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(57) ABSTRACT

Methods and systems for performing measurements of
stacked semiconductor structures, e.g., stacked memory and
logic structures, based on X-Ray transmission scatterometry
measurement data are described herein. In some examples,
the scattering response of logic structures is modelled
directly in signal space by a mathematical expression includ-
ing a relatively small number of weighted basis functions.
The scattering response of the logic structures and the
scattering response of the memory structures determined by
an electromagnetic response model are combined, e.g., by
summation or convolution. The combined modelled signals
are compared to the measured signals at the detector to
generate an error signal. The error signal is employed to
drive a regression analysis employed to optimize parameter
values characterizing the memory structures, values of the
weighting coefficients of the signal space model, or both. In
other examples, the scattering response of the logic struc-
tures is known, and a model is not needed.

130
PROC

131 135

ry

132~

[h134

115~

—117

~—118

~111

r~112

—~113




Patent Application Publication

100

(>

136Vi

Sep. 12,2024 Sheet 1 of 10

PROC

130

137vi

7> ~131

US 2024/0302301 A1

MEM

[ hH134

—
o~

115 ~

—117

—~—118
~—111
~—112
1t ~113
1

~-120




Patent Application Publication  Sep. 12, 2024 Sheet 2 of 10 US 2024/0302301 A1

STACKED STRUCTURE MEASUREMENT ENGINE

I
STKaMEAS ! I
S \ |
135 ! 150 :
! |
| I
! |
’ K |
: C |
LOG)CS 1 167 '
155 | |
i | LOGIC SIGNAL !
~==Fd MODULE i
i 151 :
! |
j |
: LOG!CSMOD :
: 156 STRgGMOD STKGERR :
: 158 159 !
' e > | 161
! + ERROR !
I e - EVALUATION | | MEMORY
: 152 U MODULE : 138
: T 154 |
| !
: MEMSM?q E
1ot POl !
: 160 |
| EM-BASED |
{ MEMORY |
i | MEASUREMENT |
! MODULE s
! 153 :
’ |
' I



Patent Application Publication  Sep. 12, 2024 Sheet 3 of 10 US 2024/0302301 A1

STACKED STRUCTURE MEASUREMENT ENGINE

; !
: 170 |
! '
STKGMEAS } :
135 ; [
|
! |
t t
! i
: MEMSEST MEMSERR i
Losicg i 175 177 :
174 ’ ' 479
| SIGNAL ERROR |
, SEPARATION 7\ EVALUATION | ! MEMORY
| MODULE MODULE | 138
| 71 - 173 :
{
: MEMSMOD :
| 176 :
H I
: PO :
| EM-BASED 178 |
} MEMORY 2 !
| MEASUREMENT ,
; MODULE |
, 172 :
! [



Patent Application Publication  Sep. 12, 2024 Sheet 4 of 10 US 2024/0302301 A1

STACKED STRUCTURE MEASUREMENT ENGINE

f t
! i
! 180 .
' |
’ |
! i
STKGMEAS : :
135 : i
! !
|
]
! |
! i
' |
! |
: STRGMOD STKGERR ,
Losicg : 184 185 :
183 : EM-BASED ) N ) ERROR : 187
] MEMORY - /\ EVALUATION | ! MEMORY
e MEASUREMENT MODULE } 138
] MODULE U 182 : 2
: 181 - |
| |
' i
‘ |
{ «
! POI :
; 186 |
! ) |
! |
‘ |
! |
! |



Patent Application Publication  Sep. 12, 2024 Sheet 5 of 10 US 2024/0302301 A1

200
~_203
A
~_204
A
\ /‘ 208
| I 201
A
207
200 S 202
w1 1}‘/
! : ~—203
~—204
2098
209A ,&< >ﬁv 209C
| | -~ 201
h
I I L 202
A
! } ~-203
~—204




Patent Application Publication  Sep. 12, 2024 Sheet 6 of 10 US 2024/0302301 A1

190

192

FITTING ERROR

0 10 20 30 40 50 60
SITE INDEX NUMBER

FIG. 8



Patent Application Publication  Sep. 12, 2024 Sheet 7 of 10 US 2024/0302301 A1

210

<)

=
?

212

FITTING RESIDUALS
~
!

1.2 211

I !
0 5 10 15

SAMPLE NUMBER

FIG. 9

. <)

40

[MIN]
T

217

COMPUTE TIME
N
T

10+

0 ! J
0 5 10 15
SAMPLE NUMBER

FIG. 10




Patent Application Publication  Sep. 12, 2024 Sheet 8 of 10 US 2024/0302301 A1

FIG. 12



Patent Application Publication  Sep. 12, 2024 Sheet 9 of 10 US 2024/0302301 A1

240

<

FIG. 14



Patent Application Publication  Sep. 12, 2024 Sheet 10 of 10  US 2024/0302301 A1

300

‘)

GENERATE A BEAM OF X-RAY ILLUMINATION LIGHT INCIDENT ON
A STACKED STRUCTURE UNDER MEASUREMENT, THE STACKED
STRUCTURE INCLUDING A MEMORY STRUCTURE STACKED WITH [~ 301
A LOGIC STRUCTURE AT EACH OF A PLURALITY OF
MEASUREMENT SITES ON A SEMICONDUCTOR WAFER

h 4

DETECT AN IMAGE OF LIGHT SCATTERED FROM THE STACKED
STRUCTURE UNDER MEASUREMENT IN RESPONSE TO THE
INCIDENT ILLUMINATION BEAM AT EACH OF THE PLURALITY OF
MEASUREMENT SITES, EACH DETECTED IMAGE INCLUDING A

PLURALITY OF DIFFRACTION ORDERS OF SCATTERED LIGHT, {~.302
WHEREIN THE BEAM OF X-RAY ILLUMINATION LIGHT IS INCIDENT
ON A FIRST SIDE OF THE SEMICONDUCTOR WAFER AND THE
LIGHT SCATTERED FROM THE STACKED STRUCTURE IS
COLLECTED FROM A SECOND SIDE OF THE SEMICONDUCTOR
WAFER, THE FIRST SIDE OPPOSITE THE SECOND SIDE

Y

ESTIMATE A VALUE OF A PARAMETER OF INTEREST
CHARACTERIZING THE MEMORY STRUCTURE BASED ON A SET
OF SIGNALS INDICATIVE OF A SCATTERING RESPONSE OF THE

LOGIC STRUCTURE WITHOUT THE MEMORY STRUCTURE AND
THE DETECTED IMAGE OF LIGHT SCATTERED FROM THE

STACKED STRUCTURE, WHEREIN THE ESTIMATING OF THE =~ [~303

VALUE OF THE PARAMETER OF INTEREST INVOLVES AN

ELECTROMAGNETIC RESPONSE MODEL OF THE MEMORY

STRUCTURE CONFIGURED TO GENERATE THE SET OF SIGNALS

INDICATIVE OF THE SCATTERING RESPONSE OF THE MEMORY

STRUCTURE

FIG. 15



US 2024/0302301 Al

X-RAY SCATTEROMETRY BASED
MEASUREMENTS OF MEMORY ARRAY
STRUCTURES STACKED WITH COMPLEX
LOGIC STRUCTURES

CROSS REFERENCE TO RELATED
APPLICATION

[0001] The present application for patent claims priority
under 35 U.S.C. § 119 from U.S. provisional patent appli-
cation Ser. No. 63/450,666, filed Mar. 8, 2023, the subject
matter of which is incorporated herein by reference in its
entirety.

TECHNICAL FIELD

[0002] The described embodiments relate to x-ray metrol-
ogy systems and methods, and more particularly to methods
and systems for improved measurement accuracy.

BACKGROUND INFORMATION

[0003] Semiconductor devices such as logic and memory
devices are typically fabricated by a sequence of processing
steps applied to a specimen. The various features and
multiple structural levels of the semiconductor devices are
formed by these processing steps. For example, lithography
among others is one semiconductor fabrication process that
involves generating a pattern on a semiconductor wafer.
Additional examples of semiconductor fabrication processes
include, but are not limited to, chemical-mechanical polish-
ing, etch, deposition, and ion implantation. Multiple semi-
conductor devices may be fabricated on a single semicon-
ductor wafer and then separated into individual
semiconductor devices.

[0004] Metrology processes are used at various steps
during a semiconductor manufacturing process to detect
defects on wafers to promote higher yield. A number of
metrology based techniques including scatterometry and
reflectometry implementations and associated analysis algo-
rithms are commonly used to characterize critical dimen-
sions, film thicknesses, composition and other parameters of
nanoscale structures.

[0005] As devices (e.g., logic and memory devices) move
toward smaller nanometer-scale dimensions, characteriza-
tion becomes more difficult. Devices incorporating complex
three-dimensional geometry and materials with diverse
physical properties contribute to characterization difficulty.
For example, modern memory structures are often high-
aspect ratio, three-dimensional structures fabricated from
opaque materials that make it difficult for optical radiation to
penetrate to the bottom layers. Optical metrology tools
utilizing infrared to visible light can penetrate many layers
of translucent materials, but longer wavelengths that provide
good depth of penetration do not provide sufficient sensi-
tivity to small anomalies. In addition, the increasing number
of parameters required to characterize complex structures,
leads to increasing parameter correlation. As a result, the
parameters characterizing the target often cannot be reliably
decoupled with available optical measurements.

[0006] To overcome penetration depth issues, traditional
imaging techniques such as TEM, SEM etc., are employed
with destructive sample preparation techniques such as
focused ion beam (FIB) machining, ion milling, blanket or
selective etching, etc. For example, transmission electron
microscopes (TEM) achieve high resolution levels and are
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able to probe arbitrary depths, but TEM requires destructive
sectioning of the specimen. Several iterations of material
removal and measurement generally provide the information
required to measure the critical metrology parameters
throughout a three dimensional structure. But, these tech-
niques require sample destruction and lengthy process times.
The complexity and time to complete these types of mea-
surements introduces large inaccuracies due to drift of
etching and metrology steps. In addition, these techniques
require numerous iterations which introduce registration
errors.

