silicon–
germanium alloys are indirect band gap materials. The highest energy of the valence band
(valence band maximum) of both silicon, germanium, and silicon–germanium alloys is at the
center of the Brillouin zone, Γ, whereas the sixfold degenerate, conduction band minimum, Δ, of
bulk silicon is along the [100] direction close to the X point at k ¼ 0.85 2π∕a0 where a0 is the
lattice constant of silicon.3 The conduction band minimum of germanium is along the [111]
direction at the L point. Silicon–germanium alloys display silicon-like electronic band structures
up to germanium concentrations of around ∼85%.3 The band gap Eg of bulk Si1−xGex decreases
with increasing germanium concentration and for x < 0.85, EgðeVÞ ¼ 1.17 − 0.43x − 0.206x2.3

The silicon layers in these superlattices are considered to not be stressed, and their optical proper-
ties are only affected by band folding. Brillouin zone folding was first theoretically shown to
result in a direct gap transition in the Γ point (center) of the Brillouin zone of superlattices by
Gnutzmann and Clausecker.20 An exact number of monolayers along the growth direction is
required for the conduction band minimum to back-fold so that it is now at the Γ point.19

For a perfect interface between the silicon and silicon–germanium, the carrier scattering is coher-
ent, but the symmetry of the wave functions is not changed. This results in a quasi-direct gap in
the silicon layer with less light absorption than a direct gap semiconductor which occurs at
the energy of the silicon band gap.19 When there are many superlattice layers, the addition
of the oscillator strength from many layers (∼100) is expected to result in an observable
effect.19 The variation in the number of monolayers in each film will result in a spread in gap
energies. The second effect comes from the biaxial stress on the SixGe1−x layers, which splits the
conduction band of the silicon–germanium layers into a twofold degenerate minimum along the
growth direction and a fourfold degenerate minimum in the plane of the layer. The valence band
splitting is more complicated; for this, the reader is referred to a chapter by Abstreiter19 on band
gaps and light emission in Si∕Si1−xGex atomic layer structures. As mentioned above, the
Si1−xGex indirect band gap energy is a function of the germanium fraction x, and its energy
is the difference between the heavy hole valence band maxima and the four in-plane conduction
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band states minima Δð4Þ.19 As the energy of the in-plane conduction band varies little with ger-
manium concentration, we can assume that the position of the minimum in the Brillouin zone
does not change substantially with x. Thus, one can infer that there should be no effect of ger-
manium concentration on the number of monolayers that result in a direct gap for Si1−xGex along
the growth direction. This points to a superlattice-based increase in optical absorption occurring
at the two band gap energies (Si and Si1−xGex) for many-layer superlattices with each layer
having an equal number of monolayers, which results in exact band folding. Future samples
of many layer (>100) Si∕Si1−xGex superlattices will be needed to experimentally test this
assessment.

Thus, the visible wavelength optical properties of four-layer Si∕SixGe1−x superlattices do
not seem to be significantly impacted by Brillouin zone folding. Instead, an interfacial layer
resulting in a relatively small increase in absorption between 2 and 2.5 eV has been
observed.21 Using a series of annealed superlattice structures, Attiaoui et al.21 also showed that
spectroscopic ellipsometry is more sensitive to the interface layer than is ω − 2θ HR-XRD.
We might expect X-ray reflectivity to be more sensitive to the interfacial layers than ω − 2θ
HR-XRD. Below, we show that an effective dielectric function for the Si∕SixGe1−x superlattice
modeled using an effective medium approximation (EMA) provides a useful optical model. The
main missing absorption in the EMA approach comes from the interfacial layers. The authors are
not aware of any other studies describing the effect of this interfacial layer on in-line metrology of
semiconductor superlattice. The elastic theory approach to understanding strain in pseudomor-
phic superlattices of Si∕SixGe1−x has been validated by a recent scanning transmission electron
microscopy (STEM) analysis of convergent beam electron diffraction (CBED) maps of low Ge
concentration (x ¼ 0.15) superlattice structures.22–24 The electron beam diameter used for the
CBED maps of the superlattices was too large to allow for the study of the interface between
Si and Si1−xGex layers.

Phonon modes are also modified by superlattice effects. The phonon modes of bulk semi-
conductors are altered by confinement along the growth direction and by the superlattice struc-
ture. The confinement is associated with changes in acoustic and optical phonons of nanoscale
layers.25,26 The Brillouin zone folding effects should be observable in Raman spectra.27

1.6 X-Ray Diffraction from Superlattices
X-rays are able to probe the properties of Si and Si1−xGex crystal lattice planes due to their short
wavelength, with commonly used Cu K alpha X-rays used in XRD having a 1.54-Å wavelength.
This allows the characterization of effects not visible in optical wavelength ranges.

The composition of the SixGe1−x layers in the superlattice can be determined using the shift
in the Bragg angle δθ for the 004 diffraction peak of SixGe1−x from the Bragg angle of the 004
peak of the silicon substrate.26–28 This is due to the change in lattice spacing δd for the SixGe1−x
compared with Si and is calculated using the lattice spacing d0 of the 004 peak of silicon using

28

δd∕d0 ¼ −δθ cot θ and δd∕a0 ¼ δd∕d0. The use of Vegard’s law to convert the lattice constant
a of pseudomorphic SixGe1−x into the germanium concentration assumes that elastic theory pro-
vides an accurate description of the bi-axially stressed SixGe1−x layers for the calculation of
germanium concentration and that there are no corrections to Vegard’s law.29 The estimated error
in the calculated germanium concentration for pseudomorphic layers of SixGe1−x when using
Vegard’s law to interpolate the lattice constant is 0.5%.30 We also note that the elastic constants
of SixGe1−x have not been experimentally determined for all germanium concentrations, and
typically, they are also estimated using Vegard’s law. Alternately, one can use an experimentally
determined relationship between the lattice constant of pseudomorphic SixGe1−x along the
growth direction and the germanium concentration x using aSið1−xÞGeðxÞ ¼ a0ðSiÞþ 0.04005x −
0.00063x2 (nm).31 This reduces the error in germanium concentration for single pseudomorphic
layers, but this approach may have additional consideration for superlattice characterization. As
mentioned above, strain mapping from 4D STEM characterization of superlattices shows the
strain to transition from the unstrained silicon layer to the fully strained silicon–germanium
layer.22–24 Thus, we are basing HR-XRD determination of the germanium concentration on the
lattice constant of the bulk part of the SixGe1−x layer. The use of intensity oscillations (fringes) to
determine film thickness for pseudomorphic SixGe1−x layers is not impacted by error in the ger-
manium concentration.
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The effect of the superlattice unit cell structure on X-ray diffraction measurement of unpat-
terned, few-layer superlattices has been extensively described in the scientific literature.32

A key question about characterizing superlattice structures is how the superlattice itself
changes the measurements. Along the growth direction, a Si∕Si1−xGex superlattice has (n) unit
cells of Si and (m) unit cells of SixGe1−x (also denoted SiðnÞ∕Si1−xGex (m) where n andm are not
necessarily integers. For a perfect superlattice, this structure repeats. This superlattice unit cell is
observed in X-ray diffraction. The presence of a Si∕Si1−xGex unit cell results in additional
satellite diffraction peaks that are readily observed in ω − 2θ analysis of Si∕Si1−xGex
superlattices.33 Along the growth direction, the Brillouin zone also reflects this structure. We
characterized a four-layer Si∕Si1−xGex superlattice film using ω − 2θ HR-XRD, and despite
imperfect periodicity due to variation in individual layer thicknesses, clear superlattice effects
were observed in terms of the splitting of satellite peaks from the main Si1−xGex peak.

