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Abstract. High aspect ratio (HAR) structures found in three-dimensional NAND memory struc-
tures have unique process control challenges. The etch used to fabricate channel holes several
microns deep with aspect ratios beyond 50:1 is a particularly challenging process that requires
exquisitely accurate and precise control. It is critical to carefully analyze multiple aspects of the
etch process, such as hole profile, tilt, uniformity, and quality during development and produc-
tion. X-ray critical dimension (XCD) metrology, which is also known as critical dimension
small-angle x-ray scattering, is a powerful technique that can provide valuable insights on the
arrangement, shape, and size of periodic arrays of HAR features. XCD is capable of fast, non-
destructive measurements in the cell-area of production wafers, making XCD ideal for in-line
metrology. Through several case studies, we will show that XCD can be used to accurately and
precisely determine key properties of holes etched into hard mask, multilayer oxide/nitride film
stacks and slit trenches. We show that the measurement of hole and slit tilt can be achieved
without the aid of a structural model using a Fast Tilt methodology that provides sub-nanometer
precision. Measurements were performed across several production wafers to determine the etch
uniformity and quality. Particular attention was given at the edge of the wafers to account for
large variations observed. In addition, we used a detailed physical model to characterize the HAR
structures beyond linear tilt. This approach provides a more complete picture of the etch quality.
© The Authors. Published by SPIE under a Creative Commons Attribution 4.0 International License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original
publication, including its DOI. [DOI: 10.1117/1.JMM.22.3.031205]

Keywords: x-ray critical dimension; critical dimension small-angle x-ray scattering; x-ray
metrology; high aspect ratio memory hole; tilt; three-dimensional-NAND; DRAM.

Paper 22068SS received Nov. 14, 2022; accepted for publication Feb. 15, 2023; published online
Mar. 22, 2023.

1 Introduction

The etching of extremely high aspect ratio (HAR) features are critical and challenging process
steps in modern memory technologies that significantly impact device performance and yield.
These HAR features include the channel holes and slit trenches in three-dimensional (3D)-NAND
flash as well as the capacitor holes in DRAM. In particular, the continued vertical scaling of
3D-NAND to further increase the storage density means that the aspect ratio of the channel holes
with depths > 5 μm and diameter ∼100 nm are more than 50:1 (aspect ratio is the ratio height:
diameter). Furthermore, these challenges will evolve with the increasing number of layers in the
oxide/nitride (ON) stack as well as using multiple tiers, in terms of the increased aspect ratios and
significant bow and warping of the wafers due to increasing stresses. As such, it becomes
increasingly more difficult and yet ever more important to carefully characterize the etch process
and quality during development and monitor during manufacturing.

There are many parameters used to characterize and control the etch processes in 3D-NAND
fabrication. These include the shape, size, and position of the holes as a function of depth as well
as the hole-to-hole uniformity both locally and across the surface of the 300-mm wafers. In this
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work, we will focus on the metrology of the average orientation (tilt) of the holes and slits with
respect to the surface of the wafers. The magnitude and direction of the tilt across a wafer has
been shown to be highly sensitive to etch parameters such as the erosion of the edge ring, which
can strongly impact the tilt near the edge of the wafer.1

X-ray critical dimension (XCD) metrology is a relatively new technique that that can provide
valuable information on HAR structures and can be used to characterize the shape, size, and
orientation of periodic arrays of holes and has been applied to both 3D-NAND and DRAM struc-
tures. The transmission critical dimension small-angle x-ray scattering (CD-SAXS) technique
employs a collimated, high energy (E > 15 keV) x-ray beam incident and transmitted through
the entire thickness of a specimen (coupon or wafer) and scattering from a periodic array
(grating) of features on one side of the specimen. The technique was first proposed and dem-
onstrated in a series of papers by Wen-Li Wu’s group at NIST2–8 with development activities
continued by Joe Kline and Dan Sunday in recent years.9–12

To determine the size and shape of the holes in an array, a physical model and x-ray scattering
simulation must be used. The principles and theory of the simulation of XCD scattering patterns
has been presented in the literature mainly as it relates to the analysis of low/medium-aspect ratio
structures and mainly one-dimensional (1D) arrays of lines applicable to logic structures such as
fins and similar structures.4–6,9,13–16 The treatment for high aspect ratio structures including two
dimensional (2D) arrays of holes and 1D trenches encountered in advanced memory applications
in 3D-NAND and a DRAMmemory has received relatively less attention.16–20 To date, however, it
is only these latter structures that are suitable for measurement with XCD within fabs using
available compact x-ray sources suitable for inline metrology rather than R&D measurements
at national synchrotron facilities.11

Alternatively, some critical parameters such as the average tilt of the holes and slits, as well as
the etch quality can be accurately and precisely determined directly without calibration or
sophisticated modeling. This technique is non-destructive and does not make any physical con-
tact with the sample, thus it can be applied to the actual device area and not limited to scribe line
pads. Moreover, the tilt method is easy to use and fast compared to destructive techniques, mak-
ing XCD ideal for characterization during development and in-line metrology for high-volume
manufacturing. We will refer to this method as the “Fast Tilt” approach.