[0007] Transmission based X-ray scatterometry systems
offer the possibility to overcome fundamental challenges
associated with high-throughput, non-destructive measure-
ment of many advanced targets (e.g., complex 3D structures,
structures smaller than 10 nm, structures employing opaque
materials) and measurement applications (e.g., line edge
roughness and line width roughness measurements). Tradi-
tional X-Ray scatterometry measurement techniques employ
indirect methods of measuring physical properties of a
specimen under measurement. In some examples, a physics-
based measurement model is created that attempts to predict
raw measurement signals based on assumed values of one or
more model parameters. The measurement model includes
parameters associated with the metrology tool itself, e.g.,
system parameters and parameters associated with the speci-
men under measurement. When solving for parameters of
interest, some specimen parameters are treated as fixed
valued and other specimen parameters of interest are floated,
i.e., resolved based on the raw measurement signals.
[0008] System parameters are parameters used to charac-
terize the metrology tool. Exemplary system parameters
include angle of incidence (AOI), azimuth angle, beam
divergence, etc. Specimen parameters are parameters used to
characterize the specimen (e.g., material and geometric
parameters characterizing the structure (s) under measure-
ment). For a thin film specimen, exemplary specimen
parameters include refractive index, dielectric function ten-
sor, nominal layer thickness of all layers, layer sequence,
etc. For a CD specimen, exemplary specimen parameters
include geometric parameter values associated with different
layers, refractive indices associated with different layers,
etc. For measurement purposes, the system parameters and
many of the specimen parameters are treated as known, fixed
valued parameters. However, the values of one or more of
the specimen parameters are treated as unknown, floating
parameters of interest.

[0009] Insome examples, the values of the floating param-
eters of interest are resolved by an iterative process (e.g.,
regression) that produces the best fit between theoretical
predictions and experimental data. The values of the
unknown, floating parameters of interest are varied and the
model output values are calculated and compared to the raw
measurement data in an iterative manner until a set of
specimen parameter values are determined that results in a
sufficiently close match between the model output values
and the experimentally measured values. In some other
examples, the floating parameters are resolved by a search
through a library of pre-computed solutions to find the
closest match.

[0010] The indirect approach to estimating values of
parameters of interest is challenging to implement due to the
complexity of the measurement model required to
adequately represent light scattered from a complex semi-
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conductor structure. The measurement model must properly
model both the device under measurement and the measure-
ment system to adequately model the physical interaction
between the two, i.e., the light scattered from the device
under measurement. This difficulty is magnified for trans-
mission based scatterometry measurements of memory array
structures stacked with corresponding complex logic struc-
tures.

[0011] Many modern memory devices include an array of
memory structures stacked on corresponding logic struc-
tures, rather than side by side. For example, modern
VNAND memory devices include an array of memory
structures fabricated over complex logic structures, e.g.,
complementary metal oxide semiconductor (CMOS) struc-
tures, employed to control the memory device. In some
examples, this architecture is referred to as CMOS Under
Array (CUA).

[0012] Unfortunately, the scattering images of VNAND
memory structures measured using a transmission based
scatterometry tool are contaminated with scatterometry sig-
nals from the underlying CMOS structures. Regression on
the contaminated scattering images is prone to higher root
mean squared errors at the estimated values of the param-
eters characterizing the measured array of memory struc-
tures.

[0013] In the abstract, measurements of memory struc-
tures derived from scatterometry signals contaminated by
signals from underlying CMOS structures could be achieved
using a three-dimensional (3D) electromagnetic model that
captures the combined electromagnetic response of both the
memory structures and the underlying CMOS structures.
However, this approach has not proven to be feasible due to
the complexity of the internal structural elements and critical
dimensions of the underlying CMOS structures.

[0014] Rather than attempt a detailed 3D electromagnetic
model of the combined memory and underlying CMOS
structures, a more practical approach is to approximate the
underlying CMOS structures as a 3D grating that mimics the
scatterometry signals measured at the detector due to the
CMOS structures. The 3D grating structure is characterized
by far fewer critical parameters than a 3D electromagnetic
model of the CMOS structures. Thus, the required model
development effort and computational burden are tractable.

[0015] The estimated pitch lengths of the 3D grating in the
lateral directions derived from scatterometry signals pro-
jected onto the detector are an order of magnitude higher
than the pitch lengths of the memory structures. Thus, the
electromagnetic modelling of memory structures and under-
lying CMOS structures need to be decoupled in a multi-
model simulation. In this approach, the scattering signals
from the underlying CMOS structures are computed for a
larger set of diffraction orders that represent a supercell
lattice with CMOS and memory units, and then diffraction
orders are grouped into batches based on pitch mismatch
ratio between the CMOS and memory structures. Separate
electromagnetic simulations of the memory structure are
performed for each batch using the output of the CMOS
structure corresponding to each batch as input to the elec-
tromagnetic simulation of the memory structure. The order
intensities of the total set of diffraction orders are then
regrouped during the system modeling phase of the regres-
sion process to determine the final simulated scattering
image.
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[0016] Although multi-model simulation is the best-
known approach to account for signal contamination due to
underlying CMOS structures in transmission based mea-
surements of memory structures, the approach suffers from
two major disadvantages. First, the approximation of the
underlying CMOS structures as a 3D dimensional grating is
highly inaccurate. Isolated regressions on CMOS only sig-
nals using the 3D grating structure always converge to low
accurate solutions with large residual differences between
the measured and simulated image. During the regression on
the response of the total structure using the multi-model
approach, this large discrepancy translates into large errors
in the determination of the structural characteristics of the
memory structure. Second, the simulations of the memory
structure performed for multiple batches are computation-
ally burdensome. Thus, the time to solution becomes
impractical for many measurement applications.

[0017] In summary, the computational burden and devel-
opment time required to generate an accurate measurement
model for transmission based measurements of memory
structures stacked with corresponding CMOS structures is a
significant barrier to broad adoption of transmission based
scatterometry measurement techniques.

[0018] To further improve device performance, the semi-
conductor industry continues to focus on vertical integra-
tion, rather than lateral scaling. Thus, accurate measurement
of complex, fully three dimensional structures is crucial to
ensure viability and continued scaling improvements. Future
metrology applications present challenges for metrology due
to increasingly small resolution requirements, multi-param-
eter correlation, increasingly complex geometric structures
including high aspect ratio structures, and increasing use of
opaque materials. Thus, methods and systems for improved
scatterometry based measurements are desired.

SUMMARY

[0019] Methods and systems for performing measure-
ments of stacked semiconductor structures based on X-Ray
transmission scatterometry measurement data are described
herein. In some embodiments, the stacked semiconductor
memory structures include logic structures and memory
structures. In general, the disclosed measurement methods
and systems enable isolated characterization of a particular
metrology target stacked with a multi-patterned structure.
[0020] In one aspect, the scattering response of logic
structures is modelled directly in signal space by a math-
ematical expression including a relatively small number of
weighted basis functions. The scattering response of the
logic structures measured at the detector includes a rela-
tively small number of dominant features that are accurately
represented by a small number of weighted basis functions.
[0021] In a further aspect, the scattering response of the
logic structures determined by a signal space model and the
scattering response of the memory structures determined by
an electromagnetic response model are combined. The com-
bined modelled signals are compared to the measured sig-
nals at the detector to generate an error signal. The error
signal is employed to drive a regression analysis employed
to optimize parameter values characterizing the memory
structures, values of the weighting coefficients of the signal
space model, or both.

[0022] In some embodiments, the combination of the set
of signals indicative of the scattering response of the logic
structure and the set of signals indicative of the scattering
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response of the memory structure involves a summation of
each corresponding element of the sets of signals. For
example, at each pixel location, the signal indicative of the
scattering response of the logic structure and the signal
indicative of the scattering response of the memory structure
are summed. In other examples, at each diffraction order, the
diffraction order intensity indicative of the scattering
response of the logic structure and the diffraction order
intensity indicative of the scattering response of the memory
structure are summed.

[0023] Insome other embodiments, the combination of the
set of signals indicative of the scattering response of the
logic structure and the set of signals indicative of the
scattering response of the memory structure involves a
convolution of the signals indicative of the scattering
response of the logic structure and the signals indicative of
the scattering response of the memory structure. In these
embodiments, the scattering response signals are pixel inten-
sity images.

[0024] In another aspect, the scattering response of the
logic structures in the absence of the memory structures is
known at each measurement site under measurement. Under
these conditions, parameters of interest characterizing the
memory structures are estimated without a model of the
scattering response of the logic structures.

[0025] Inone example, X-ray scatterometry measurements
of the logic structures are performed at the measurement
sites under measurement before memory structures are fab-
ricated, i.e., earlier in the semiconductor manufacturing
process flow. In some examples, the known scattering
response of the logic structures is separated from the mea-
sured signals at each of the measurement sites to generate an
estimated scattering response of the memory structures at
the detector. The estimated scattering response of the
memory structures is compared to the scattering response of
the memory structures determined by an electromagnetic
response model to generate an error signal. The error signal
is employed to drive a regression analysis employed to
optimize parameter values characterizing the memory struc-
tures.

[0026] In another example, the known scattering response
of the logic structures is provided as the illumination input
to the electromagnetic response model of the memory struc-
tures. In this example, the electromagnetic response model
generates an estimated scattering response of the stacked
structure including the logic and memory structures. The
estimated scattering response of the stacked structure is
compared to the measured signals at the detector to generate
an error signal. The error signal is employed to drive a
regression analysis employed to optimize parameter values
characterizing the memory structures.