The strain/relaxation and tilt can be found using reciprocal space maps, where ω∕ω − 2θ are
mapped in ½hh0� and ½00l� in reciprocal space. A fully strained, non-tilted epitaxial Si1−xGex layer
on Si will have a Si1−xGex peak at the same ½hh0� location as the Si peak for both symmetric and
asymmetric reflection.29

2 Methods

2.1 Superlattice and NWTS Sample Processing
Test structures based on a four-layer superlattice film were patterned with a 120 nm × 240 nm

array of oval holes. The patterned array consists of anisotropic reactive ion-etched columns pro-
jecting downward through the superlattice and into the substrate. This exposes the Si1−xGex
layers and allows them to be selectively cavity etched using a gas chemical etch process leaving
the silicon superlattice layers.4 This process of superlattice deposition, column etch, and cavity
etch is summarized in Fig. 1. The first sample consists of an epitaxial Si and Si1−xGex superlattice
film capped by a SiNx hard mask, which will be referred to as the film sample. Epitaxial
deposition of the superlattice was achieved using reduced-pressure chemical vapor deposition
(CVD), and the SiNx was deposited using rapid thermal processing CVD. The second sample
adds an anisotropic column etch through the superlattice and into the substrate and will be
referred to as the 0E (or no cavity etch) sample. The third and fourth samples were processed
at two levels of cavity etch and will be referred to as the 10E (10-nm targeted cavity etch) and
20E (20-nm targeted target cavity etch) levels of cavity etch. Cavity etch was achieved using
gas chemical etch, which allows high Si to Si1−xGex etch selectivity.4

Samples were taken from the same 300-mm wafer at the superlattice film, 0E, 10E, and 20E
process steps. At each processing step, a sample was cleaved off for measurement.

Superlattice film deposition was done on the wafer, and a 25 × 25 mm film sample coupon
was cleaved from the wafer. The wafer was then cleaved for the column etch step to produce the
single 25 × 25 mm die 0E coupon sample. Afterward, the column-etched portion of the wafer
was cleaved into quarter wafers to obtain samples at two levels of cavity etch. The 10E and 20E

Fig. 1 Process schematic and SEM and TEM cutaways for creating a nanowire test structure.
(a) Epitaxial Si (grey) and Sið1−xÞGeðxÞ (purple) superlattice deposition followed by SiNx (green)
hard mask deposition. (b) Anisotropic column etch through the superlattice and into the substrate.
(c) Lower selective cavity (indent) etch of the Sið1−xÞGeðxÞ. (d) Higher level of selective cavity etch of
Sið1−xÞGeðxÞ. (e) 3D view of oval NWTS and top-down view of the patterned areas.
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samples were quarter wafer samples cut from the same half of the original 300-mm wafer.
Measurements were done inside a 150 × 400 μm patterned target area on each of the
25 × 25 mm die. Five dies were measured on the 10E and 20E samples, which were adjacent
to each other along the wafer radius before cleavage. Die 1 will refer to the die closest to the wafer
edge, whereas die 5 will refer to the die closest to the wafer center. The 20E quarter wafer was
cavity etched for ∼30% longer than the 10E sample.

2.2 X-Ray Diffraction of Si/Si1−xGex Superlattice Stacks
X-ray diffraction was used to determine individual layer thicknesses and the Ge concentration of
individual Si1−xGex layers of the thin film sample coupon. Measurements were done using a
Bede-Metrix-L HR-XRD system. This system is equipped with a 1.54-A Cu alpha source and
a four-bounce Ge monochromator, which results in a beam with 35 arcsec of broadening.
The ω and 2θ parts of the goniometer can be scanned with 1-arcsec step accuracy.

The constructive interference among the crystal lattice planes creates diffraction peaks at the
Bragg condition.28 Because germanium has a lattice constant of 5.66 A, which is larger than that
of silicon (5.43 A), a Si1−xGex peak will be observed adjacent to the Si Bragg peak. This peak
shifts as the germanium fraction x increases, which increases and reflects the change in the aver-
age lattice constant of the Si1−xGex 004 lattice planes.30 The four repeated Si∕Si1−xGex layers
form a superlattice stack. This structure results in extra satellite peaks around the main Si1−xGex
peak due to the additional periodicity.33 Due to the large spot size of the Bede Metrix L system,
only the 0E coupon sample was measured using XRD.

The sensitivity of ω − 2θ characterization to changes in n-layer Si∕Si1−xGex superlattices
was explored using the Bruker Jordan Valley X-RAy diffraction software (JV-RADS™) software
simulations. Currently available samples consist of n ¼ 4 superlattice layer samples, but future
3D DRAM devices are expected to use more than 100 layers. NWTS-like stacks with 8-nm Si
and 6-nm Si1−xGex layer thickness were simulated using the JV-RADS™ superlattice function-
ality at n ¼ 2, 4, 8, 16, and 32 superlattice layers. 3D DRAM-like stacks34 with 20-nm Si and
20-nm Si1−xGex layers were also simulated at n ¼ 2, 4, 8, 16, 32, 64, and 128 layers. Simulated
datasets were used to analyze the trends in resolution limitations as the number of layers in each
type of stack increases.

2.3 Mueller Matrix Spectroscopic Ellipsometry
MMSE has been extensively described elsewhere,35,36 and here, we present a brief description.
The 4 × 4Mueller matrix describes the polarization state change of light of a four-element Stokes
vector, which describes horizontal, vertical, 45-deg, and circularly polarized light. MMSE is
sensitive to anisotropy and depolarization, which standard ellipsometry or 2 × 2 Jones matrix
ellipsometry cannot detect. This is an advantage when fitting X∕Y periodic structures, which
show a response in the top right and bottom left elements of the Mueller matrix.35 This means
that asymmetric angles of incidence will show response in off-diagonal MM elements allowing
the use of more non-trivial sets of fitting spectra
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Thin film sample Mueller matrix spectra were gathered on a Woollam RC2™ dual-rotating
compensator ellipsometer at a 65-deg angle of incidence from 210 to 1690 nm (0.7 to 5.9 eV).
Alignment to the patterned area was done using a motorized XY translation stage and a mounted
alignment camera.

Additional off-azimuth angle MMSE data were gathered using an Onto Innovation Atlas®

V system, which allows a smaller spot size than the focusing optics available for the RC2™
ellipsometer. The Atlas® V system allowed the collection of through-azimuth angle datasets
where the elliptical beam was completely inside the target grating area at all measurement angles.

2.4 OCD Metrology Using RCWA
RCWA has been described in detail elsewhere.37,38 RCWA calculates the optical response to a
periodic structure by performing a staircase approximation in the z direction. The dielectric func-
tion of each z-slice is approximated using Fourier series at harmonics and truncation settings, and
matrix applications of Maxwell’s equations are used to determine the response.38,39 Critical
dimension parameters defined in a 3D model are iteratively fit in the OCD implementation.
This was done using the commercial Ai Diffract™ software by Onto Innovation.