The model-free Fast Tilt technique can be used alone, as an alignment step for model-based
XCD analysis, or as part of a hybrid metrology scheme to train machine learning-based models
needed to calibrate optical critical dimension (OCD) metrology. The average tilt description
characterizes the linear component of the line passing through the center of the hole (centerline),
as a function of its depth. While the model-free tilt approach is very valuable, many additional
parameters can be characterized using physical modeling including the non-linear variation of
centerline shift (CLS) and CD with depth. To achieve this, simulations of the scattered intensity
distribution from a known structure at multiple angles of incidence are necessary to extend the
capabilities to characterize the structure of the HAR features in real space.17

2 System and Methods

2.1 Principles

The interaction and scattering of hard x-rays is relatively weak and so kinematical theory (Born
approximation) can be used to simulate the scattered intensity distribution from a given structure.
Here we will present a summary of key aspects of the theory as applied to CD-SAXS.

A periodic 2D array of identical strictures may be written in terms of the electron density
distribution ρðrÞ

EQ-TARGET;temp:intralink-;e001;116;141ρðrÞ ¼ ΩðrÞ �
XNx−1

u¼0

XNy−1

v¼0

δðx − uaÞδðy − vbÞ; (1)

where ΩðrÞ is a 3D function that represents the electron density distribution within the unit cell
of the structure and the double summation is the 2D lattice function that describes the position of
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each unit cell within the array. This expression can be applied to all structures including complex
and hexagonal grating structures found in memory devices with an appropriate specification of
the unit cell ΩðrÞ: The summation in the x- and y-directions are taken over the number of units
cells that are coherently illuminated by the x-ray beam. The coherence length of a typical lab/fab
setup will be ∼ few μm in the xy-plane and several tens of micrometers in the z-direction. The
unit cell for a simple hexagonal array of HAR holes is modeled within this formulation using a
non-primitive unit cell containing two appropriately located but otherwise identical holes.

In the Born approximation, the complex amplitude AðqÞ of the coherently scattered x-ray
field from an object is given by the 3D spatial Fourier transform of the electron density function,
which can be expressed in the form

EQ-TARGET;temp:intralink-;e002;116;616AðqÞ ¼ FðqÞSðqÞ: (2)

Here, FðqÞ is the form factor, which depends on the materials and shape of the unit cell and is
given as

EQ-TARGET;temp:intralink-;e003;116;560FðqÞ ¼
Z
V
ΩðrÞ expð−iq · rÞ: (3)

The convolution term in the Eq. (1) becomes a multiplication as a result of the properties of
the Fourier transform and the summation yields the structure factor SðqÞ where

EQ-TARGET;temp:intralink-;e004;116;491SðqÞ ∼
XNx−1

u¼0

XNy−1

v¼0

exp½−iðqxuaþ qyvbÞ�: (4)

The vector q defines the scattering vector which is related to the vector difference between the
scattered k 0 and incident kwave vectors, respectively, i.e., q ¼ k 0 − k. Here, the wavevectors are
in the direction of the scattered and incident x-ray beams and have the same magnitude k ¼ 2π∕λ
due to elastic scattering of the x-rays with wavelength λ.

In an x-ray scattering experiment, the intensity is measured as a function of q where the
scattering vector depends on the relative orientation of the structure to the incident x-ray beam
and the direction of the radiation at each pixel in a 2D photon counting detector. In the system
described here, the wafer is rotated about the x- and y-axes to vary q and probe the structure in
three dimensions. For a beam with incident intensity I0, the coherently scattered intensity Icoh:ðqÞ
from the array is related to the scattered amplitude by the following relationship

EQ-TARGET;temp:intralink-;e005;116;319Icoh:ðqÞ ¼ I0½AðqÞ�2: (5)

Finally, the model is completed by considering the non-idealities of the tool and sample by
convolving the coherent intensity by an instrumental function GðqÞ that accounts for the finite
divergence of the instrument and a background term IbðqÞ that accounts for various incoherent
sources of intensity, e.g., slit scatter and disorder in the array such that

EQ-TARGET;temp:intralink-;e006;116;238IðqÞ ¼ I0GðqÞ � ½jFðqÞj2jSðqÞj2� þ IbðqÞ: (6)

In most of the simulations described in the literature, the unit cell electron density function
ΩðrÞ is described using a stack of simple primitive shapes with known form factors and summing
with respect to the position of the shapes in the stack. While this works well for cases such as
multi-trapezoidal fins9,10,16 a different approach is needed for complex HAR structures that can-
not be described by a combination of trapezoids, cones or other simple shapes. In the present
work, the unit cell is decomposed into a stack of arbitrary polyhedra of uniform electron density
and the shape of the features with depth is described by a flexible parametric equation such as a
B-spline.
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2.2 XCD and Fast Tilt Technique

In this section, we will briefly describe the Bruker Sirius-XCD inline x-ray metrology tool and
introduce the Fast Tilt method that has been developed to determine the average tilt within HAR
structures. Additionally, we will briefly describe several complementary techniques that were
also used to measure the tilt in various 3D-NAND samples.