[0027] In some embodiments, the scattering response of
the logic structures in the absence of the memory structures
is unknown at any measurement site on a wafer, or set of
wafers, under measurement. In some of these embodiments,
a Fourier decomposition is employed to operate on signals
indicative of the measured scattering response of the stacked
structure. The Fourier decomposition separates the portion
of the scattering response due to the logic structures and the
scattering response due to the memory structures by spatial
frequency. In these embodiments, logic structures are char-
acterized by dominant pitch lengths that are significantly
different from the dominant pitch lengths of the memory
structures. Thus, a spatial Fourier decomposition of the
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measured response of the stacked structure separates the
contributions to the measured signals by the logic structure
and the memory structure by spatial frequency. In these
embodiments, the spatial frequencies associated with the
logic structures are selected and estimated signals indicative
of' the scattering response of the logic structure are generated
by inverse Fourier transform. The resulting estimated sig-
nals can be employed for analysis as described herein.
[0028] The foregoing is a summary and thus contains, by
necessity, simplifications, generalizations and omissions of
detail; consequently, those skilled in the art will appreciate
that the summary is illustrative only and is not limiting in
any way. Other aspects, inventive features, and advantages
of the devices and/or processes described herein will
become apparent in the non-limiting detailed description set
forth herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] FIG. 1 is a diagram illustrative of a transmission
based, X-Ray metrology system 100 configured to perform
measurements of stacked semiconductor structures based on
scatterometry measurement data in accordance with the
methods described herein.

[0030] FIG. 2 is a diagram illustrative of an embodiment
of an exemplary stacked structure measurement engine 150
configured to resolve specimen parameter values character-
izing a stacked semiconductor structure based on scatter-
ometry measurement data in accordance with the methods
described herein.

[0031] FIG. 3 is a diagram illustrative of another embodi-
ment of an exemplary stacked structure measurement engine
170 configured to resolve specimen parameter values char-
acterizing a stacked semiconductor structure based on scat-
terometry measurement data in accordance with the methods
described herein.

[0032] FIG. 4 is a diagram illustrative of another embodi-
ment of an exemplary stacked structure measurement engine
180 configured to resolve specimen parameter values char-
acterizing a stacked semiconductor structure based on scat-
terometry measurement data in accordance with the methods
described herein.

[0033] FIG. 5is asimplified diagram illustrative of a beam
of x-ray illumination light 204 incident on a stacked struc-
ture 200.

[0034] FIG. 6 is a simplified diagram illustrative of a
summation approach to the mixing of signals indicative of
the scattering response of different structural layers of a
stacked semiconductor structure 200.

[0035] FIG. 7 is a simplified diagram illustrative of a
convolution approach to the mixing of signals indicative of
the scattering response of different structural layers of a
stacked semiconductor structure 200.

[0036] FIG. 8 depicts a plot 190 indicative of the fitting
error associated with a number of different measurement
sites for three different models of logic scattering signals
captured at the detector plane.

[0037] FIG. 9 depicts a plot 210 of fitting residuals asso-
ciated with sixteen different measurements of stacked struc-
tures.

[0038] FIG. 10 depicts a plot 215 of computational time to
result associated with the sixteen different measurements of
stacked structures depicted in FIG. 9.

[0039] FIG. 11 is a plot 220 illustrative of the scattering
response of logic structures at the detector plane.
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[0040] FIG. 12 is a plot 230 illustrative of a Fourier
decomposition of the scattering response of the logic struc-
tures at the detector plane.

[0041] FIG. 13 is a plot 240 illustrative of the scattering
response of memory structures at the detector plane.
[0042] FIG. 14 is a plot 250 illustrative of a Fourier
decomposition of the scattering response of the memory
structures at the detector plane.

[0043] FIG. 15 depicts a flowchart illustrative of an exem-
plary method 300 of performing measurements of stacked
semiconductor structures based on scatterometry measure-
ment data as described herein.

DETAILED DESCRIPTION

[0044] Reference will now be made in detail to back-
ground examples and some embodiments of the invention,
examples of which are illustrated in the accompanying
drawings.

[0045] Methods and systems for performing measure-
ments of stacked semiconductor structures based on X-Ray
transmission scatterometry measurement data are described
herein. In some embodiments, the stacked semiconductor
memory structures include logic structures and memory
structures.

[0046] In one aspect, the scattering response of the logic
structures is modelled directly in signal space, e.g., modelled
image at the detector, by a mathematical expression includ-
ing a relatively small number of weighted basis functions.
The logic structures may or may not be periodic structures.
If the logic structures are periodic, they are characterized by
pitch lengths that are significantly larger than the wave-
length of the X-Ray illumination radiation employed to
perform measurements. Whether the logic structures are
periodic or not, the scattering response measured at the
detector includes a relatively small number of dominant
features that are accurately represented by a small number of
weighted basis functions. In some examples, the scattering
response of the logic structures measured at the detector is
more accurately modelled with five weighted basis functions
than an ad hoc grating model characterized by more than 20
structural parameters. In some of these examples, the match
between measured and modelled photon counts at the detec-
tor is increased by 50% using a signal space model instead
of an ad hoc grating model.

[0047] In a further aspect, the scattering response of the
logic structures determined by a signal space model and the
scattering response of the memory structures determined by
an electromagnetic response model are combined. The com-
bined modelled signals are compared to the measured sig-
nals at the detector to generate an error signal. The error
signal is employed to drive a regression analysis employed
to optimize parameter values characterizing the memory
structures, values of the weighting coefficients of the signal
space model, or both.

[0048] In another aspect, the scattering response of the
logic structures in the absence of the memory structures is
known at each measurement site under measurement. Under
these conditions, parameters of interest characterizing the
memory structures are estimated without a model of the
scattering response of the logic structures.

[0049] In one example, X-ray scatterometry measurements
of the logic structures are performed at the measurement
sites under measurement before memory structures are fab-
ricated, i.e., earlier in the semiconductor manufacturing
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process flow. In some examples, the known scattering
response of the logic structures is separated from the mea-
sured signals at each of the measurement sites to generate an
estimated scattering response of the memory structures at
the detector. The estimated scattering response of the
memory structures is compared to the scattering response of
the memory structures determined by an electromagnetic
response model to generate an error signal. The error signal
is employed to drive a regression analysis employed to
optimize parameter values characterizing the memory struc-
tures.

[0050] In another example, the known scattering response
of the logic structures is provided as the illumination input
to the electromagnetic response model of the memory struc-
tures. In this example, the electromagnetic response model
generates an estimated scattering response of the stacked
structure including the logic and memory structures. The
estimated scattering response of the stacked structure is
compared to the measured signals at the detector to generate
an error signal. The error signal is employed to drive a
regression analysis employed to optimize parameter values
characterizing the memory structures.

[0051] In general, the disclosed measurement methods and
system enable isolated characterization of a particular
metrology target stacked with a multi-patterned structure.

[0052] FIG. 1 illustrates an embodiment of a Transmis-
sion, Small-Angle X-Ray Scatterometry (T-SAXS) metrol-
ogy tool 100 for measuring characteristics of a specimen in
accordance with the exemplary methods presented herein.
As shown in FIG. 1, the system 100 may be used to perform
T-SAXS measurements over an inspection area 102 of a
specimen 101 illuminated by an illumination beam spot.

[0053] In the depicted embodiment, metrology tool 100
includes an x-ray illumination source 110 configured to
generate x-ray radiation suitable for T-SAXS measurements.
In some embodiments, the x-ray illumination source 110 is
configured to generate wavelengths between 0.01 nanome-
ters and 1 nanometer. In general, any suitable high-bright-
ness x-ray illumination source capable of generating high
brightness x-rays at flux levels sufficient to enable high-
throughput, inline metrology may be contemplated to supply
x-ray illumination for T-SAXS measurements. In some
embodiments, an x-ray source includes a tunable monochro-
mator that enables the x-ray source to deliver x-ray radiation
at different, selectable wavelengths. As depicted in FIG. 1,
computing system 130 is configured to control the x-ray
illumination generated by x-ray illumination source 110 via
control signals 137.

[0054] In some embodiments, one or more X-ray sources
emitting radiation with photon energy greater than 15 keV
are employed to ensure that the x-ray source supplies light
at wavelengths that allow sufficient transmission through the
entire device as well as the wafer substrate. By way of
non-limiting example, any of a particle accelerator source, a
liquid anode source, a rotating anode source, a stationary,
solid anode source, a microfocus source, a microfocus
rotating anode source, a plasma based source, and an inverse
Compton source may be employed as x-ray illumination
source 110. In one example, an inverse Compton source
available from Lyncean Technologies, Inc., Palo Alto, Cali-
fornia (USA) may be contemplated. Inverse Compton
sources have an additional advantage of being able to
produce x-rays over a range of photon energies, thereby
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enabling the x-ray source to deliver x-ray radiation at
different, selectable wavelengths.

[0055] Exemplary x-ray sources include electron beam
sources configured to bombard solid or liquid targets to
stimulate x-ray radiation. Methods and systems for gener-
ating high brightness, liquid metal x-ray illumination are
described in U.S. Pat. No. 7,929,667, issued on Apr. 19,
2011, to KLLA-Tencor Corp., the entirety of which is incor-
porated herein by reference.

[0056] X-ray illumination source 110 produces x-ray
emission over a source area having finite lateral dimensions
(i.e., non-zero dimensions orthogonal to the beam axis.
Focusing optics 111 focuses source radiation onto a metrol-
ogy target located on specimen 101. The finite lateral source
dimension results in finite spot size 102 on the target defined
by the rays 117 coming from the edges of the source. In
some embodiments, focusing optics 111 includes elliptically
shaped focusing optical elements.

[0057] A beam divergence control slit 112 is located in the
beam path between focusing optics 111 and beam shaping
slit mechanism 120. Beam divergence control slit 112 limits
the divergence of the illumination provided to the specimen
under measurement. An additional intermediate slit 113 is
located in the beam path between beam divergence control
slit 112 and beam shaping slit mechanism 120. Intermediate
slit 113 provides additional beam shaping. In general, how-
ever, intermediate slit 113 is optional.