2.5 XRF Metrology
X-ray fluorescence is used to characterize the samples based on the secondary electrons emitted
after exciting a sample.28 Because Si and Si1−xGex have separate fluorescence peaks, the amount
of Si1−xGex cavity etch can be determined independent of the Si in the structure. The germanium
Ka1 9.89 eV and Kb1 10.98 eV fluorescence peak intensities are related to the total volume of
Si1−xGex excited by the beam. The degree of cavity etch can be found by taking a reference
intensity before the cavity etch and then comparing to a post-cavity etch measurement.15

This means that XRF does not require a complex model such as scatterometry, and the cavity
etch amount can be approximated using a simple geometric volume change.

2.6 STEM of Focus Ion Beam (FIB) Milled Samples
MMSE-based OCD and XRF are both indirect techniques, so STEM metrology was used as a
reference for the NWTS target dimensions and cavity etch. Lamellae from the NWST target were
prepared by FIB liftoff and the milling using a Thermo Fisher Helios 5X courtesy of Tokyo
Electron. Before milling and liftoff, samples were first coated with an aluminum oxide conformal
layer and then coated with amorphous carbon fill. This was done to allow thinning of the samples
while preventing damage to the lamellae. The lamellae were attached to individual transmission
electron microscope (TEM) grid posts and imaged using a FEI Titan 3™ TEM. Images of
multiple periods of the structures in X and Y were obtained to verify the structure pitch. For
measurements, three individual cut profiles of the periodic structure were obtained for the
X and Y structures. The Gatan DigitalMicrograph™ software was used to determine the dimen-
sions of each of the cavity-etched structures.

3 Results and Discussion: Superlattice Film Measurements

3.1 HR-XRD Superlattice Film Sample Measurements
HR-XRD was used to characterize the thickness and germanium composition of the superlattice
film sample. XRD ω − 2θ scans were set up around the 004 and 224 silicon Bragg peaks to
determine germanium composition and epilayer thickness. The angular shift of the Si1−xGex
diffraction peak is a function of the composition, and epilayer thickness is determined from the
angular difference among peaks in the intensity oscillations of the interference peaks observed
adjacent to the Si1−xGex diffraction peak.

30,33,34 As discussed above, the relationship between the
germanium composition and 004 lattice spacing has been experimentally determined along the
00l growth direction for single pseudomorphic layers.31 This relationship provides a more accu-
rate determination of germanium composition than Vegard’s law.31 As seen in Fig. 2, additional
satellite peaks were observed around the main peak, confirming the presence of a superlattice.
The extra periodicity of the superlattice provides an additional structure factor, resulting in
satellite peaks around the offset Si1−xGex peak.33 The ω − 2θ scans were modeled and fit in
the Bruker JV-RADS software to find individual thicknesses and compositions. These were used
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as initial starting value ranges for optical model fitting. These data demonstrate that the super-
lattice effect is robust for samples where the individual Si and Si1−xGex layers have thickness
differences of several angstroms throughout the film stack. The Ge concentration is also 1% to
2% different among the Si1−xGex layers.

3.2 RSMs and Determination of Epitaxially Strained Growth
RSMs gathered with HR-XRDwere used to confirm the quality of the epitaxy of the Si∕Si1−xGex
layers relative to the substrate. The location of the Si1−xGex peak relative to the Si peak in recip-
rocal space can confirm if layers on a substrate are strained, relaxed, or tilted by scanning both
symmetric and asymmetric Bragg peaks.28 RSMs shown in Fig. 3 for the symmetric 004 Bragg
peak showed the Si1−xGex and superlattice peaks have the same ½hh0� value, which indicates that
the epilayers 004 lattice planes are not tilted with respect to the substrate 004 lattice lanes. RSMs
of the film sample for the asymmetric 224 Bragg peak showed the Si1−xGex superlattice peaks
and Si substrate peak have the same ½hh0� value, which indicates the fully strained growth of the
superlattice layers on the substrate. Based on both the symmetric and asymmetric RSM, the film
is fully epitaxially strained with no tilt or relaxation.

Fig. 3 Reciprocal space maps of an n ¼ 4 superlattice layer Si∕Si1−xGex film stack sample for the
(a) 004 Bragg peak and (b) 224 asymmetric Bragg peak. The location of the Si1−xGex peaks and
satellite peaks directly under the Si peak in the [00l] direction indicates fully strained epitaxial
growth.

Fig. 2 (a) Superlattice effect on 004 ω − 2θ scan and fitting with JV-RADS. Experimental data are
in blue, and model fit data are in red. Thicknesses and germanium concentration values are
summarized in the inlaid table.
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3.3 ω−2θ HR-XRD Limitations
To understand non-attenuation–related measurability limits of XRD in a superlattice stack, a set
of simulations was done using the JV-RADS™ software for individual layer changes in thickness
and germanium concentration. The effects of a step change in a variable on goodness of fit (GOF)
relative to the best fit were characterized for the superlattice layer closest to the substrate. The
GOF parameter is calculated using a mean absolute error of log-transformed data and is itera-
tively minimized to calculate the best fit to the data. Three separate layer 1 fit variables, Si thick-
ness, Si1−xGex thickness, and Ge concentration, were simulated relative to the best fit. GOF was
recorded for each step and plotted against the deviation of the variable from the best fit. It was
found that a linear region exists near the best-fit parameters, and this region can be characterized
by an average positive or negative slope. This slope provides a measure of sensitivity to any fit
variable for the stack. A detectability limit for each variable can be determined by multiplying the
slope with the smallest detectable GOF step (Fig. 4).

3.4 ω−2θ HR-XRD Limitations for n-Layer Superlattice Stacks
Future applications will use thicker stacks for both GAA transistor and 3D DRAM structures.
Current transistor structures are in the three- to four-superlattice layer for horizontal GAA nano-
wires. However, thicker stacks are on the roadmap for CFET devices.1 3D DRAM applications
are also of interest, with stacks consisting of thicker layers in the 20-nm range.34 For thicker
stacks, attenuation can potentially be a concern and impose HR-XRD measurement limitations.
However, the calculated attenuation depth for Si1−xGex based on NIST X-ray data40 was found to
be in the order of 66 μm for Si and 50 μm for Si0.75Ge0.25. This is much greater than the 5-μm
approximate expected thickness of a n ¼ 128 layer, 20 nm per layer Si∕Si1−xGex superlattice
stack, which could potentially be used in 3D DRAM applications.

To understand layer thickness resolution–related limitations, we evaluated a set of n-layer
simulations for these two cases. The first is a NWTS-like stack, consisting of 8-nm Si and 6-nm
Si1−xGex superlattice layers. This stack was simulated for superlattices consisting of n ¼ 2, 4, 8,
16, and 32 Si∕Si1−xGex layers. The second is a 3D DRAM–like stack, consisting of 20-nm Si and
20-nm Si1−xGex superlattice layer. This stack was simulated for superlattices consisting of
n ¼ 2; 4, 8, 16, and 32 Si∕Si1−xGex layers. All simulations were done for fully strained Si1−xGex
at a composition of x ¼ 0.25. Also, 35 arcsec of broadening was included in the simulation to
simulate the effect of a 4-ounce Ge Bartels monochromator (Fig. 5).41
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Fig. 4 (a) Linear region GOF as thickness is stepped in 1-nm increments away from the best fit for
the first Si and Si1−xGex layers. (b) Linear region GOF as GeðxÞ concentration is stepped in 1%
increments from the best fit.
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For both stacks, the Si1−xGex peaks corresponding to GeðxÞ ¼ 0.25 is located 2367 arcsec
away from the Si1−xGex peak. For the NWTS-like case, this lands in the center of the highest
non-Si peak. This can be calculated using simple epitaxial layer peak split distance. However, for
the 3D DRAM–like case, this lands in the middle of a trough between two split superlattice
peaks. This is because the four superlattice peaks between −3300 and −1400 arcsec are part
of the same split Si1−xGex peak, based on a single epitaxial Si1−xGex layer simulation.