A schematic of the x-ray scattering geometry including the key components of the tool and
measurement axes are shown in Fig. 1. The tool uses a high-brightness rotating anode x-ray
source fitted with a Mo anode and multilayer mirror to produce a monochromatic beam that
is incident on the backside of samples that include coupons and full 300-mm wafers. The size
and angular resolution of the beam can be set under recipe control to optimize the beam for
specific applications and structures. The typical beam size used for on-device Fast Tilt meas-
urement is ∼200 × 200 μm, but this can be reduced under recipe control for different applica-
tions. The beam travels from the bottom of the tool to the top where a high-performance 2D
detector fitted with a CdTe sensor measures the intensity distribution of the scattered x-rays. The
measurements are done in a transmission geometry with the sample horizontally mounted
between the source and detector. The sample to detector distance is in the range of 1 to
1.5 m. The angle between the x-ray beam and the normal to the horizontal axis of the tool
is accurately calibrated using calibrated samples. An optical surface alignment (OSA) system
consisting of a laser and specialized position sensitive detector is utilized to measure the local
angle of the surface of the wafer accurately and precisely with respect to the normal to the hori-
zontal plane of the tool. The OSA system is used to compensate for wafer bowing or bending due
to gravity sag of the wafer and distortion from residual stresses in the processed wafers.

We have developed a direct measurement of the angular tilt components of HAR holes with
respect to the surface of wafers that is fast, accurate and precise. Fast Tilt is a model-free method
whereby the sample is rotated about the y- and x-directions (ω- and χ-axes, respectively) and the
scattered x-ray intensity is measured. The set of rotation angles used is specified according to the
aspect ratio of the measured structure. The scattered x-ray intensity is integrated within a region
of interest (ROI) for each angular position of the sample. As the sample is rotated, the integrated
intensity varies, with a maximum in scattered intensity occurring when the x-rays become par-
allel with the volume averaged axis to the holes. This angular position for the maximum in the
scattered intensity directly gives the hole tilt with respect to the surface of the wafer after con-
sidering the local surface angle from the OSA measurement.

The two tilt axes are typically varied independently under recipe control in the following way.
First, the ω-angle is varied and the scattered intensity while rotating about the y-axis is collected.
Next, the scattering about the x-axis is collected by rotating the χ-angle considering the estimated
tilt for the ω-axis. This is shown schematically for rotation about the ω-axis in Fig. 2(a).

Fig. 1 Schematic of the key elements of XCD in a transmission geometry with the sample rotated
about the omega (ω) and chi (χ) axes. The scattered x-ray intensity distribution is measured using
a high-performance 2D photon counting detector.
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The scattered intensity is separated from the direct beam and the background intensities by defin-
ing a ROI that only covers the scattered peaks as illustrated toward the left of Fig. 2(b). The size
and location of the ROI is optimized to include the areas in the 2D diffraction pattern that are
most sensitive to the angular rotations. The areas near center of the diffraction pattern, which are
affected by the direct beam and the areas further from the center with mostly background noise
are excluded. The integrated intensity versus scan angle for each axis is fit using non-linear
regression with an empirical peak function, such as a pseudo-Voigt function. An example
curve is shown in Fig. 2(c). The maximum scattered x-ray intensity is directly correlated to the
hole tilt. The form factor shown in Eqs. (1) and (2) is dependent on the shape, size and electron
density of the object. For a given object, the scattering amplitude is maximized when the tilt
angles are equal to 0. The Fast Tilt method was used to assess sensitivity to hole tilt in both hard
mask open (HMO) and after the memory hole (MH) etch samples. For this Fast Tilt method, no
calibration or other prior knowledge about the sample is needed since the angles are measured
directly rather than from a derived quantity as in the case of high voltage scanning electron
microscopy (HVSEM) or OCD. With that said, the technique is only applicable to single-tier
and not multi-tier structures since overlay will also contribute to the effective tilt obtained. For
such samples, or if additional information beyond the average tilt is required, then model-based
XCD analysis can be used to obtain the required parameters.17

Measurements analyzed using a detailed physical model were included in this study to
provide a more comprehensive description of the HAR structures. For this purpose, additional
measurements at different sample rotations, which were determined by the aspect ratio of the
structures, were collected. These measurements were performed by scanning the ω- and χ-axes
between �2 deg. The measurement times are application dependent and are optimized during
recipe setup.