[0058] Beam shaping slit mechanism 120 is located in the
beam path immediately before specimen 101. In one aspect,
the slits of beam shaping slit mechanism 120 are located in
close proximity to specimen 101 to minimize the enlarge-
ment of the incident beam spot size due to beam divergence
defined by finite source size. In one example, expansion of
the beam spot size due to shadow created by finite source
size is approximately one micrometer for a 10 micrometer
x-ray source size and a distance of 25 millimeters between
the beam shaping slits and specimen 101. As depicted in
FIG. 1, computing system 130 is configured to control the
size and shape of illumination beam 116 generated by beam
shaping slit mechanism 120 via control signals 136.
[0059] In some embodiments, beam shaping slit mecha-
nism 120 includes multiple, independently actuated beam
shaping slits (i.e., blades). In one embodiment, beam shap-
ing slit mechanism 120 includes four independently actuated
beam shaping slits. These four beams shaping slits effec-
tively block a portion of incoming beam 115 and generate an
illumination beam 116 having a box shaped illumination
cross-section.

[0060] In the embodiment depicted in FIG. 1, focusing
optics 111, slits 112 and 113, and beam shaping slit mecha-
nism 120 are maintained in a controlled environment (e.g.,
vacuum) within a flight tube 118.

[0061] In general, x-ray optics shape and direct x-ray
radiation to specimen 101. In some examples, the x-ray
optics include an x-ray monochromator to monochromatize
the x-ray beam that is incident on the specimen 101. In some
examples, the x-ray optics collimate or focus the x-ray beam
onto measurement area 102 of specimen 101 to less than 1
milliradian divergence using multilayer x-ray optics. In
these examples, the multilayer x-ray optics function as a
beam monochromator, also. In some embodiments, the x-ray
optics include one or more x-ray collimating mirrors, x-ray
apertures, X-ray beam stops, refractive x-ray optics, diffrac-
tive optics such as zone plates, Montel optics, specular x-ray
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optics such as grazing incidence ellipsoidal mirrors, poly-
capillary optics such as hollow capillary x-ray waveguides,
multilayer optics or systems, or any combination thereof.
Further details are described in U.S. Patent Publication No.
2015/0110249, the content of which is incorporated herein
by reference it its entirety.

[0062] X-ray detector 119 collects x-ray radiation 114
scattered from specimen 101 and generates an output signals
135 indicative of properties of specimen 101 that are sen-
sitive to the incident x-ray radiation in accordance with a
T-SAXS measurement modality. In some embodiments,
scattered x-rays 114 are collected by x-ray detector 119
while specimen positioning system 140 locates and orients
specimen 101 to produce angularly resolved scattered
X-rays.

[0063] In some embodiments, a T-SAXS system includes
one or more photon counting detectors with high dynamic
range (e.g., greater than 105). In some embodiments, a
single photon counting detector detects the position and
number of detected photons.

[0064] In some embodiments, the x-ray detector resolves
one or more x-ray photon energies and produces signals for
each x-ray energy component indicative of properties of the
specimen. In some embodiments, the x-ray detector 119
includes any of a CCD array, a microchannel plate, a
photodiode array, a microstrip proportional counter, a gas
filled proportional counter, a scintillator, or a fluorescent
material.

[0065] Inthis manner the X-ray photon interactions within
the detector are discriminated by energy in addition to pixel
location and number of counts. In some embodiments, the
X-ray photon interactions are discriminated by comparing
the energy of the X-ray photon interaction with a predeter-
mined upper threshold value and a predetermined lower
threshold value. In one embodiment, this information is
communicated to computing system 130 via output signals
135 for further processing and storage.

[0066] In a further aspect, a transmission based, X-Ray
scatterometry system, e.g., TSAXS measurement system
100, is employed to determine properties of a stacked
structure (e.g., structural parameter values) based on one or
more diffraction orders of scattered light. In the embodiment
depicted in FIG. 1, computing system 130 is configured as
a stacked structure measurement engine configured to imple-
ment stacked structure measurement functionality as
described herein.

[0067] As depicted in FIG. 1, metrology tool 100 includes
a computing system 130 employed to acquire signals 135
generated by detector 119 and determine properties of the
stacked structure based at least in part on the acquired
signals in accordance with transmission based, scatterom-
etry measurement techniques described herein. The trans-
mission based measurements described herein are based on
penetration of the incident X-Ray illumination radiation
through the semiconductor wafer under measurements. As
depicted in FIG. 1, the beam of x-ray illumination light 116
is incident on one side of a semiconductor wafer 101 and the
light 114 scattered from the measured structures is collected
from the opposite side of the semiconductor wafer 101.
[0068] In some embodiments, a transmission based,
X-Ray measurement system is configured to estimate a
value of a parameter of interest characterizing a memory
structure of a stacked structure including both the memory
structure and a corresponding logic structure. The determi-
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nation of the value of the parameter of interest is based on
a set of signals indicative of a scattering response of the
logic structure without the memory structure and the
detected image of light scattered from the stacked structure.
The estimating of the value of the parameter of interest
involves an electromagnetic response model of the memory
structure configured to generate the set of signals indicative
of the scattering response of the memory structure.

[0069] In one aspect, x-ray illumination source 110 is
configured to generate a beam of x-ray illumination light 116
incident on a stacked structure under measurement. FIG. 5
is a simplified diagram illustrative of a stacked structure 200
in one embodiment. As depicted in FIG. 5, stacked structure
200 includes an array of memory structures 201 stacked with
corresponding logic structures 203. In the embodiment
depicted in FIG. 5, the memory structures 201 are separated
from logic structures 203 by an unpatterned, intermediate
layer 202. However, in general, intermediate layer 202 is
optional. In some embodiments, memory structures 201
include an array of NAND memory array structures and
logic structures 203 are CMOS logic structures. As depicted
in FIG. 5, X-Ray illumination beam 204 is incident on logic
structures 203, which causes scattering of X-Ray illumina-
tion light 205 through intermediate layer 202. The scattered
illumination light 205 is, in turn, incident on memory
structure 201 at different locations. The incident scattered
illumination light 205 causes scattering 206A-C, from each
of the different locations, respectively. The scattered light
206A-C is collected and detected at an imaging detector of
a transmission based, X-Ray scatterometry measurement
system, e.g., detector 119 of TSAXS measurement system
100 depicted in FIG. 1. Each detected image includes a large
number of diffraction orders of scattered light. For example,
the number of diffraction orders detected from stacked
structure 200 may be approximated as the number of dif-
fraction orders scattered from the memory structures 201
multiplied by the number of diffraction orders scattered from
the logic structures 203 at each scattering location.

[0070] As depicted in FIG. 5, the beam of x-ray illumi-
nation light 204 is incident on the logic structures 203 and
scatters from the logic structures 203 onto the memory
structures 201. However, in general, the measurement may
be configured such that the beam of x-ray illumination light
204 is incident on the memory structures 201 and scatters
from the memory structures 201 onto the logic structures
203. Similarly, in some embodiments, stacked structure 200
is fabricated on a semiconductor substrate such that logic
structures 203 are fabricated before memory array structures
201, i.e., logic structures 203 are fabricated at lower layers
than memory structures 201. However, in some other
embodiments, stacked structure 200 is fabricated on a semi-
conductor substrate such that logic structures 203 are fab-
ricated after memory array structures 201, i.e., memory
structures 201 are fabricated at lower layers than logic
structures 203.

[0071] In general, the scattering response signals or scat-
tering response images described herein refer to pixel inten-
sity values at the detector plane or diffraction order intensity
values. Diffraction order intensity values are not directly
measured by a transmission based, X-ray scatterometry
system, but are derived from measured pixel intensities at
the detector plane. However, synthetically generated diffrac-
tion order intensities may be computed directly. In some
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embodiments, it is desirable to compute and mathematically
operate on diffraction order intensities to reduce computa-
tional effort.

[0072] FIG. 2 is a diagram illustrative of a stacked struc-
ture measurement engine 150 implemented by computing
system 130 in one embodiment. As depicted in FIG. 2,
stacked structure measurement engine 150 includes logic
signal module 151, signal mixer module 152, electromag-
netic based memory measurement module 153, and error
evaluation module 154.

[0073] As depicted in FIG. 2, logic signal module 151
receives a set of signals, “?¢’“S 155 indicative of the
scattering response of a logic structure without a memory
structure at a number of measurement sites on one or more
wafers. In some embodiments, “?“*“S 155 are scattering
response images generated by actual measurements per-
formed by a transmission based X-Ray scatterometry system
before the memory structures are fabricated. In some of
these embodiments, ““/“S 155 includes a library of scat-
tering response images collected from many samples before
the memory structures are fabricated. In some other embodi-
ments, ““7“S 155 are synthetic scattering response images
generated by simulation of the scattering response of the
logic structure over a range of values of process variables.
In some of these embodiments, “°“/“S 155 includes a
library of scattering response images computed by simula-
tion. The synthetically generated scattering response images
are generated based on the simulation of measurements
performed before the memory structures are fabricated. In
general, a library of measurements may be assembled from
actual measurements by a transmission based X-ray scatter-
ometry system, synthetically generated measurements, or
both.

[0074] In one aspect, logic signal module 151 generates a
mathematical model of the received set of signals, “““S
155. In some examples, the mathematical model is generated
by determining a set of one or more basis functions and
values of corresponding weighting coefficients that best fit
the received set of signals 155. Exemplary mathematical
analysis techniques include principal component analysis,
Fourier based analyses, such as discrete cosine transform
analysis, etc. The mathematical model of the signals indica-
tive of the scattering response of the logic structure directly
models the scattering response signals without explicit mod-
eling of the geometry of the logic structure and its electro-
magnetic response to the illumination light.