The superlattice peak-to-peak distance can be used to find the average layer thickness. This
is due to the additional periodicity induced by the superlattice structure.33

The number of superlattice layers can be determined based on the fringes among superlattice
peaks. In the NWTS-like case, this is 1378 arcsec, or 14 nm (8-nm Si and 6-nm Si1−xGex),
whereas in the 3D DRAM–like case, this is 482 arcsec, or 40 nm (20-nm Si and 20-nm
Si1−xGex).

For the simulated superlattices with lower numbers of layers, a trend can be observed where
the number of fringes among superlattice peaks [dashed green lines in Figs. 6(a) and 6(b)] is
equal to n − 2 superlattice layers. The fringe spacing of these features is the superlattice peak
distance divided by the number of superlattice layers n. The resolution limit can therefore be

estimated as occurring when Superlattice peak distance
n layers < beam broadening.

In the case of these simulations, a limit is reached when the fringe spacing approaches the
simulated 35 arcsec of beam broadening. Fringes are visible for n ¼ 32 in the NWTS case;
however, in the 3D DRAM–like case, fringes become undiscernible after n ¼ 8. Two methods
were evaluated to determine if ω − 2θ datasets are sensitive to fitting large numbers of super-
lattice layers, which results in fringe spacings below the resolution limit.

An FWHM-based approach was first evaluated. Because thinning of the superlattice peaks
due to fringes was observed, a correlation between FWHM and number of superlattice layers was
expected. This showed linearity when plotted on a log/log scale until the FWHM approached the
simulated 35-arcsec broadening value. The FWHM trend was unable to cross this line, indicating
that the broadening value is a resolution limit for this method.

An intensity-based approach was then evaluated because thicker superlattice stacks have
more planes of Si1−xGex contributing to the Si1−xGex and superlattice peaks. However,

Fig. 5 004 ω − 2θ simulations for (a) NWTS-like superlattice stacks simulated for n ¼ 2, 4, 8, 16,
and 32 layers and (b) 3D DRAM–like stacks at n ¼ 2, 4, 8, 16, 32, 64, and 128 layers. The dashed
mark at −2367 arcsec is the center of the Si1−xGex peak, and the green dashed lines mark the
examples of split superlattice peaks.
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intensities are difficult to calibrate for X-ray sources, so the Si1−xGex and superlattice peaks
were normalized to the Si 004 peak. This resulted in a log/log trend beyond the n ¼ 8 superlattice
layer resolution limit. This approach may be useful for distinguishing the number of layers in
a 3D DRAM–like superlattice stack.

3.5 Ellipsometric Characterization of Superlattice Film Samples
Optical modeling of a device test structures requires accurate material files for the complex
refractive indices (dielectric functions). We used previously determined complex refractive index
data for the SixGe1−x layers, and we determined the complex refractive index for the SiNx hard
mask in the NWST structure. A standard model from Herzinger et al.42 was used for crystalline
silicon.

Determination of the relevant Si1−xGex optical model was based on ω − 2θ XRD measure-
ments around the 004 Bragg reflection, as detailed in Sec. 2.2. The average Si1−xGex concen-
tration, x ¼ 0.27 from the JV-RADS fit of the XRD measurement, was used as the nominal
concentration in material file. RSM results summarized in Sec. 3.2 were used to confirm epitaxy.
Based on this, an optical model describing fully strained (pseudomorphic), composition-depen-
dent refractive index data developed by Muthinti et al. was chosen for single-layer Si1−xGex
samples.13

SiNx often has process-dependent optical properties,43,44 so the optical model was deter-
mined using a sample consisting of SiNx on a Si substrate deposited using the same process
conditions used for the SiNx-capped superlattice film samples. XRR characterization was used
to determine thickness at three points 2 mm apart near the Si wafer center. Optical properties
were determined using ellipsometry at the same wafer center location. The thickness was fixed
based on XRR results and the optical properties of the SiNx layer were fit using a wavelength-by-
wavelength model. The wavelength-by-wavelength model fit was parameterized using a Cody–
Lorentz oscillator and imported into the superlattice film sample scatterometry models as a
material file. Ellipsometry model fitting of the superlattice thin film sample was first done in
Woollam CompleteEase6™. Fitting was done to the N, C, and S (MM12, MM33, and
MM34) Mueller matrix element data because the stack is isotropic. N, C, and S can be expressed
in terms of the ellipsometric constants ψ and Δ, where N ¼ cosð2ψÞ, C ¼ sinð2ψÞ cosðΔÞ,
and S ¼ sinð2ψÞ sinðΔÞ.35

Floating all four Si1−xGex layer thickness values or Ge concentration was found to be
unstable. To get around this limitation, variable fixing, pairing, and modeling strategies were
evaluated.

A general model was defined for the four-layer Si∕Si1−xGex superlattice film, coated with a
SiNx layer with allowance for top roughness. For all model variations, the SiNx and roughness
were allowed to float. Four variations of the model fit were evaluated. First was a model based on

Fig. 6 (a) FWHM-based correlation to superlattice layer. (b) Intensity-based correlation to super-
lattice layer thickness. Normalization of the superlattice peaks was based on the 004 Si peak.
Simulations were based on a 3D DRAM–like superlattice stack with 20-nm Si and 20-nm
Si1−xGex layers, with a Ge(x) concentration of 0.25. ω − 2θ correlations were done at n ¼ 2, 4,
8, 16, 32, and 128 layers.
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fixed XRD-derived values and a single Ge concentration for the superlattice stack. Second was a
model fitting average Si and Si1−xGex film thicknesses. The third was a composition-dependent
EMA that mixed the Si and Si1−xGex complex refractive indices for the entire superlattice. The
fourth strategy was a single effective dielectric constant (EDC) described below. These were done
to understand the optical response of the superlattice.

The EMA is often used to describe random roughness in an interfacial layer and can also be
used to describe sets of films as a single layer. The superlattice can be effectively modeled as a
single EMA layer, where the Si and Si1−xGex optical properties are averaged in a single layer,
instead of a set of layers.21 An EDC can also be calculated from experimental data, which
describes the optical properties of the entire multilayer layer film stack in one complex refractive
index or dielectric function. In this approach, the entire superlattice stack can be fit wavelength
by wavelength to derive an oscillator model for that stack that is not dependent on an initial
model.45

Fits and mean square error (MSE) values for all fits were calculated in J.A. Woollam
CompleteEase6™ for MMSE NCS data gathered at 55-, 65-, and 75-deg angles of incidence
from 210 to 1600 nm. The XRD-derived thickness approach and average thickness per material
had comparable performance based on MSE. However, because small spot XRD was not avail-
able, scribe line film measurements for the 0E, 10E, and 20E were done using ellipsometry using
the average thickness per material approach. The MSE EDC fit was found to be significantly
lower than the EMAmodel-based fit. This was found to be due to the ability of the EDC model to
fit superlattice effects such as interfacial broadening. Optical properties were derived based on
the EMA and EDC models and are discussed in Sec. 3.6.