The sequence of x-ray images is then used in a non-linear regression algorithm to minimize
the difference between simulated and measured intensity distributions for all angles measured.
Typically, the parametric model will describe the shape(s) of the holes and/or trenches as a func-
tion of depth and the non-linear variation in the center of the feature(s) as a function of depth.
Several non-linear regression algorithms have been used for XCD analysis, including genetic
algorithms,21 and in this work, an advanced gradient-based search together with optional

Fig. 2 (a) The orientation of the x-ray beam (red arrow) with respect to the holes (blue channels)
and (b) the typical scattered x-ray intensity at the indicated rotation angles for 3D NAND MHs.
(c) The measured (blue line) scattering intensity integrated within a defined region of interest plot-
ted as a function of the rotation angle of the sample and best-fit curve (red line).
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randomized starting points have provided good accuracy and precision of the fits with fast
regression times that are smaller than the measurement times. In this work, the mean square
error cost function provides the numerical metric that is minimized during regression

EQ-TARGET;temp:intralink-;e007;116;464MSEAnscombe ∼
1

N

XN
j¼1

ðIjmeas: − Ijsim:Þ2 where I ↦ 2

ffiffiffiffiffiffiffiffiffiffiffi
I þ 3

8

r
; (7)

where the summation index spans the pixels from all scattering images being used. The structure
model parameters are automatically adjusted using an advanced non-linear regression engine to
minimize the differences between measured and simulated intensity distributions using a numeri-
cal goodness-of-fit (GOF) function. Data analysis capabilities are provided by a software pack-
age called NanoDiffract for XCD (NDX) which includes a 3D CAD-based region editor and
parameter/constraint table for creating sophisticated structure models as seen in Fig. 3.17

In addition to the parameterization and regression of the model, another important consid-
eration that is common with many model-based analysis techniques with many parameters is the
correlation between the analysis parameters when developing models for both R&D and pro-
duction. For example, due to weak scattering of x-rays even from HAR structures and very
limited attenuation through the structure, there can be cases when the top and bottom of the
profiles are switched, e.g., HAR holes with larger bottom CD than top CD, which is not common
for the etch process used to form the features. The GOF alone cannot be used to distinguish
between such solutions since the intensity distributions for both, under the kinematic assump-
tions, is negligible. This and other more subtle parameter correlation cases must be considered
and managed. This is typically done by fitting realistic synthetic datasets or experiments with
reference data and looking at the various two-parameter correlations in a scatterplot matrix and
when correlations are found, parameters are fixed or limited with hard constraints based on the
process window, or the use of penalty functions applied to the regression to guide to the most
physically plausible solutions with all the given information. Even so, x-ray scattering is more
favorable than traditional OCD since there are minimal correlations between the material and
structural parameters in x-ray scattering due to the interaction with the core rather than valance
electrons in the materials.

Variations in the etch quality can lead to several different phenomena in 3D-NAND structures
that can be described both linearly and non-linearly, as seen in Fig. 4. In this study, we focus on
the CLS in the X and Y direction, a continuous linear change in the tilt inside the bulk of the hole.
However, non-linear changes, such as kinks and bends, which are discontinuous changes in tilt
inside the hole, and asymmetry in the hole sidewalls can also be characterized. These parameters
are particularly important as they impact the capability to perform complementary metrology
techniques that will be discussed in the following section.

Fig. 3 NDX graphical user interface for model building and optimization.
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2.3 Complementary Techniques

HVSEM is a non-destructive technique used for measuring tilt of HAR structures. It uses sec-
ondary and backscattered electrons to image the top and bottom of the holes, thereby allowing
the displacement or tilt to be determined.22 HVSEM is a high throughput technique that can
provide full wafer maps in a few minutes. The technique can also measure the top-down
CDs of holes and therefore determine whether the top of the holes have a circular or elliptical
shape and/or if they have defects. The drawbacks of HVSEM are several. For tilt measurements,
very deep holes are problematic as the backscattered electrons cannot sample the bottom CDs.
Tilt for holes with aspect ratios of up to 50:1 can be measured using commercially available
HVSEM tools operating at up to 30-kV scanning voltages with 1-nm CD and 0.02 deg (3σ)
repeatability. For holes with higher aspect ratios, HVSEM is not recommended. HVSEM also
has difficulty measuring the tilt of holes in carbon after the HMO etch step. Another drawback is
that remaining carbon needs to be stripped before tilt can be measured after the channel hole etch
step. Overall, HVSEM is a good technique, but we have found that XCD provides better repeat-
ability, accuracy, and reliability.

OCD metrology, also known as scatterometry, is optical technique with widespread adoption
for measuring CD and profile shapes of 2D (line/space) and 3D (holes, FinFET, etc.)
structures.23,24 OCD is fast, non-destructive, and has excellent repeatability, therefore, making
it appealing for process monitoring in high volume manufacturing (HVM) fabs. Unlike image-
based techniques such as HVSEM, OCD is model based. The shape and other parameters of a
structural model are varied until the best fit is obtained between the measured and calculated
spectra.25 One of the drawbacks for OCD is that the model is only an approximation of the actual
structure being measured. OCD is also sensitive to material properties and changes to these
properties can negatively impact the model significantly. Another limitation of OCD is that opti-
cally opaque materials cannot be measured. A variant of OCD is a model free approach that
measures asymmetry in a structure (such as HAR holes in a 3D NAND structure) and correlates
that to tilt of the holes.26 This avoids the complexities of a model-based approach, is fast and
robust, however, it suffers from poor repeatability.