[0075] In one example, the received signals, “°“7“S 155
are expanded into a set of common basis functions defined
by a singular value decomposition of the received signals.
The modelled signal at each image location is computed as
a linear combination of the basis functions as illustrated by
Equation (1),

rocic smop _ NV - (69)
S - Zi:lC'S'

where “99"€SMOP is the modelled logic signal, S,, are the

basis functions, e.g., principal components, computed using
the received set of signals, “““’“S 155, N is the number of
basis functions, and C,, are the weighting coefficient values
corresponding to the basis functions.

[0076] The signal space model described by Equation (1)
is generated by relatively simple matrix calculations that are
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performed with significantly less computational effort than a
full electromagnetic simulation of an ad hoc grating struc-
ture, e.g., two orders of magnitude less computational effort.
In addition, the resulting signal space model more accurately
represents the logic scattering signals captured at the detec-
tor plane compared to an ad hoc grating representation.
[0077] FIG. 8 depicts a plot 190 indicative of the fitting
error associated with a number of different measurement
sites for three different models of logic scattering signals
captured at the detector plane. Plotlines 191 and 192 are the
fitting errors associated with two different ad hoc grating
models employed to model the scattering response of logic
structures. Plotline 193 is the fitting error associated with a
principal components based model of the scattering response
of the logic structures in signal space, i.e., at the detector
plane. As illustrated by FIG. 8, the principal components
based model more accurately represents the modelled detec-
tor images with significantly reduced computational effort,
e.g., one to two orders of magnitude reduction in computa-
tional effort.

[0078] In another aspect, logic signal module 151 gener-
ates a set of signals, Z9“7“SM°P 156, indicative of the
modelled scattering response of the logic structure without
the memory structure at the detector for a particular mea-
surement site based on the mathematical model of the
received set of signals Z?“/“S 155. As described hereinbe-
fore, the values of Z9“7“S™°P 156 depend on the values of
the weighting coeficients, C, employed. The set of signals,
LOGICGMOD 156 is communicated to signal mixer module
152.
[0079]
surement module 153 generates a set of signals,
157, indicative of the modelled scattering response of the
memory structure without the logic structure at the detector
for the same measurement site. The electro-magnetic-based
memory measurement module 153 employs an electromag-
netic response simulator to predict the scattering response of
the memory structure based on values of one or more
parameters of interest characterizing the memory structure
under measurement. The electromagnetic response simula-
tor may be an analytical model or library-based simulator. In
some embodiments, the electromagnetic response simulator
is a trained, machine-learning based model of the electro-
magnetic response of the memory structure. As depicted in
FIG. 2, the set of signals, ®*SM™°P 157, is communicated
to signal mixer module 152.

[0080] In a further aspect, the set of signals indicative of
the scattering response of the logic structure and the set of
signals indicative of the scattering response of the memory
structure are combined by signal mixer module 152 to
generate a set of signals indicative of the scattering response
of the stacked structure including the logic and memory
structures. In a full electromagnetic simulation of the scat-
tering response of a stacked structure, an electromagnetic
solver couples the scattering effects from the logic and
memory structures. However, as described hereinbefore, this
approach is computationally infeasible. Signal mixer mod-
ule 152 combines the set of signals indicative of the scat-
tering response of the logic structure and the set of signals
indicative of the scattering response of the memory structure
without additional electromagnetic simulations.

[0081] In some embodiments, the combination of the set
of signals indicative of the scattering response of the logic
structure and the set of signals indicative of the scattering

In addition, electromagnetic-based memory mea-
MEMsMOD
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response of the memory structure involves a summation of
each corresponding element of the sets of signals. For
example, at each pixel location, the signal indicative of the
scattering response of the logic structure and the signal
indicative of the scattering response of the memory structure
are summed. In other examples, at each diffraction order, the
diffraction order intensity indicative of the scattering
response of the logic structure and the diffraction order
intensity indicative of the scattering response of the memory
structure are summed. In many examples, the coupling
between the logic and memory scattering signals is rela-
tively weak due significant differences between the pitch
lengths of the logic and memory structures. In these
examples, combining the scattering signals by summation of
pixel intensity values at each pixel, or diffraction order
intensity at each diffraction order, results in relatively small
errors. In some examples, the fitting residuals of an image of
summed pixel intensity values compared to a simulated
image of a measurement of a stacked structure are within a
6% noise floor.

[0082] FIG. 6 is a diagram of stacked structure 200
illustrative of the summation approach to signal mixing. As
depicted in FIG. 7, X-Ray illumination beam 204 is incident
on logic structures 203, which causes scattering of X-Ray
illumination light 207. In addition, X-Ray illumination beam
204 is incident on memory structures 201, which also
induces a scattering response. Scattered X-Ray illumination
light 207 is effectively added to the scattering response of
the memory structures 201 at the location of incidence of
X-Ray illumination beam 204 on memory structures 201 to
estimate the scattering response 208 of the stacked structure
200.

[0083] Insome other embodiments, the combination of the
set of signals indicative of the scattering response of the
logic structure and the set of signals indicative of the
scattering response of the memory structure involves a
convolution of the signals indicative of the scattering
response of the logic structure and the signals indicative of
the scattering response of the memory structure. In these
embodiments, the scattering response signals are pixel inten-
sity images.

[0084] FIG. 7 is a diagram of stacked structure 200
illustrative of the convolution approach to signal mixing. As
depicted in FIG. 7, X-Ray illumination beam 204 is incident
on logic structures 203, which causes scattering of X-Ray
illumination light 207. In addition, X-Ray illumination beam
204 is incident on memory structures 201, which also
induces a scattering response. Scattered X-Ray illumination
light 207 is convolved with the scattering response of the
memory structures 201 at the detector plane to estimate the
scattering response 209A-C of the stacked structure 200. In
other examples, the X-Ray illumination beam is first inci-
dent on memory structures, which causes scattering of
X-Ray illumination light. In addition, the X-Ray illumina-
tion beam is subsequently incident on logic structures,
which also induces a scattering response. In these examples,
the X-Ray illumination light scattered from the memory
structures is convolved with the scattering response of the
logic structures at the detector plane to estimate the scatter-
ing response of a stacked structure.

[0085] As depicted in FIG. 2, signal mixer module 152
generates signals indicative of a modelled scattering
response of a stacked structure, XS 158, based on the
signals, Z97“SMOP 156, indicative of the modelled scatter-
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ing response of the logic structure, and the signals, *Z*S-

MOD 157, indicative of the modelled scattering response of
the memory structure. Stacked structure measurement
engine 150 determines a difference between the modelled
scattering response of a stacked structure, 7*$*°" 158, and
signals indicative of the measured scattering response of the
stacked structure, *"*SM#45 135, The difference is a set of
signals, *"*S*R® 159, indicative of the error between
STKsMEAS 135 and STKsMOD 158

[0086] Error evaluation module 154 generates updates
values of the parameters of interest, POI* 160, values of
weighting coefficients, C* 167, or both, based on the error
signals S7XS¥RR 159 as part of a regression analysis that
minimizes the difference between the measured and mod-
elled scattering response of the stacked structure at the
detector. The updated values of POI* 160 are communicated
to EM-based memory measurement module 153 to update
the modelled scattering response of the memory structure in
a subsequent iteration of the regression. Similarly, updated
values of C* 167, are communicated to logic signal module
151 to update the modelled scattering response of the logic
structure in the subsequent iteration of the regression. The
regression analysis iterates until the error signals, S7XSZRR
159, fall within acceptable limits, or the number of iterations
reaches a limit. The resulting values of the parameters of
interest 161 characterizing the memory structure are com-
municated to memory 138.

[0087] In general, modelling of the scattering response of
the logic structures in signal space, e.g., pixel intensities,
spectral intensities, etc., reduces the dimension of the opti-
mization problem compared to modelling of the electromag-
netic response of ad hoc grating geometry. Thus, the mag-
nitudes of dominant features of the modelled response are
optimized during regression, rather than optimizing the
values of structural parameters.

[0088] In some examples, the regression analysis per-
formed by stacked structure measurement engine 150
includes both the parameters of interest characterizing the
memory structure and the weighting coefficients of the logic
signal model as regression parameters. However, in some
other examples, only the parameters of interest characteriz-
ing the memory structure are treated as regression param-
eters, and the weighting coefficients of the logic signal
model are treated as constant values.

[0089] FIG. 9 depicts a plot 210 of fitting residuals asso-
ciated with sixteen different measurements of stacked struc-
tures. Plotline 211 indicates the fitting residuals associated
with measurements performed using stacked structure mea-
surement engine 180. In this example, a principal compo-
nent analysis was employed to characterize the scattering
response of the logic structures at the detector and convo-
Iution was employed to combine the modelled signals asso-
ciated with the logic and memory structures. Plotline 212
indicates the fitting residuals associated with measurements
performed using an ad hoc grating model of the logic
structures and a multi-model simulation approach. As
depicted in FIG. 9, the fitting residuals associated with
measurements performed using stacked structure measure-
ment engine 180 are smaller across most measurement
samples.

[0090] FIG. 10 depicts a plot 215 of computational time to
result associated with the sixteen different measurements of
stacked structures depicted in FIG. 9. Plotline 216 indicates
the compute time associated with measurements performed
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using stacked structure measurement engine 180. Plotline
217 indicates the compute time associated with measure-
ments performed using the ad hoc grating model of the logic
structures and the multi-model simulation approach. As
depicted in FIG. 10, the compute time associated with
measurements performed using stacked structure measure-
ment engine 180 are significantly smaller across almost all
measurement samples.

[0091] In some embodiments, the scattering response of
the logic structures in the absence of the memory structures
is known at each measurement site under measurement. In
some of these embodiments, parameters of interest charac-
terizing the memory structures are estimated based on
measurements of the stacked structure without a model of
the scattering response of the logic structures.

[0092] In some examples, the set of signals indicative of
the scattering response of the logic structure at each mea-
surement site is measured before the memory structure is
fabricated and before measurement of the stacked structure.
In some examples, the set of signals indicative of the
scattering response of the logic structure at each measure-
ment site is derived from a library of samples measured
before the memory structure is fabricated and before mea-
surement of the stacked structure. In some of these
examples, some or all of the measurement samples com-
prising the library are synthetically generated, i.e., generated
by simulation.