Thin film model comparisons were measured on the unpatterned superlattice thin film
25 × 25 mm coupon sample. The square error (SE) average thickness per material approach was
used to measure the patterned sample thin films, and measurements on the 10E and 20E quarter
wafer patterned samples were done at scribe lines above the patterned dies 1 through 5. However,
XRD was not measured due to the spot size being larger than the scribe line width. Both samples
showed that the Si1−xGex layer was ∼2 nm thicker than the 6-nm Si layers. Also, a radially
decreasing SiNx hard mask profile was observed. The highest hard mask thickness occurred
in die 4 for 10E and in die 5 for the 20E sample (Fig. 7 and Table 1).
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Fig. 7 Radial thickness fits of the (a) 20E and (b) 10E scribe line thin film measurements using
the average thickness per material approach. An SiNx hard mask roughness was also fit in the
SE model, and an average 5.6-nm roughness was observed.
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3.6 Thin Film Spectroscopic Ellipsometry Measurement Limitations
The difference between a calculated EMA model and an EDC model derived from the super-
lattice film data was explored to understand the effect of the superlattice on optical properties.
The EMA model can be calculated based on the percentage of two or more materials. This
provides a reasonable calculated model for the superlattice stack as an intermixing of Si and
Si1−xGex optical properties. However, the parameterized EDC wavelength-by-wavelength fit
shows that the superlattice has optical properties that are not accounted for in the EMA model.
First, a 4τ broadening can be seen between 2 and 2.5 eV which lowers the band gap, similar to
the one observed by Attiaoui et al.,21 as well as an Ea

1 critical point observed around 3 eV.
EDC modeling of the stack showed that an interface effect is present. This approach, how-

ever, is not viable for modeling cavity etch because each Si1−xGex can have different amounts of
cavity etch. To account for a cavity etch in an anisotropically etched Si1−xGex layer, the inter-
facial properties could be added to the Si1−xGex layer optical properties. The standard Si1−xGex
material file could be replaced by an EDC material file for the Si1−xGex and interface. This may
increase the accuracy of the model; however, this was out of the scope of this paper (Fig. 8).

Attenuation depth of optical measurements is a concern for next-generation, n > 100 layer
pair superlattice stacks for 3D DRAM applications. This can be estimated using the attenuation
depth based on an EMA approximation of the superlattice stack. In the 60-nm samples studied
here, light below 3 eV will be able to probe the bottom of the stack, and detectability of layer

Fig. 8 (a) Comparison of the imaginary part of the dielectric constant for silicon, Si0.73Ge0.27,
Si∕Si0.73Ge.27 EMA, and Si∕Si0.73Ge.27 EDC derived using a wavelength-by-wavelength fit.
(b) Attenuation depth as a function of electron volt for the SiNx hard mask, EMA-coupled super-
lattice model, and Si and Si1−xGex .

Table 1 Comparison table of superlattice film thicknesses derived from various fit strategies.
Strategies based on using XRD nominal thicknesses, average superlattice thickness based on
ellipsometry, superlattice EMA, and superlattice EDC are summarized.

Superlattice fit strategy
Fix thk.

based on XRD
Avg. Si and
SiGe thk.

Superlattice
EMA

Superlattice
EDC

SiN roughness (nm) 3.00 2.66 0.26 0.00

SiN hard mask (nm) 47.96 47.90 48.23 48.30

Si (nm) 8.06 7.15

Sið1 − xÞGeðxÞ (nm) 6.74 (x ¼ 0.29) 6.08 (x ¼ 0.27)

Si (nm) 8.02 7.15

Sið1 − xÞGeðxÞ (nm) 6.99 (x ¼ 0.27) 6.08 (x ¼ 0.27) 58.57 60.93

Si (nm) 8.12 7.15

Sið1 − xÞGeðxÞ (nm) 6.33 (x ¼ 0.27) 6.08 (x ¼ 0.27)

Si (nm) 8.09 7.15

Sið1 − xÞGeðxÞ (nm) 6.55 (x ¼ 0.26) 6.08 (x ¼ 0.27)

MSE 15.941 16.883 10.788 3.64
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thickness changes should be observable. However, for 5 μm, n ¼ 128 layer 3D DRAM–like
stacks, only photons below 1.5 eV (830 nm) can penetrate the superlattice stack based on
EMA approximation data. This points to the need for InfraRed and XRD methods for measure-
ments of future 3D DRAM film stacks.

We used the optical modeling of the unpatterned film stack sample using Mueller
matrix NCS elements instead of the traditional ellipsometric parameters, ψ and Δ to facilitate
comparison with the Mueller matrix approach used for scatterometry. To understand the
wavelength locations that are most affected by fits, changes inM values (ΔMM) were calculated
using fitted and simulated MM data. The best fit was derived for a scribe line thin film
measurement on the 10E sample adjacent to die 1. Then, þ 1-nm changes from the best fit
Si and Si1−xGex layer thicknesses were simulated, and the difference was calculated so that
ΔMM ¼ MMþ 1 nm layer n −MMnominal. Also, a 5% increase in Gex concentration was simulated.
The difference, Δ, between the best fit and the simulated changes was plotted, as well as the delta
MM between the measurement and best fit.

Modulations in the ΔMM values for MM12, MM33, and MM 34 (N, C, and S) elements due
to the layer thicknesses and Ge concentrations were seen between 3 and 3.5 eV. This region
corresponds to the E0 0 and E1 critical points of Si and Si1−xGex which indicates that model
sensitivity potentially comes from differences in this region of the optical properties of each
layer. The maximum deltas were quite small in the order of less than 0.03 normalized units;
however, this is above the noise range, which was estimated to be less than 0.01 using off-
diagonal M13 and M14 signals when measuring isotropic films. For an ideal isotropic film,
off-diagonal Mueller matrix elements should be zero (Fig. 9).

4 Results and Discussion: Patterned NWTS Target Metrology

4.1 Optical Modeling of Column Etched and Cavity Etched Samples
For patterned and cavity-etched samples, the ability to measure the dimensions of features buried
below the top hard mask layer is important: in particular, the superlattice layer thicknesses, col-
umn etch dimensions, and cavity etch dimensions. Samples were fabricated using Si∕Si1−xGex
superlattices grown with epitaxial strain, which allows cavity etch of the Si1−xGex layer in the

Fig. 9 (a) Superlattice film sample measured to model data using an average Si and average
Si1−xGex model fit for a thin film measurement from the 10E sample die corner. (b) Simulated
sensitivity to þ 1-nm differences and þ 5% Ge concentration differences relative to the best
model fit.
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stack. After film deposition and patterning, the anisotropic column etch step exposes the
Si1−xGex layers. Afterward, a cavity etch step is done, where a highly selective etch of the
strained Si1−xGex results in lateral cavities and eventually the release of the Si nanowires for
manufacturing of nanowire transistors.4

MMSE data taken on an Onto Atlas® V metrology system were used as the input dataset for
OCD reconstruction and fit using an RCWAmodel implemented in the commercial Ai Diffract™
software. The main set of models was implemented as a 3D structure of oval holes. These holes
are defined by geometries that cascade upward from the first layer sets. Cavity etch is imple-
mented using an alternating negative offset to the hole diameter for Si1−xGex layers and a positive
offset to the Si layers as shown in Fig. 10. This was done to allow simplified implementation
using a single offset value instead of intersecting 3D geometries, which would be too computa-
tionally intensive for the computing power available in the research lab.