Fig. 4 Illustrations and corresponding XSEM images for different CLS types (a) No CLS; (b) linear
CLS; and (c) a non-linear kink.
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Image-based destructive techniques such as cross-section scanning electron microscopy
(XSEM) and transmission electron microscopy (TEM) are widely used for defect identification
and/or localized structural and dimensional measurements.27 As process tolerance scales down to
nanometer dimensions, the cross-section surface quality, contamination, and damage due to the
sample preparation, becomes important. Widely used cross-section methods include scribing and
cleaving, microcleaving,28 wedge polishing,29,30 and focused ion beam (FIB) techniques.31 The
FIB-SEM system is used to investigate the 3D structures. The workflow includes FIB-SEM
processing, imaging analysis, and quantitative 3D reconstruction. Ga-FIB is used for multi-
slicing of the sample, and SEM can image the exposed cross-sectional region. Focus control
ensures sharp imaging on slanted surfaces. Milling rates depend on the difference in hardness
and geometrical rigid integrity of the sample materials. After the FIB-SEM process, images
taken are aligned by surface markers to generate high-resolution 3D volume reconstruction data.
All of these steps have the potential to introduce contamination and induce damage to the cross-
section surface. Despite these challenges, XSEM and TEM are workhorses for dimensional met-
rology and are often used as a reference for model-based approaches such as OCD and XCD.
Measurement of dimensions is direct and does not require modeling. Since the measurements are
highly localized, statistical validity is questionable unless results are averaged from many mea-
surements over slightly different but adjacent locations. Care must be taken during sample prepa-
ration to ensure that the results are valid and accurate.

To overcome some of these challenges, FIB-SEM delaying approaches have been developed.
However, small field of view of TEM and XSEM images often do not provide the data necessary
for reliable statistical analysis even with advanced and automated sample preparation.32–34 To
obtain statistically relevant metrology information, other techniques have been proposed such as
full 3D tomography.35 In such approaches, full 3D volume of holes can be reconstructed but tilt
information may be lost. While these techniques provide rich information, they are both destruc-
tive and time consuming thereby limiting the possibility for high sampling.

A summary of the complementary techniques compared in this section is shown in Table 1.

3 Results and Discussion

3.1 Sample and Measurement Description

For the purposes of this study, XCD Fast Tilt measurements were performed on various samples
of 3D-NAND structures at two key process steps; after HMO and MH etch. The thickness of the
carbon hard mask and depth of the holes etched therein were ∼2 μm. The hard mask is used to
transfer the pattern into the much thicker, periodic stack of silicon ON layers beneath. After
etching the ON stack, the remaining hard mask is removed, and the depth of the MH varied

Table 1 Comparison of different techniques for HAR hole tilt metrology considered in this paper.

Technique/feature CD-SAXS HVSEM XSEM FIB + SEM (delayering) OCD

Beam X-ray Electron Electron Electron UV/Vis Light

Lateral sampling ∼100 μm ∼10 μm ∼10 μm ∼10 μm ∼25 μm

Array/device sampling Device Device Device Device Array

MAM time ∼1 to 2 min ∼15 s ∼days (time to results) ∼days (time to results) ∼5 s

Non-contact / destructive Y N N N Y

Model-free Y Y Y Y Y

Calibration-free Y Y Y Y N

Precision (3σ) < 0.01 deg 0.02 deg 10 to 20 nm 10 to 20 nm 0.1 deg

Depth limit >10 μm ∼5 μm >10 μm >10 μm ∼5 μm
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between 4 and 6 μm. The Fast Tilt measurement times were optimized to account for the varying
materials and hole depths. The smaller electron density and scattering volume in the shallower
HMO structures required longer count times compared to the deeper MH structures.
Furthermore, larger variation in the tilt magnitude and uniformity was observed in the HMO
structures necessitating wider scan ranges (up to�3 deg) whereas the tilt of the taller MH struc-
tures required a smaller scan range (<1 deg). A finer angular step size was used for the MH
samples as the x-ray scattering peak widths are inversely proportional to their depths. In addition,
the hole profile and CLS of the MH structures were evaluated following the Fast Tilt measure-
ment by aligning the beam and measuring the diffraction while rotating the sample about two
orthogonal axes, ω and χ. Typically, the profiling measurements in this work used 13 angles
systematically distributed over ω, χ range of �2 deg.