[0093] FIG. 3 is a diagram illustrative of a stacked struc-
ture measurement engine 170 implemented by computing
system 130 in another embodiment. As depicted in FIG. 3,
stacked structure measurement engine 170 includes signal
separation module 171, electromagnetic based memory
measurement module 172, and error evaluation module 173.
[0094] As depicted in FIG. 3, signals indicative of the
known scattering response of the logic structure, Z9%7“S
174, at the measurement sites and the measured scattering
response of the stacked structure, “7%S™E4S 135 are
received by signal separation module 171. Signal separation
module 171 separates the known scattering response of the
logic structures from the measured signals at each of the
measurement sites to generate an estimated scattering
response of the memory structures without the logic struc-
ture at the detector.

[0095] In some examples, the separation is determined as
the difference between each corresponding element of the
set of signals indicative of the scattering response of the
logic structure without the memory structure and the
detected signals indicative of the light scattered from the
stacked structure. For example, at each pixel location, the
difference between the detected signal indicative of the
scattering response of the stacked structure and the signal
indicative of the known scattering response of the logic
structure is determined.

[0096] In some other examples, the separation is deter-
mined as a deconvolution of the set of signals indicative of
the scattering response of the logic structure without the
memory structure and the detected image of light scattered
from the stacked structure.

[0097] As depicted in FIG. 3, stacked structure measure-
ment engine 170 determines error signals, *ZMSERR 177
based on a difference between the signals, ***S=57 175,
indicative of the estimated scattering response of the
memory structures without the logic structure at the detector
and the set of signals, *S™°P 176, indicative of the
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modelled scattering response of the memory structure. The
electro-magnetic-based memory measurement module 172
employs an electromagnetic response simulator to predict
the scattering response of the memory structure based on
values of one or more parameters of interest characterizing
the memory structure under measurement. The electromag-
netic response simulator may be an analytical model or
library-based simulator. In some embodiments, the electro-
magnetic response simulator is a trained, machine-learning
based model of the electromagnetic response of the memory
structure.

[0098] Error evaluation module 173 generates updated
values of the parameters of interest, POI* 178, based on the
error signals “#MSERR 177 as part of a regression analysis
that minimizes the difference between the measured and
modelled scattering response of the memory structure at the
detector. The updated values of POI* 178 are communicated
to EM-based memory measurement module 172 to update
the modelled scattering response of the memory structure in
a subsequent iteration of the regression. The regression
analysis iterates until the error signals, ZMSEXR 177, fall
within acceptable limits, or the number of iterations reaches
a limit. The resulting values of the parameters of interest 179
characterizing the memory structure are communicated to
memory 138.

[0099] In another example, the known scattering response
of the logic structures at the measurement sites is provided
as the illumination input to the electromagnetic response
model of the memory structures.

[0100] FIG. 4 is a diagram illustrative of a stacked struc-
ture measurement engine 180 implemented by computing
system 130 in another embodiment. As depicted in FIG. 4,
stacked structure measurement engine 180 includes electro-
magnetic based memory measurement module 181 and error
evaluation module 182.

[0101] As depicted in FIG. 4, signals indicative of the
known scattering response of the logic structure, Z9“7€S
183, at the measurement sites are received by EM-based
memory measurement module 181. The EM-based memory
measurement module 181 employs an electromagnetic
response simulator to predict the scattering response of the
memory structure based on values of one or more param-
eters of interest characterizing the memory structure under
measurement. The electromagnetic response simulator may
be an analytical model or library-based simulator. In some
embodiments, the electromagnetic response simulator is a
trained, machine-learning based model of the electromag-
netic response of the memory structure.

[0102] EM-based memory measurement module 181
employs the electromagnetic response model to generate an
estimated scattering response of the stacked structure includ-
ing the logic and memory structures by treating the known
scattering response of the logic structure, Z2“’“S 183, at
each measurement site as an input to the EM simulation of
the memory structure, i.e., the known scattering response of
the logic structure is treated as the illumination beam
incident on the memory structure. In this manner, the EM
simulation of the memory structure approximates the scat-
tering response of the stacked structure. EM-based memory
measurement module 181 generates signals, S7<S™° 184,
indicative of the scattering response of the stacked structure.
Signals, *7*§*%4% 135 indicative of the measured scattering
response of the stacked structure are received by stacked
structure measurement engine 180.
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[0103]
ment engine 180 determines error signals,
based on a difference between the signals,
indicative of the modelled scattering response of the stacked
structure at the detector and the set of signals, S7*S*545 135,
indicative of the measured scattering response of the stacked
structure.

[0104] Error evaluation module 182 generates updated
values of the parameters of interest, POI* 186, based on the
error signals *“*SFXR 185 as part of a regression analysis that
minimizes the difference between the measured and mod-
elled scattering response of the stacked structure at the
detector. The updated values of POI* 186 are communicated
to EM-based memory measurement module 181 to update
the modelled scattering response of the stacked structure in
a subsequent iteration of the regression. The regression
analysis iterates until the error signals, *"*S¥*® 185, fall
within acceptable limits, or the number of iterations reaches
a limit. The resulting values of the parameters of interest 187
characterizing the memory structure are communicated to
memory 138.

[0105] In some embodiments, the scattering response of
the logic structures in the absence of the memory structures
is unknown at any measurement site on a wafer, or set of
wafers, under measurement. In some of these embodiments,
a Fourier decomposition is employed to operate on signals,
STEGMEAS 135 indicative of the measured scattering
response of the stacked structure. The Fourier decomposi-
tion separates the portion of the scattering response due to
the logic structures and the scattering response due to the
memory structures by spatial frequency. In these embodi-
ments, logic structures are characterized by dominant pitch
lengths that are significantly different from the dominant
pitch lengths of the memory structures. Thus, a spatial
Fourier decomposition of the measured response of the
stacked structure separates the contributions to the measured
signals by the logic structure and the memory structure by
spatial frequency. In these embodiments, the spatial frequen-
cies associated with the logic structures are selected and
estimated signals indicative of the scattering response of the
logic structure are generated by inverse Fourier transform.
The resulting estimated signals can be employed for analysis
by stacked structure measurement engines 150, 170, and
180, as described hereinbefore.

[0106] FIG. 11 is a plot 220 illustrative of the scattering
response of logic structures at the detector plane.

[0107] FIG. 12 is a plot 230 illustrative of a Fourier
decomposition of the scattering response of the logic struc-
tures at the detector plane.

[0108] FIG. 13 is a plot 240 illustrative of the scattering
response of memory structures at the detector plane.
[0109] FIG. 14 is a plot 250 illustrative of a Fourier
decomposition of the scattering response of the memory
structures at the detector plane.

[0110] As depicted in FIGS. 12 and 14, the spatial fre-
quency characteristics of the scattering from the logic struc-
tures and the memory structures are substantially different,
thus enabling separation in the frequency domain.

[0111] Measurements of stacked semiconductor structures
as described herein may be employed as part of a semicon-
ductor fabrication process in a number of different ways. In
some embodiments, stacked structure measurement results
are employed directly to control a fabrication process. In
some examples, measured values of one or more parameters

As depicted in FIG. 4, stacked structure measure-
STKsERR 185

STKSMOD 184,
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of interest, e.g., critical dimensions, are directly employed to
control one or more process parameters, e.g., focus, dosage,
etch time, etc.

[0112] In some embodiments, the structures under mea-
surement include some amount of periodicity to scatter light
in discernable discrete diffraction orders. Diffraction from
structures exhibiting periodicity in two dimensions appears
as discrete points on the image plane of the detector.
Diffraction from structures exhibiting periodicity in one
dimension appears as discrete points on a line in the image
plane of the detector.

[0113] In some embodiments, the structures under mea-
surement are quasi-periodic in one or both in-plane dimen-
sions. In these embodiments, the diffraction images exhibit
continuous lines of diffracted light.

[0114] In general, scatterometry based measurements as
described herein may be employed to measure any semi-
conductor structure that exhibits periodicity or quasi-peri-
odicity in one or both in-plane dimensions, e.g., the x-di-
rection, the y-direction, or both.

[0115] Scatterometry based measurements, as described
herein, may be performed using narrowband illumination
light centered about any suitable illumination wavelength,
e.g., narrowband illumination light centered about any
wavelength suitable to transmit through the wafer and
generate scattering from stacked structures. Although, in
many measurement applications, the wavelength of illumi-
nation light is in the X-Ray range, in general, depending on
the size of structures under measurement, the wavelength of
illumination light may be in the optical range, including
ultraviolet, visible, and infrared ranges. In preferred embodi-
ments, the illumination light is narrow band with low beam
divergence to reduce smearing of diffraction orders at the
detector due to varying illumination wavelengths. Order
separation on an X-Ray detector, specifically, is a function of
wavelength, target periodicity, incidence angle, divergence
angle of the uncollimated illumination light, detector reso-
Iution and distance from the target, etc. Nevertheless, in one
dimension it is fundamentally governed by the diffraction
equation, d*sin (AB)=h, where d is the periodicity of the
structure, A is the illuminating wavelength and A is the
angular spacing between orders. From this equation or the
two dimensional equivalent, a practitioner skilled in the art
may quickly determine the bandwidth and beam divergence
required to resolve the individual orders on a detector.
[0116] In general, scatterometry based measurements of
stacked structures may be implemented by a wide variety of
scatterometry based measurement systems employing nar-
row band illumination, including, but not limited to, X-Ray
scatterometry based systems, including Small Angle X-Ray
Scatterometry (SAXS) systems, etc.

[0117] Although useful measurements may be performed
at two different incidence angles, in general, measurement
sensitivity is improved by collecting measurement data over
a large, diverse data set. This is achieved by collecting
measurement data over a longer period of time, over a larger
range of different illumination incidence angles, over a
smaller spacing between different illumination incidence
angles, or any combination thereof.