The non-thickness–related geometry can be fully described by the hole bottom dimensions,
the sidewall angle, cavity etch, and a set of rounding/shape factors. STEM images of lamellae
showed the importance of the secondary effects of processing. For example, the profile of the
cavity etch was found to be curved, so this was implemented with rounding factors. Also, the
column etch profile of the hole showed tapering and rounding, which was implemented in
the model using ellipse rounding and a sidewall angle offset for the upper section of the stack.
Damage due to the oxide breakthrough etch step was also observed, which resulted in incon-
sistent rounding and scalloping of the edges of the SiNx hard masks in the STEM images. This
hard mask non-ideal shape was approximated using a trapezoidal hard mask profile in the OCD
model. A small amount of off-diagonal MM element asymmetry was also observed in the data,
which indicates asymmetric effects such as tilt in the structure. X and Y tilt fits were tested, but
only Y tilt was found to have a significant effect.

Dimension parameters (sidewall angle and indent/cavity etch) were coupled in X and Y to
reduce the number of floating variables. A single type of model was created for the oval-shaped
NWTS which can describe the patterned, column-etched samples as well as the patterned,
column-etched (0E), and cavity-etched (10E and 20E) samples. To save calculation time, versions
of the same model were saved near the nominal dimensions of the 0E, 10E, and 20E samples
referred to in the introduction. A standard Si model developed by Herzinger et al.42 and a com-
position-dependent Si1−xGex alloy model30 were used for the superlattice layers. The SiNx material
file for the hard mask layer was derived from XRD, XRR, and MMSE results, as described in
Sec. 2. Overall, the model can be described with eight parameters: the silicon nitride hard mask
thickness, cavity etch amount, average silicon thickness, average silicon–germanium thickness,
hole width, hole length, silicon substrate over etch, and hole sidewall angle. In addition, the
azimuth angle is allowed to float slightly due to uncertainty in the sample mounting angle.

4.2 OCD Fitting of Patterned Superlattice Structures
Initial testing found that the average thin film thicknesses of the Si and Si1−xGex could not be
floated independently due to the lack of convergence in the thickness results when fitting was
done using a local lab workstation computer. To address the number of floating parameters,

Fig. 10 (a) Ai Diffract™ implementation of the NWTS at the 20E cavity etch level. (b) Schematic for
the implementation of cavity etch in an X -axis cutaway of an NWTS test structure. A linear cavity
etch offset is defined by slope (m) and the cavity etch fit value (Δ). The layer index is represented
by index k or the layer number starting from 0 for the first Si1−xGex layer.
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two potential types of strategies were evaluated. First, a floating thin film thickness model strat-
egy was assessed. This model floats a single average superlattice layer thickness where the Si and
Si1−xGex thickness values are paired by material type. A second model fed forward film thick-
nesses from an adjacent scribe line thin film measurement. The advantage of the first model
strategy is that only a single scatterometry measurement is needed. However, the second model
strategy reduces the number of floating parameters based on a more accurate measurement (note
that this limitation was subsequently removed later using a pre-calculated library of spectra to
decrease the fit time per iteration; the reduction in iteration time from hours to seconds allowed
thickness result convergence by increasing the number of iterations significantly).

Two-dimensional correlation matrices were created for fixed and floating film thickness
strategies. These show correlation factors46 between pairs of floating variables such as SiNx hard
mask thickness and Si over-etch. Correlation factors determine the ability of the simulated
change in spectra due to a change in one variable to be interpreted in a change in another
variable.47 Results indicate a high correlation between hole length and sidewall angle, as well
as elevated correlations between cavity etch and sidewall angle/hole length. Matrices were
calculated at nominal dimensions at and measurement azimuth angle of 30 deg (Fig. 11).

Strategy 1 shows that measurements utilizing only a single site scatterometry data are possible;
however, accuracy can be limited. XRD and ellipsometry measurements of the thin film sample
and scribe lines areas indicate that a significant offset in the average thickness exists between
the Si and Si1−xGex layers. Therefore, strategy 2 was chosen as a standard fit methodology.

A more ideal implementation of strategy 2 would be to fix individual layer thicknesses based
on XRD results. This may be possible in the future using small spot XRD measurements on thin
film targets or scribe lines; however, this was not available to the group. Small spot XRD could
increase model accuracy by finding an accurate thickness and composition of each superlattice
stack layer and then feeding forward the information into the optical model.

4.3 OCD Fitting of NWTS Data
Cavity etch sensitivity was observed in the MM spectra of the 0E, 10E, and 20E samples. A
difference in M34 was observed through every measured azimuth angle for the set of three sam-
ples for all dies. A clear shift in the 10E and 20EMM34 spectra can be observed through azimuth
angle. Note that the large shift in the 0E versus 10E and 20E samples is due to the SiNx hard
mask, which is ∼40 nm in the 0E and less than 20 nm for the 10E and 20E samples (Fig. 12).

Datasets were fitted through azimuth angle using the model described in Sec. 4.1. All MM
elements were fit for each dataset. MMSE scatterometry data obtained at non-symmetric azimuth

Fig. 11 Absolute value correlation matrices for (a) strategy 1 which uses floating average super-
lattice thickness and only needs scatterometry measurements and (b) strategy 2 which uses fixed
superlattice thicknesses. The fixed thicknesses are based on measuring the superlattice using
ellipsometry at the film area adjacent to the grating target area and are fed forward into the scat-
terometry model. Note: azimuth angle is abbreviated as AZ angle, sidewall angle as SWA, cavity
etch as Cav Etch, and silicon nitride hard mask as SiN HM.
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angles (15, 30, 45, 60, and 75 deg) were used so that all datasets would have a signal in the
off-diagonal MM elements.

A significant difference in the fit results was observed through azimuth angle. The fit value
for cavity etch for measurements at the same site was observed to have a parabolic dependency to
the measurement azimuth angle. Initially, the shape factor or roundness of the oval was evaluated
to determine if a systematic difference between the assumed and real shape existed. This could
cause an azimuth angle–dependent mismatch. However, the fit converged to a shape factor of
1.48, and scanning electron microscope (SEM) image of the 0E sample confirmed shape match-
ing. Also, critical dimension scanning electron microscope (CDSEM) data of the 0E samples
showed that the model and image shape factors matched. Later, STEM data indicate this may
be due to inexact matching between the model and physical NWTS structure, where the cavity
etch was measured to be slightly larger in the Y direction. This is discussed in comparison with
STEM data in Sec. 4.8.

To reduce the azimuth angle dependency, a dual-angle dataset fitting approach was utilized
in addition to single azimuth fits. This paired two MMSE spectra taken at 15 and 75 deg to a
single model. Comparison through-azimuth angle results show that a mean 2.8- (dual azimuth fit)
to 3.8-nm (single azimuth fit) difference can be observed between the 10E and 20E samples.
Azimuth angle was floated in the model, because of the angle uncertainty involved in measuring
a cleaved quarter wafer taped to a standard 300-mm wafer. Fits using data from additional
azimuth angles may increase accuracy; however, this would add significant calculation time.

The dual-azimuth approach was used to fit radial data from die 1 through die 5. Radial cavity
etch trend results are discussed in Sec. 4.6 and plotted in Fig. 13(b).
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Fig. 13 Cavity etch radial die 1 through 5 results for (a) XRF data taken at 40- and 60-deg incident
angles for three sites per die and (b) OCD dual-azimuth angle fits using data obtained at azimuth
angles of 15 and 75 deg for a single site per die.