The spacing between these MH and HMO structures (pitch) are typically ∼100 nm and are
densely packed within an array. Larger pitch objects such as slit trenches were also investigated
using the Fast Tilt method. Like the MH structures, the depth of the slits varied between 4 and
6 μm. However, the pitch of the trenches often exceeds 10× the pitch of HAR holes in the same
device. This in turn leads to weaker scattered intensity from the slits because of the fewer peri-
odic objects. To account for this, the Bruker Sirius-XCD tool allows for the divergence of the
beam to be increased significantly in the long direction of the slits, which increases the intensity
of the incident x-ray beam and number of structures within the beam. Furthermore, the incident
beam divergence in the short direction of the slits being analyzed can be decreased, resulting in a
typical spot size of in the range ∼20 × 200 to 400 μm. With these changes, there is a net increase
of the incident intensity, and this compensates for the reduced number of the slits while providing
the necessary high-angular resolution

3.2 Measurement Performance

For the XCD Fast Tilt measurements, the sample is rotated about the ω- and χ-axes to measure
tilt components in the x (TiltX) and y (TiltY) directions, respectively. The angular range for the
MH samples was between −0.9 and 0.9 deg. The Fast Tilt results are obtained by fitting the
scattered x-ray intensity as the angle of wafer is varied with respect to the incident x-ray beam.
The scattered x-ray intensity in the 2D images is integrated within a specified ROI as a function
of the rotation angle. The best-fits of these curves provide the position of the maximum scattered
intensity through the holes. Representative measured and best-fit Fast Tilt data are shown in
Fig. 2(c). This method is very similar to the approach used in high-resolution x-ray diffraction
to align the x-ray beam to the crystal lattice.36 This method provides an accurate, precise, and
sensitive measure of the average tilt of high-aspect ratio holes. The tilt precision was determined
by performing repeated measurements on the same sample. The repeatability tests show the
typical standard deviation (σ) for MH structure to be 3σ < 0.01 deg. Moreover, the tilt calcu-
lations in this approach have been automated and the measurement and analysis can be fully
recipe driven, and therefore easily integrated into a fab for automated inline monitoring.
Alternative methods based on the symmetry of the 2D scattering images have also been devel-
oped but were not used in the present study.37

The scattered x-ray intensity can be collected in just a few seconds per rotation angle and so
full tilt maps across 300-mm wafers can be collected in a reasonable amount of time. Figure 5(a)
shows a tilt map of the MH structure with TiltX and TiltY plotted vectors. The full wafer-map
was collected in ∼2 h. It is well known that the typical tilt behavior is symmetric about the center
of the wafer because of the radial behavior of the etch process. Thus, it is often appropriate to
measure tilt in only one direction along the x- or y-axis of the wafer to determine the trends
across the entire wafer. Figure 5(b) shows the TiltX component (deg) plotted with respect to
the X position on the wafer (mm). It is clear in this plot that tilt behavior is highly symmetric
about the center of the wafer, where the tilt is close to zero. Interestingly, the tilt across the wafer
reaches a maximum close to the center of the wafer (radius ∼ 30 mm) where the tilt variation is
quite high (tilt between �0.5 deg). Therefore, it is critical to be able to sample large number of
sites across the wafer to accurately capture the trend and shifts in the tilt behavior.

The edge of the wafer is a particularly important region of the wafer to monitor closely. Here
we often see rapid changes in tilt direction or extreme magnitude changes. Figure 6 shows the
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TiltX behavior at the edge of two 300-mm HMO wafers from the same process lot. For these
wafers, at both the positive and negative X positions, the tilt behavior is relatively small and
stable up to radius ∼140 mm, however, beyond this and approaching the wafer edge, there
is a sudden increase of the tilt magnitude. Interestingly, these wafers from within the same proc-
ess lot exhibited opposite tilt trends. Near the edges, one wafer showed large inward tilt toward
the center of the wafer, whereas the other wafer showed large outward tilt toward the edge. This
large tilt magnitude can be impactful on the device performance and yield as many die are
located near the edge of the wafer, thus it is important detect the large variations inline.38

Moreover, near the wafer edge there can be abrupt changes in magnitude that cause the direc-
tions of the tilt to flip. Figure 7 shows the tilt across the X direction for a 300-mmMH wafer. On
the left side of the wafer (−X direction) all of tilts are inward (positive) up until ∼135 mm. Then
suddenly, there is a directional change to outward (negative) tilt followed by another sudden
change back to inward tilt. As expected, similar switching of the tilt directions was also observed
on the right side (þX direction) of the wafer, where the tilt directions changed from mostly
inward (negative) to outward (positive) and back inward toward the wafer edge.39

In general, XCD shows good agreement with the other metrology techniques used for mon-
itoring the tilt trend and magnitude across a wafer. Figures 8(a) and 8(b) show the tilt trend
measured by XCD along the X-direction of a 300-mm MH wafer compared with the tilt trends
captured by HVSEM and OCD, respectively. These techniques captured the same tilt trend
across the entire diameter of the wafer. In particular, the comparison shown in Fig. 8(a) exhibited

Fig. 6 HMO wafers etched in the same process lot showed both inward and outward tilt near the
wafer edge.

