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Introduction to XRR Problem

Calibration of XRR measurement technique

ANhy is XRR calibration important?

The semiconductor and optics industries need to precisely determine thin film character:
thickness, roughness, density, composition, etc.

Nanotechnology research requires accurate thin film characterization

Anhat is required to calibrate XRR measurements?
Calibration artifact: stable with time, well determined structure, rich in data features

Sl traceable measurement: well characterized instrument response function

Unbiased data analysis: Sl traceability between structural model and measurement

Anhat is the current status of an XRR calibration standard?
Three international approaches towards a cpal

NIST development for Sl traceability in measurement, theory, and data analysis
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XRR Standard Reference Material

Elements of a NIST certified calibration standard

Calibration
Artifact

Substrate i high flatness, smoothness, & stability over time

Deposition process i high smoothness, known composition

s

Structure i no interdiffusion/reactivity, no surface oxidation

XRR character T variation in features, density, & thickness

Instrumentation
& Data
Collection

Instrument 1 accurate wavelength & angle measurement

Instrument response i well characterized & low divergence

&

Theory &
Data Analysis
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Data collection i system parameters (e.g., temperature...)

Physical theory 1 First principles XRR structural model
Statistical theory i Bayesian probability analysis
Monte Carlo methods i Sampling from the probability density

to estimate parameter uncertainties.
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Poster Summary

We present MCMC & GA XRR
analysis of a ZrN/TiN/Si
structure from SEMATECH

2007 NIST instrumentation
configuration is shown

Uncertainty estimates show
which structural model
parameters are trustworthy

NIST
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Deposition
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Structure

s

XRR Character
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NIST XRR SRM Approach

Artifact construction

Smooth, uniform density, thickness, and low cost

Compatible with laboratory, Fab tool, and synchrotrons

Sputtering or Atomic Layer Deposition

Uniform, well characterized, well-controlled process

Simple, high/low electron density structure with sharp
layer transitions

Several high dynamic range oscillation fringes

NIST
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NIST XRR SRM Approach

Artifact construction

Calibration
Artifact

Substrate |$ Si Wafer

S

— Semiconductor
Deposition Fab
Metal on
Structure I? Insulator?
Metal layer
XRR Character (10nm to
100nm) NIST
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NIST XRR SRM Approach

Artifact construction

For the first round of XRR candidate structures, we are
working with materials of interest in semiconductor device
development.

200mm wafers are blanket deposited and sectioned for
XRR and cross sectional TEM measurements.

Structures are measured using XRR over several years to
explore the long-term effects of oxidation and interdiffusion
on candidate structure viability as an SRM.

The NIST XRR measurements are used to characterize
instrument response and to examine the methodology for
data analysis.
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NIST XRR SRM Approach

Artifact construction

Typical area illuminated by XRR
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NIST XRR SRM Format

=l [

NIST
Ref 13
150.00 mm

25.00mm

Structures on a
200mm wafer

NIST
Ref 2 NIST
Ref 14

12 specimens of size:
25 mm x 50 mm

100.00 mm

le—50.00mm___|

2 specimens held for

NIST controls B2 o

4 outer samples for
uniformity study

End product : \ /
10 specimens for XRR

SRM feedstock \ /
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NIST Instrumentation

Sl traceable XRR measurement strategy

& Data Collection

S| Traceability in Braggs Law

Angle
Determination

&

Wavelength
Determination
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Encoded goniometers for sample and detector axis

Encoder error mapping for accuracy / Sl traceability

Instrument alignment effects on angle accuracy

Si (220) symmetric/asymmetric Bartels monochromator

Monitoring / alignment of X-ray optics assembly

S| wavelength determination using reference crystal

NIST
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NIST instrumentation

Sl traceability/accuracy in wavelength and angle measurement

NIST CDPBD HRXRD/XRR measurement instrument (as of 3/2007)

Monochromator Wafer
holder
) Detector
Rotating
anode
source Dete_ctor
slit

Z-height

determination Encoded

goniometer
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NIST XRR Measurement Improvement

Wavelength traceability improvements with an analyzer crystal

NIST 2006 configuration Detem@ NIST 2007 configuration
i // Analyzeri . . .
Old o /j////cwm' - New High-intensity Monochromator
Monochromator /,// TN | B N A R AERT
Monochromator Sorm \\\ \\ 29

2 =3 o Vo
A X /o
\

\ ) /
\  Goniometer ~ 7
~ -~

\ ~— - /

Translation and rotation
alignment/stability contributed the

dominant component to instrument Two 3° asymmetric Si(220) channels
uncertainty budget. mounted to a polished Si base for
constant X-ray wavelength
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Physical
theory

Statistical
theory

Monte Carlo
methods
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NIST XRR Theory & Data Analysis

Theory and data analysis work at NIST

Layers: uniform density within each layer (Parratt recursion)
Interfaces: error-function-like roughness (Nevot-Croce term)

Instrument effects: finite sample width (geometric correction)

Prior probability for parameters: zero outside fixed range;
uni form for thickness, Jeffrey

Likelihood of observed data given the model: log-normal
probability density (assumes Gaussian noise on log-intensity)

Models are too complex for analytic derivation of probabilities

Parameter uncertainties can be estimated by randomly
sampling from their probability densities.

Markov Chain MC can quickly provide high-quality sampling.

NIST
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Parameter estimation comparison

Markov Chain Monte Carlo draws from probability density functions to
provide samples for uncertainty estimation

Genetic algorithms (GAs) provide best fit parameter estimates

A5 ><1(Jf3
The_ . g 40k GA NIST
probability S 350 Result standard
of the g 3ol #2 uncertainty:
parameter - g 2'5_ 63%
holding a g_t : GA probability
_ value, @ 2V Result _ interval (area
independent g 1.5F #3 under the
of the other g 1ok —>: curve between
parameters o 05} l : lines)
‘ ‘ s A
00753 0.9 1.0
Parameter
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Markov Chain Monte Carlo
model selection

Determining the relative probability of structural models

Pt 2-dimensional histogram

Model 2: thickness 1 vs. thickness 2
2.0

0'4?5.0 45.5 46.0 46.5 47. 475 8.[] 48.5
t1/nm
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Markov Chain Monte Carlo

model selection

Determining the relative probability of structural models

Must calculate the probability of the models over
all parameter values, prob(Model | Data)

Unfortunately, even with two-layer models the
probability density function can be multimodal

It is much easier to quickly draw a fair sample in
(close to) unimodal cases

More sophisticated sampling methods are being
evaluated by the authors

It is difficult for MCMC to sample densities like
this model of the PTB standard with a thin
interface layer under the Pt. Naive samplers
often can stay in one mode of a multimodal
target distribution for millions of samples.
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MCMC XRR Analysis®: 1-layer

1-layer

ZrN (0 to 10) nm ZrN/TiN XRR data and simulation

Si substrate Model refinement shows a systematic misfit

Single layer model analysis
provides total film
thickness: ZrN + TiN.

This combined high-density
(high- layer thickness is
model-independent in our
analysis here.
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