Fig. 12 MM34 spectra measured at azimuth angles of (a) 0 deg, (b) 30 deg, and (c) 60 deg. MM34
has been shown to be sensitive to cavity etch.14
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4.4 OCD Limitations: Detectability of Step Changes
The detectability of step changes in an OCD model is dependent on their effect on the spectral
response. The key minimized parameter is the MSE, which is the square of the per-wavelength
difference between the scatterometry measurement and the RCWA-generated OCD model. The
relative values of detectability can be calculated as the increased error due to a fit variable step
away from a nominal best fit model geometry or a step squared error (stSE) instead of the MSE,
which is defined between the measurement and best fit, the stSE is defined between the best fit
and a model generated at a fit variable step away from the best fit (e.g., þ 1-nm thickness or
þ 1 deg sidewall angle change). The advantage of defining a variable relative to a best fit or
nominal geometry is that this performance index can be generated for theoretical structures that
do not have corresponding optical data.
EQ-TARGET;temp:intralink-;e002;114;604

ΔMMij
λn

¼ ðMMðfitÞMMij
λn

−MMðfitþ var:stepÞMMij
λn

Þ
stE

MMij
λn

¼ ðΔMMij
λn

Þ2

stSEMMij ¼ Σn
1ðΔMMij

λn
Þ2: (2)

Equation (2) ΔMM and step square error, where MMij denotes MM elements and
λn denotes an individual wavelength.

The stSE index was calculated for all geometry-related fit parameters in the model. These
are the cavity etch, hole bottom length, hole bottom width, Si over-etch depth, SiNx hard mask
thickness, sidewall angle, and tilt.

Limits for low and good detectability were based on the signal noise in the off-diagonalMM
elements of the superlattice film sample. Off diagonal MM elements should not have a response
of 0 for isotropic films, so responses in these elements were assumed to be due to total tool and
sample measurement noise. The square error deviation of the noise was calculated for each MM
element.

Low detectability was estimated using the mean of the square error, and good detectability
was defined as being above the mean plus three times the standard deviation of the square error.
These values were used to color code the values in a step square error table.

Based on the step square error table, the sidewall angle causes the greatest square error
change due to a 1-deg step. Y tilt has extremely low detectability; however, it was kept in the
model because it is the only fit variable that could improve off-diagonal fitting between the top
right and bottom left quadrant MM elements. OCD models floating Y tilt had slightly improved
performance compared with models with Y tilt fixed at zero. Other variables were found to have
detectability in at least the N, C, and S elements (Fig. 14).

Fig. 14 Table of step square error detectability index values for all geometric fit variables in the
NWTS OCD model. SSE is the standard sum of the square error, whereas StSE represents the
step square error. Values are color-coded based on noise limits estimated from thin films. Data
were based on fits at a 75-deg azimuth angle dataset. Variables are abbreviated as CE (cavity
etch), BL (bottom length), BW (bottom width), OE (Si over-etch), SIN (SiNx hard mask), SWA (side-
wall angle), and TLT (Y tilt).
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4.5 OCD Limitations: Sensitivity Relative to Systematic Error
To understand the relative magnitudes of the spectral change due to each fit variable, the step
square error can be normalized to the systematic model to best fit error. This gives a sensitivity
index, where a sensitivity to a fit variable step relative to the systematic measurement delta can be
calculated where: stSE

MMij

SSEMMij . Step square error responses that are a significant fraction of the model
to best fit square error are ideal. Sensitivity was calculated for each fit variable, andMM element
and is summarized in Fig. 15. Values are colored by fraction, where green represents when the
step square error is at least 1/4th of the best fit sum of the square error.

This index can show potential room model improvements by comparing the corresponding
MMij off-diagonal elements, which should mirror each other. For example, the difference
between sensitivities of MM23 and MM32 for aþ 1- deg Y tilt shift indicates that the model
may have additional off-diagonal asymmetries that are not being modulated by the current set
of fit variables. Both the detectability and sensitivity indices can be generalized and applied to
any set of MM elements, for any fit variable step in an OCD model.

4.6 XRF Results and Limitations
The nanometer value of the cavity etch was estimated by approximating the geometry of the
target based on top-down SEM images. Because the Si1−xGex peak intensity is proportional
to the volume lost, this can be derived by a simple geometric relationship where intensity loss
can be used to estimate the amount of cavity etch.15 This relationship uses the assumption that
geometry is a simple grating structure consisting ovals with initial major and minor axis lengths
of a and b and pitches A and B. Initial dimensions were based on SEM images of the 0E sample
which was used to find the pre-cavity etch reference intensity Iref.

The final post-cavity etch intensity Ifinal was based on XRF measurements at 40- and 60-deg
angles of incidence for both 10E and 20E samples.
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Equation (3) (a) Relation of Germanium volume to XRF Ge peak intensity for the reference
and final pos-etch sample and (b) estimation of the degree of cavity etch as a function of intensity

Fig. 15 Table of sensitivity or step square error divided by the sum of square error. Data were
based on fits at a 75-deg azimuth angle dataset. Variables are abbreviated as CE (cavity etch),
BL (bottom length), BW (bottom width), OE (Si over-etch), SIN (SiNx hard mask), SWA (side-wall
angle), and TLT (Y tilt).
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loss. A and B are the x and y dimensions of period of the grating, and a and b are the oval semi-
major and semi-minor axis radius lengths, respectively.

The amount of cavity etch was calculated from the intensity loss of the 9.89-eV Ge peak,
20E and 0E samples, and 10E and 0E samples. Ideally, this measurement would be done on the
same sample pre- and post-cavity etch; however, this was not possible due to logistical issues.

Cavity etch for the 20E die 1 sample was calculated to be 17.9 and 17.6 nm when measured
at incident angles of 40 and 60 deg, respectively. The 10E die 1 sample had 15.8 nm and 15.6 nm
of cavity etch when measured at 40 and 60 deg incident angles, respectively. Both the 10E and
20E quarter wafer samples were measured using XRF from dies 1 to 5, with die 1 closest to the
wafer edge and die 5 closest to the center of the original 300-mm wafer.

Radial OCD dual-azimuth angle fits were compared with average XRF results per die.
A radially decreasing cavity etch trend was observed for both 10E and 20E. However, the
XRF results are slightly higher by 1 to 2 nm than the OCD results. Also, OCD shows an elevated
die 4 10E cavity etch value. This was observed as an increase in the distribution of the die 4
values in the XRF data and could be due to a non-ideality in processing issue toward the wafer
center. Cavity etch was done on the cleaved quarter wafer samples inside a standard 300-mm etch
chamber.

The elevated cavity etch values may be due to a local SiNx hard mask thickness non-
uniformity in the 10E die 4 sample. The OCD fits show a corresponding SiNx hard mask thick-
ness dip in 10E die 4, instead of a radial increase from die 1 to die 5 observed for the 20E sample.

The simplified straight-column geometry assumed based on the SEM dimensions is a limi-
tation to the accuracy of XRF. A more accurate way to determine geometry would be to account
for sidewall angle based on measurements from FIB-prepared TEM images. However, this would
require destructive measurements. For a well-established process, the model could be improved
by accounting for an assumed sidewall angle (Fig. 16).