[0118] It should be recognized that the various steps
described throughout the present disclosure may be carried
out by a single computer system 130 or, alternatively, a
multiple computer system 130. Moreover, different subsys-
tems of the system 100, such as the specimen positioning
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system 140, may include a computer system suitable for
carrying out at least a portion of the steps described herein.
Therefore, the aforementioned description should not be
interpreted as a limitation on the present invention but
merely an illustration. Further, the one or more computing
systems 130 may be configured to perform any other step (s)
of any of the method embodiments described herein.
[0119] In addition, the computer system 130 may be
communicatively coupled to the x-ray illumination source
110, beam shaping slit mechanism 120, specimen position-
ing system 140, and detector 119 in any manner known in
the art. For example, the one or more computing systems
130 may be coupled to computing systems associated with
the x-ray illumination source 110, beam shaping slit mecha-
nism 120, specimen positioning system 140, and detector
119, respectively. In another example, any of the x-ray
illumination source 110, beam shaping slit mechanism 120,
specimen positioning system 140, and detector 119 may be
controlled directly by a single computer system coupled to
computer system 130.

[0120] The computer system 130 may be configured to
receive and/or acquire data or information from the subsys-
tems of the system (e.g., x-ray illumination source 110,
beam shaping slit mechanism 120, specimen positioning
system 140, detector 119, and the like) by a transmission
medium that may include wireline and/or wireless portions.
In this manner, the transmission medium may serve as a data
link between the computer system 130 and other subsystems
of the system 100.

[0121] Computer system 130 of the metrology system 100
may be configured to receive and/or acquire data or infor-
mation (e.g., measurement results, modeling inputs, model-
ing results, etc.) from other systems by a transmission
medium that may include wireline and/or wireless portions.
In this manner, the transmission medium may serve as a data
link between the computer system 130 and other systems
(e.g., memory on-board metrology system 100, external
memory, or external systems). For example, the computing
system 130 may be configured to receive measurement data
(e.g., signals 135) from a storage medium (i.e., memory 132
or 138) via a data link. For instance, image results obtained
using detector 119 may be stored in a permanent or semi-
permanent memory device (e.g., memory 132 or 138). In
this regard, the measurement results may be imported from
on-board memory or from an external memory system.
Moreover, the computer system 130 may send data to other
systems via a transmission medium. For instance, specimen
parameter values 161, 179, and 187, determined by com-
puter system 130 may be stored in a permanent or semi-
permanent memory device (e.g., memory 138). In this
regard, measurement results may be exported to another
system.

[0122] Computing system 130 may include, but is not
limited to, a personal computer system, mainframe computer
system, cloud-based computing system, workstation, image
computer, parallel processor, or any other device known in
the art. In general, the term “computing system” may be
broadly defined to encompass any device having one or
more processors, which execute instructions from a memory
medium.

[0123] Program instructions 134 implementing methods
such as those described herein may be transmitted over a
transmission medium such as a wire, cable, or wireless
transmission link. For example, as illustrated in FIG. 1,
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program instructions stored in memory 132 are transmitted
to processor 131 over bus 133. Program instructions 134 are
stored in a computer readable medium (e.g., memory 132).
Exemplary computer-readable media include read-only
memory, a random access memory, a magnetic or optical
disk, or a magnetic tape.

[0124] FIG. 15 illustrates a method 300 suitable for imple-
mentation by the metrology system 100 of the present
invention. In one aspect, it is recognized that data processing
blocks of method 300 may be carried out via a pre-pro-
grammed algorithm executed by one or more processors of
computing system 130. While the following description is
presented in the context of metrology system 100, it is
recognized herein that the particular structural aspects of
metrology system 100 do not represent limitations and
should be interpreted as illustrative only.

[0125] In block 301, a beam of x-ray illumination light
incident on a stacked structure under measurement is gen-
erated. The stacked structure includes a memory structure
stacked with a logic structure at each of a plurality of
measurement sites on a semiconductor wafer.

[0126] In block 302, an image of light scattered from the
stacked structure under measurement is detected in response
to the incident illumination beam at each of the plurality of
measurement sites. Each detected image includes a plurality
of diffraction orders of scattered light. The beam of x-ray
illumination light is incident on a first side of the semicon-
ductor wafer and the light scattered from the stacked struc-
ture is collected from a second side of the semiconductor
wafer. The first side is opposite the second side.

[0127] In block 303, a value of a parameter of interest
characterizing the memory structure is estimated based on a
set of signals indicative of a scattering response of the logic
structure without the memory structure and the detected
image of light scattered from the stacked structure. The
estimating of the value of the parameter of interest involves
an electromagnetic response model of the memory structure
configured to generate the set of signals indicative of the
scattering response of the memory structure.

[0128] In some embodiments, scatterometry measure-
ments as described herein are implemented as part of a
fabrication process tool. Examples of fabrication process
tools include, but are not limited to, lithographic exposure
tools, film deposition tools, implant tools, and etch tools. In
this manner, the results of a T-SAXS analysis are used to
control a fabrication process. In one example, T-SAXS
measurement data collected from one or more targets is sent
to a fabrication process tool. The T-SAXS measurement data
is analyzed as described herein and the results used to adjust
the operation of the fabrication process tool.

[0129] Scatterometry measurements as described herein
may be used to determine characteristics of a variety of
semiconductor structures. Exemplary structures include, but
are not limited to, FinFETs, low-dimensional structures such
as nanowires or graphene, sub 10 nm structures, lithographic
structures, through substrate vias (TSVs), memory struc-
tures such as DRAM, DRAM 4F2, FLASH, MRAM and
high aspect ratio memory structures. Exemplary structural
characteristics include, but are not limited to, geometric
parameters such as line edge roughness, line width rough-
ness, pore size, pore density, side wall angle, profile, critical
dimension, pitch, thickness, overlay, and material param-
eters such as electron density, composition, grain structure,
morphology, stress, strain, and elemental identification. In

Sep. 12, 2024

some embodiments, the metrology target is a periodic struc-
ture. In some other embodiments, the metrology target is
aperiodic.

[0130] Insome examples, measurements of critical dimen-
sions, thicknesses, overlay, and material properties of
stacked ratio semiconductor structures including, but not
limited to, spin transfer torque random access memory
(STT-RAM), three dimensional NAND memory (3D-
NAND) or vertical NAND memory (V-NAND), dynamic
random access memory (DRAM), three dimensional
FLASH memory (3D-FLASH), resistive random access
memory (Re-RAM), and phase change random access
memory (PC-RAM) are performed with T-SAXS measure-
ment systems as described herein.

[0131] As described herein, the term “critical dimension™
includes any critical dimension of a structure (e.g., bottom
critical dimension, middle critical dimension, top critical
dimension, sidewall angle, grating height, etc.), a critical
dimension between any two or more structures (e.g., dis-
tance between two structures), and a displacement between
two or more structures (e.g., overlay displacement between
overlaying grating structures, etc.). Structures may include
three dimensional structures, patterned structures, overlay
structures, etc.

[0132] As described herein, the term “critical dimension
application” or “critical dimension measurement applica-
tion” includes any critical dimension measurement.

[0133] As described herein, the term “metrology system”
includes any system employed at least in part to characterize
a specimen in any aspect, including critical dimension
applications and overlay metrology applications. However,
such terms of art do not limit the scope of the term
“metrology system” as described herein. In addition, the
metrology systems described herein may be configured for
measurement of patterned wafers and/or unpatterned wafers.
The metrology system may be configured as a LED inspec-
tion tool, edge inspection tool, backside inspection tool,
macro-inspection tool, or multi-mode inspection tool (in-
volving data from one or more platforms simultaneously),
and any other metrology or inspection tool that benefits from
the measurement techniques described herein.

[0134] Various embodiments are described herein for a
semiconductor processing system (e.g., an inspection system
or a lithography system) that may be used for processing a
specimen. The term “specimen” is used herein to refer to a
wafer, a reticle, or any other sample that may be processed
(e.g., printed or inspected for defects) by means known in
the art.

[0135] As used herein, the term “wafer” generally refers to
substrates formed of a semiconductor or non-semiconductor
material. Examples include, but are not limited to, monoc-
rystalline silicon, gallium arsenide, and indium phosphide.
Such substrates may be commonly found and/or processed
in semiconductor fabrication facilities. In some cases, a
wafer may include only the substrate (i.e., bare wafer).
Alternatively, a wafer may include one or more layers of
different materials formed upon a substrate. One or more
layers formed on a wafer may be “patterned” or “‘unpat-
terned.” For example, a wafer may include a plurality of dies
having repeatable pattern features.

[0136] A “reticle” may be a reticle at any stage of a reticle
fabrication process, or a completed reticle that may or may
not be released for use in a semiconductor fabrication
facility. A reticle, or a “mask,” is generally defined as a
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substantially transparent substrate having substantially
opaque regions formed thereon and configured in a pattern.
The substrate may include, for example, a glass material
such as amorphous SiO,. A reticle may be disposed above a
resist-covered wafer during an exposure step of a lithogra-
phy process such that the pattern on the reticle may be
transferred to the resist.

[0137] One or more layers formed on a wafer may be
patterned or unpatterned. For example, a wafer may include
a plurality of dies, each having repeatable pattern features.
Formation and processing of such layers of material may
ultimately result in completed devices. Many different types
of devices may be formed on a wafer, and the term wafer as
used herein is intended to encompass a wafer on which any
type of device known in the art is being fabricated.