(a) (b)

Fig. 5 (a) Full wafer vector map showing the tilt magnitude and direction variation obtained using
XCD. (b) TiltX measured at Y ¼ 0 mm along the X -axis.
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multiple changes in the tilt direction, which were clearly identified by both XCD and HVSEM.
The HVSEMmeasurements provides the displacement (nm) between the center of the images of
the top and bottom of the hole and can be converted to tilt if the height of the hole is known.40 In
OCD, the tilt is obtained from the off-diagonal elements of the Mueller matrix which is sensitive
to asymmetry from tilt or other sources, in the scattering structures.41 XCD not only shows excel-
lent tilt correlation with HVSEM and OCD measured on these densely repeating HAR MH
structures, but also shows very good agreement with tilt measured on more challenging, less
densely repeating structures such as slit trenches. Figures 9(a) and 9(b) show the tilt trend mea-
sured by XCD along the Y-direction, which corresponds to the direction of the slits, of a 300-mm
slit wafer compared with the tilt trends captured by HVSEM and OCD respectively. The com-
parison in Fig. 9(a) shows the tilt behavior is relatively low and close to zero across the wafer,
except for a region near the middle of the wafers that exhibits a dramatic and inversely symmetric

(a) (b)

Fig. 8 Tilt distribution measured across the X -direction of 300-mm MH wafers obtained by XCD
compared to (a) X -displacement measured by HVSEM and (b) asymmetry measured by OCD.
Good agreement is observed between the complementary techniques.

Fig. 7 Sudden changes in the tilt magnitude near the edge of a MH wafer caused the direction of
the tilt to change from outward to inward with respect to the center of the wafer.

(a) (b) 

Fig. 9 Tilt distribution measured across the Y -direction of 300-mm slit trench wafers obtained by
XCD compared to (a) Y -displacement measured by HVSEM and (b) asymmetry measured by
OCD. Good agreement is observed between the complementary techniques.
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increase in the tilt on the left and right sides of the wafer. This behavior was clearly identified by
both XCD and HVSEM. Figure 9(b) shows the tilt measured by XCD and OCD across a differ-
ent 300-mm slit wafer. Interestingly, this wafer did not exhibit the same highly symmetrical
behavior about the center of the wafer as shown in the previous examples. This asymmetrical
behavior is introduced by an imbalance in the etch chamber on purpose. Both techniques showed
good sensitivity and excellent correlation (R2 ∼ 0.95).

These sudden changes to the tilt and trends across the wafer are often unexpected and difficult
to predict, thus adequate inline sampling is necessary to identify such phenomena. Small dis-
crepancies in the absolute tilt could be observed in these comparisons between the metrology
techniques. However, more significant differences have been observed in other wafers as shown
in Fig. 10. This is expected to be the result of the assumptions and limitations previously
described. Because OCD is sensitive to material properties across a wafer as well as other
sources of asymmetry other than tilt, such changes can lead to poor accuracy and repeatability
in some wafers. Because x-ray scattering interactions occur in the core rather than valance elec-
trons in the materials, the correlations between material and structural parameters are minimal. In
the case of HVSEM, the depth of the holes or slits is needed to calculate the tilt from displace-
ment, and if there is significant variation in the depth from the assumed value due to under/over
etch, then inaccuracies can occur.

Furthermore, if the etched structures are deep enough such that the bottom cannot be well
resolved, there will be large error in the measured displacement. Because x-rays can penetrate
through the entirety of the holes and trenches, and through the full thickness of the wafer, it
shows no limitations for depth or layer materials. Moreover, x-rays provide a direct angular
measurement free from calibration. In fact, the larger volumes in the higher AR structures
increase the total scattering signal collected. This makes XCD ideal for future 3D-NAND tech-
nologies such as multiple tiered MH structures. Additionally, if the structures exhibit a non-linear
or discontinuous change in the tilt, such as a kink, other nondestructive techniques such as
HVSEM and OCD cannot measure the displacement correctly. Mueller based, model-free
OCD lacks the sensitivity to kinked structures as it measures the overall structure asymmetry
and reports a measure of asymmetry rather than actual tilt in degrees. A model-based OCD
approach may work, but parameter correlation becomes problematic due to low sensitivity.
This results in inaccuracies beyond acceptable levels. HVSEM cannot see the true bottom of
the structure when there is a kink or any other type of displacement in the stack.
Backscattered electrons will be detected from the top of the kink region, thus the displacement
reported is not from the true bottom of the stack. Because of this effect and the potential impact
on device performance, it has become increasingly important to be able to characterize the HAR
structures beyond the linear tilt component.