4.7 FIB Prepared STEM Samples
Lamellar samples from the oval target area were extracted and thinned via FIB as described in
Sec. 2.6. These were taken from a set of 10E and 20E die that were adjacent to each other before
cleaving. Initial samples were taken from die 1 of the 10E and 20E samples and were coated with
a hafnium oxide (HfOx) protective layer before amorphous carbon fill. Energy dispersive spec-
troscopy (EDS) images of these samples seemed to indicate an SiO2 conformal growth before a
thin HfOx layer. However, simulating this SiO2 layer in the OCD models caused a significant
mismatch based on square error (MSE). To understand if the SiO2 layer existed during OCD
Scatterometry measurements, a new set of samples was coated with an atomic layer deposition
(ALD) aluminum oxide (AlOx) conformal layer instead of HfOx. These were taken from die 1 of
the 10E and 20E samples. EDS measurements indicated that the conformal layer was AlOx

instead of AlOx over SiO2. The AlOx-coated measurements were used as the new reference
STEM samples for cavity etch. Later investigation indicated that the initial HfOx coater recipes
contained steps that could result in oxidation before the addition of the hafnium (Fig. 17).

The cavity etch was measured from a connecting line drawn between the edges of the Si
layers to the middle of the Si1−xGex indent. Eight values were obtained for each image at 640kX,

Fig. 16 Through-radial die SiNx hard mask thickness fit values for dual-azimuth angle dataset
(15 and 75 deg) OCD fits.
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and three images were analyzed in each direction of the cutaways. High angle annular darkfield
(HAADF) STEM images were analyzed because of better contrast between the structure and
protective conformal layer. The average value of the cavity etch was 14 nm for the 10E samples
and 16.7 nm for the 20E samples (Fig. 18).

Analysis of the images found that cavity etch values were not completely uniform relative to
the edge of the Si layers. A 5.1-nm three-sigma standard deviation can be observed in the STEM
measurements, and a range of 7 nm was observed over both 10E and 20E samples.

Fig. 18 Example HAADF STEM images for the (a) 10E X (top) and 10E Y (bottom) die 1 FIB cuts
and (b) 20E X (top) and 20E Y die 1 FIB cuts. Images of three of the structures at 640 kX were
analyzed manually for sample for cavity etch and Si over etch. The 10E and 20E samples were
coated with a conformal hafnium oxide layer and then filled with an amorphous carbon fill to
prepare the samples for FIB milling.

Fig. 17 EDS images for the conformal layer for aluminum oxide–coated samples, which were used
as the STEM reference.
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Two systematic differences were observed. First, the average Y cut cavity etch values were
greater than the X cut cavity. This trend can be observed for both 10E and 20E samples in
Fig. 19(a). This may explain the parabolic cavity etch dependence through-azimuth angle fits
observed in Fig. 20. This was not integrated into the OCD model because it would require
increasing the number of floating variables; however, future models may explore the potential
ability to differentiate between X and Y cavity etch. The second effect was that the amount of
cavity etch decreased at higher Si1−xGex layers in the stack. This was observed as a 0.5-nm per
layer and 0.8-nm per layer cavity etch layer dependence for the 10E and 20E, respectively, for
die 1. OCD modeling accounted for this change using a per-layer linear slope offset of 0.05 nm.
This was implemented as a fixed parameter in the OCD model to limit the number of floating
variables.

4.8 OCD and XRF Metrology Matching to STEM Reference
Cavity etch results of the non-destructive scatterometry and XRF methodologies were compared
with the STEM reference measured on the same die. XRF showed matching within 2 nm to the
STEM results. The relatively significant difference may be due to the inaccuracy of the reference,
and simplifying assumptions used in the model. Ideally, the reference intensity would be

Fig. 19 (a) STEM-measured cavity etch per layer and cut direction indicating the average cavity
etch differences in X and Y . (b) Cavity etch trend through layer number, showing a decrease from
superlattice layer 1 (closest to the substrate) through layer 4.
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measured in the same location pre, and post-cavity etch. However, the reported results are based
on a 0E coupon sample that was cleaved and measured at the column etch step, with separate 20E
and 10E sample die being cavity etched and remeasured. Also, a geometric model with a straight
sidewall approximation was used to convert Si1−xGex intensity loss to cavity etch. This was done
because sidewall angles are not readily extracted from top down SEM of the etched superlattice
stack, whereas hole dimensions are simple to measure.

Cavity etch results for MMSE-based scatterometry showed matching to the STEM reference
for the 20E sample within 0.3 nm for dual-azimuth angle fit, and 0.7 nm from the single-azimuth
fit average. The OCD measurement mean matching to the STEM reference is in the order of
magnitude of a Si lattice constant of 0.543 nm (Fig. 21).

5 Conclusions
Non-destructive XRD, XRF, and MMSE metrology Si∕Si1−xGex superlattice stacks and pat-
terned structures were evaluated and the limits of each measurement type were explored. A set
of four-layer Si∕Si1−xGex superlattice NWTS samples were prepared and measured via MMSE
scatterometry and TEM after the thin film deposition, column etch and two levels of cavity etch.
XRD was utilized to determine the individual layer thicknesses of the superlattice, as well as to
verify the epitaxially strained superlattice. This informed the optical model for RCWA-based
MMSE scatterometry. An ellipsometry-determined thin film plus scatterometry combined tech-
nique was utilized to reduce the thin film–related correlation of floating variables.

XRD simulations showed that systematic thickness offsets were distinguishable based on the
location of superlattice peaks. Also, a linear GOF increase as fit variables are stepped away from
the best fit condition can be used to characterize a GOF-based measurability limit. NWTS-like
stacks are expected to have resolution-based detectability, which simulation shows fringes for
n ¼ 32 layer stacks. However, thicker 3D DRAM–like stacks lose resolution detectability when
the superlattice fringe spacing divided by the number of superlattice layers becomes lower than
the broadening inherent in the X-ray source. Superlattice peak intensity normalized by the Si
substrate peak intensity was found to correlate well with the number of superlattice layers in
a simulation stack.

Spectroscopic ellipsometry fits using a wavelength-by-wavelength model of the superlattice
stack as a single effective medium layer observed the presence of a 4τ broadening between 2 and
2.5 eV, which lowers the band gap and a E1

a critical point observed around 3 eV.21

Fig. 21 Box plot of STEM versus XRF (at 40- and 60-deg incidence angles) and OCD scatter-
ometry (single- and dual-angle fits) for die 1.
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XRF was shown to match STEM within 2 nm, based on a simplified geometric approxi-
mation to convert the Si1−xGex fluorescence peak intensity loss to a nanometer value for cavity
etch. This model assumes a simplification of a vertical sidewall so that only top-down SEM is
needed to establish the reference measurement.

An OCD model implementing both primary and secondary process effects was used to
achieve a matching of 0.7 nm for single azimuth angle dataset fits. Primary process effects which
result in changes to etch depth, hole geometry, and cavity etch needed to be supplemented with
secondary effects such as column etch bottom curvature, cavity etch curvature, and a linear cavity
etch offset through stack height. A through-azimuth angle dependency was found in key fitting
variables, especially cavity etch. A parabolic dependence was found for the non-symmetric azi-
muth angles. This may be due to differences in the X and Y cavity etch observed in STEM images
of FIB cross sections. A dual-measurement azimuth model was implemented to increase the
amount of fitted data to get a more representative cavity etch value and resulted in the mean
matching of 0.3 nm between STEM and MMSE scatterometry.

Code and Data Availability
Data are available on request from the authors.
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