[0138] In one or more exemplary embodiments, the func-
tions described may be implemented in hardware, software,
firmware, or any combination thereof. If implemented in
software, the functions may be stored on or transmitted over
as one or more instructions or code on a computer-readable
medium. Computer-readable media includes both computer
storage media and communication media including any
medium that facilitates transfer of a computer program from
one place to another. A storage media may be any available
media that can be accessed by a general purpose or special
purpose computer. By way of example, and not limitation,
such computer-readable media can comprise RAM, ROM,
EEPROM, CD-ROM or other optical disk storage, magnetic
disk storage or other magnetic storage devices, or any other
medium that can be used to carry or store desired program
code means in the form of instructions or data structures and
that can be accessed by a general-purpose or special-purpose
computer, or a general-purpose or special-purpose proces-
sor. Also, any connection is properly termed a computer-
readable medium. For example, if the software is transmitted
from a website, server, or other remote source using a
coaxial cable, fiber optic cable, twisted pair, digital sub-
scriber line (DSL), or wireless technologies such as infrared,
radio, and microwave, then the coaxial cable, fiber optic
cable, twisted pair, DSL, or wireless technologies such as
infrared, radio, and microwave are included in the definition
of medium. Disk and disc, as used herein, includes compact
disc (CD), laser disc, XRF disc, digital versatile disc (DVD),
floppy disk and blu-ray disc where disks usually reproduce
data magnetically, while discs reproduce data optically with
lasers. Combinations of the above should also be included
within the scope of computer-readable media.

[0139] Although certain specific embodiments are
described above for instructional purposes, the teachings of
this patent document have general applicability and are not
limited to the specific embodiments described above.
Accordingly, various modifications, adaptations, and com-
binations of various features of the described embodiments
can be practiced without departing from the scope of the
invention as set forth in the claims.

What is claimed is:
1. A metrology system comprising:

an x-ray illumination source configured to generate a
beam of x-ray illumination light incident on a stacked
structure under measurement, the stacked structure
including a memory structure stacked with a logic
structure at each of a plurality of measurement sites on
a semiconductor wafer;
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an imaging detector configured to detect an image of light
scattered from the stacked structure under measure-
ment in response to the incident illumination beam at
each of the plurality of measurement sites, each
detected image including a plurality of diffraction
orders of scattered light, wherein the beam of x-ray
illumination light is incident on a first side of the
semiconductor wafer and the light scattered from the
stacked structure is collected from a second side of the
semiconductor wafer, the first side opposite the second
side; and

a computing system configured to:

estimate a value of a parameter of interest characterizing
the memory structure based on a set of signals indica-
tive of a scattering response of the logic structure
without the memory structure and the detected image of
light scattered from the stacked structure, wherein the
estimating of the value of the parameter of interest
involves an electromagnetic response model of the
memory structure configured to generate the set of
signals indicative of the scattering response of the
memory structure.

2. The metrology system of claim 1, wherein the beam of
x-ray illumination light is incident on the logic structure and
scatters from the logic structure onto the memory structure
or the beam of x-ray illumination light is incident on the
memory structure and scatters from the memory structure
onto the logic structure.

3. The metrology system of claim 1, the computing
system further configured to:

combine the set of signals indicative of the scattering

response of the logic structure and the set of signals
indicative of the scattering response of the memory
structure; and

determine a difference between the combined set of

signals and the detected image of light scattered from
the stacked structure, wherein the estimating of the
value of the parameter of interest involves a regression
analysis that minimizes the difference between the
combined set of signals and the detected image of light
scattered from the stacked structure.

4. The metrology system of claim 3, wherein the com-
bining of the set of signals indicative of the scattering
response of the logic structure and the set of signals indica-
tive of the scattering response of the memory structure
involves a summation of each corresponding element of the
set of signals indicative of the scattering response of the
logic structure and the set of signals indicative of the
scattering response of the memory structure.

5. The metrology system of claim 3, wherein the com-
bining of the set of signals indicative of the scattering
response of the logic structure and the set of signals indica-
tive of the scattering response of the memory structure
involves a convolution of the set of signals indicative of the
scattering response of the logic structure with the set of
signals indicative of the scattering response of the memory
structure or a convolution of the set of signals indicative of
the scattering response of the memory structure with the set
of signals indicative of the scattering response of the logic
structure.

6. The metrology system of claim 3, the computing
system further configured to:

generate the set of signals indicative of the scattering

response of the logic structure without the memory
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structure based on a logic signal model, wherein the
logic signal model is a model of pixel intensities at the
detector characterized by one or more basis functions
and corresponding coefficient values.

7. The metrology system of claim 6, the computing
system further configured to:

determine the one or more basis functions and initial

values of the corresponding coefficients based on an
analysis of a library of measured values indicative of
the scattering response of the logic structures without
the memory structure, a library of simulated values
indicative of the scattering response of the logic struc-
tures without the memory structure, or both.

8. The metrology system of claim 7, wherein the analysis
involves a principal component analysis or a discrete cosine
transform analysis.

9. The metrology system of claim 8, the computing
system further configured to:

estimate a value of each of the corresponding coefficients,

wherein the estimating of the value of each of the
corresponding coefficients involves the regression
analysis that minimizes the difference between the
combined set of signals and the detected image of light
scattered from the stacked structure.

10. The metrology system of claim 1, wherein the set of
signals indicative of the scattering response of the logic
structure without the memory structure at the one or more
measurement sites is measured before the image of light
scattered from the stacked structure is measured.

11. The metrology system of claim 10, the computing
system further configured to:
separate the set of signals indicative of the scattering
response of the logic structure without the memory
structure from the detected image of light scattered
from the stacked structure to generate a separated set of
signals indicative of the scattering response of the
memory structure without the logic structure;

determine a difference between the separated set of sig-
nals indicative of the scattering response of the memory
structure without the logic structure and the set of
signals indicative of the scattering response of the
memory structure, wherein the estimating of the value
of the parameter of interest involves a regression analy-
sis that minimizes the difference between the separated
set of signals indicative of the scattering response of the
memory structure without the logic structure and the set
of signals indicative of the scattering response of the
memory structure.

12. The metrology system of claim 11, wherein the
separating of the set of signals indicative of the scattering
response of the logic structure without the memory structure
from the detected image of light scattered from the stacked
structure involves a difference between each corresponding
element of the set of signals indicative of the scattering
response of the logic structure without the memory structure
and the detected image of light scattered from the stacked
structure.

13. The metrology system of claim 11, wherein the
separating of the set of signals indicative of the scattering
response of the logic structure without the memory structure
from the detected image of light scattered from the stacked
structure involves a deconvolution of the set of signals
indicative of the scattering response of the logic structure
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without the memory structure and the detected image of
light scattered from the stacked structure.
14. The metrology system of claim 1, the computing
system further configured to:
generate the set of signals indicative of the scattering
response of the logic structure without the memory
structure based on a Fourier decomposition of the
detected image of light scattered from the stacked
structure.
15. A method comprising:

generating a beam of x-ray illumination light incident on
a stacked structure under measurement, the stacked
structure including a memory structure stacked with a
logic structure at each of a plurality of measurement
sites on a semiconductor wafer;

detecting an image of light scattered from the stacked
structure under measurement in response to the incident
illumination beam at each of the plurality of measure-
ment sites, each detected image including a plurality of
diffraction orders of scattered light, wherein the beam
of x-ray illumination light is incident on a first side of
the semiconductor wafer and the light scattered from
the stacked structure is collected from a second side of
the semiconductor wafer, the first side opposite the
second side; and

estimating a value of a parameter of interest characteriz-
ing the memory structure based on a set of signals
indicative of a scattering response of the logic structure
without the memory structure and the detected image of
light scattered from the stacked structure, wherein the
estimating of the value of the parameter of interest
involves an electromagnetic response model of the
memory structure configured to generate the set of
signals indicative of the scattering response of the
memory structure.

16. The method of claim 15, further comprising:

combining the set of signals indicative of the scattering
response of the logic structure and the set of signals
indicative of the scattering response of the memory
structure; and

determining a difference between the combined set of

signals and the detected image of light scattered from
the stacked structure, wherein the estimating of the
value of the parameter of interest involves a regression
analysis that minimizes the difference between the
combined set of signals and the detected image of light
scattered from the stacked structure.

17. The method of claim 16, wherein the combining of the
set of signals indicative of the scattering response of the
logic structure and the set of signals indicative of the
scattering response of the memory structure involves a
summation of each corresponding element of the set of
signals indicative of the scattering response of the logic
structure and the set of signals indicative of the scattering
response of the memory structure.

18. The method of claim 16, wherein the combining of the
set of signals indicative of the scattering response of the
logic structure and the set of signals indicative of the
scattering response of the memory structure involves a
convolution of the set of signals indicative of the scattering
response of the logic structure with the set of signals
indicative of the scattering response of the memory structure
or a convolution of the set of signals indicative of the
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scattering response of the memory structure with the set of
signals indicative of the scattering response of the logic
structure.
19. The method of claim 16, further comprising:
generating the set of signals indicative of the scattering
response of the logic structure without the memory
structure based on a logic signal model, wherein the
logic signal model is a model of pixel intensities at the
detector characterized by one or more basis functions
and corresponding coefficient values.
20. A metrology system comprising:
an x-ray illumination source configured to generate a
beam of x-ray illumination light incident on a stacked
structure under measurement, the stacked structure
including a memory structure stacked with a logic
structure at each of a plurality of measurement sites on
a semiconductor wafer;
an imaging detector configured to detect an image of light
scattered from the stacked structure under measure-
ment in response to the incident illumination beam at
each of the plurality of measurement sites, each
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detected image including a plurality of diffraction
orders of scattered light, wherein the beam of x-ray
illumination light is incident on a first side of the
semiconductor wafer and the light scattered from the
stacked structure is collected from a second side of the
semiconductor wafer, the first side opposite the second
side; and
non-transitory, computer-readable medium storing
instructions that, when executed by one or more pro-
cessors, causes the one or more processors to:
estimate a value of a parameter of interest character-
izing the memory structure based on a set of signals
indicative of a scattering response of the logic struc-
ture without the memory structure and the detected
image of light scattered from the stacked structure,
wherein the estimating of the value of the parameter
of interest involves an electromagnetic response
model of the memory structure configured to gener-
ate the set of signals indicative of the scattering
response of the memory structure.
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