To accomplish this, a model-based approach is used, and the structural parameters from the
best fit between the measured and simulated data are presented. XCD has excellent correlation
with destructive techniques such as CD-SEM and FIB-SEM. Figure 11 shows the average CD

(a) (b)

Fig. 10 Tilt distribution measured across the X -direction of 300-mm MH wafers obtained by XCD
compared to (a) X -displacement measured by HVSEM and (b) asymmetry measured by OCD.
The disagreement between the complementary techniques is significant.
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correlation between XCD and CD-SEM for multiple wafers. Average CDs (blue points) from
several sites in each wafer are plotted together with the linear best-fit (dotted line). Although, it is
not uncommon to have an offset between different metrology techniques, the correlation
between XCD and CD-SEM is excellent (R2 > 0.98) and the slope is close to one. As previously
discussed, SEM measurements may be highly localized, and the variability between must
be averaged over many measurements over adjacent locations to improve the statistical
validity.

Figure 12(a) shows a typical 3D profile of the HAR MH structure near the edge of wafer as
measured by XCD. Alongside are the X and Y slices of the CD profile as a function of depth. The
solid blue and red lines in the profiles represent the combined tilt and CLS in the X and Y
directions, respectively. These findings indicate that tilt and CLS are large along X but minimal

Fig. 11 Correlation plot of the average CD values obtained from XCD and CD-SEM for multiple
wafers.

(a) (b)

(c) (d) 

Fig. 12 (a) 3D and 2D cross-section profile obtained by XCD near the edge of the wafer and (b) the
correlation plot between the average CD values obtained from XCD and FIB-SEM (c) The CLS
shift components are shown in the X and Y directions and (d) the CLS profiles measured across
different sites in the X -direction of a 300-mm MH wafer.
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along Y. A comparison between the XCD and FIB-SEM average CD values [Fig. 12(b)]
shows excellent agreement and builds confidence in the XCD results. From the depth profiles,
it is clear that there is large tilt and CLS component in the X direction, whereas the CLS in Y is
minimal. This is in good agreement with the fast tilt results measured on this sample, as
well as the known extreme tilt behavior at the wafer edges we have previously shown. The indi-
vidual components of tilt (dotted blue) and CLS (solid blue) in the X and Y directions can be

Fig. 13 (a) CD-X versus X -position as a function of depth for six DOE MH wafers. Depth is shown
in different colors and labeled from top (#2) to bottom (#20) with equal depth spacing. The same for
CD-Y is shown in (b).
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deconvoluted, as seen in Fig. 12(c). Like tilt, magnitude and direction of the CLS varies depend-
ing on the measurement location from a wafer. Figure 12(d) shows the CLS plotted with respect
to the etch depth for multiple sites in the X-direction across the 300-mm MH wafer. For this
sample, there is negligible CLS-X at the center of the wafer. However, as we approach the edges
of the wafer, the CLS increases. Such behavior is observed on both the −X and þX sides of the
wafer and expected to exhibit similar symmetric behavior as we’ve observed for tilt.

Because XCD is non-destructive and higher throughput compared to XSEM and TEM, it can
be used to get detailed cross wafer information. Figure 13 shows the CD in X and Y direction as a
function of depth across the wafer x-axis for six different MH wafers with DOE. In Fig. 13(a),
the CD in the X direction (CDx) at different depths is shown in different colors and labeled from
top (#2) to bottom (#20) with equal depth spacing. CDx variation at different depths across wafer
X is plotted for 6 DOE wafers. The same plots of CD in Y direction (CDy) are shown in
Fig. 13(b). For all the wafers measured, cross wafer CD variation gets larger with depth in both
X and Y directions. Such detailed information is very useful for fine tuning the etch process
parameters and settings, and it is difficult to obtain using the other previous discussed metrology
techniques.

4 Conclusions

For high aspect ratio structures such as 3D-NAND and DRAM MHs, complementary metrology
techniques can be used to analyze critical aspects of the challenging hole etch processes. A brief
overview of the most common techniques and their capabilities with respect to hole and tilt
metrology is presented. We have analyzed many wafers and show representative results from
3D-NAND holes and slit trenches at two critical process steps: after HMO and after channel hole
etch. The results are compared, and examples are given where there is agreement and disagree-
ment between the techniques. Of all the techniques discussed, only XCD and specifically the
Fast Tilt method can provide tilt information in a non-contact and non-destructive manner
directly without any special sample treatment, calibration, or physical modeling at production
worthy throughputs. XCD can measure fast tilt in deep holes (>10-μm depth) in both opaque and
transparent materials. We have shown that this model-free approach is accurate and highly
repeatable (3σ < 0.01 deg). Representative full wafer tilt maps were presented, and the high
radial symmetry expected from the etch process suggests that tilt measurements along a single
axis may be sufficient for an inline monitoring routine. Furthermore, as memory technology
advances, XCD can be used directly as a process monitor or as a reference technique for other
techniques such as OCD. Additionally, physical model-based analysis extends the capabilities of
XCD beyond accurate and precise average tilt in single-tier structures to additional parameters
such as hole shape metrology and non-linear center line shift of holes in both single and multi-
tier structures, which makes XCD an accurate and nondestructive guidance for HAR etch proc-
ess turning. Examples are shown here using a single tiered MH structure, but additional use cases
and more complex structures will be further discussed in future publications.
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