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Introduction to XRR Problem International Community Interaction Thickness SRMs in development from NIST Thickness CRMs available from NMIJ
Calibration of XRR measurement technique NIST’s transfer method of calibration capability to customers: SRMs Calibration Artifact requirements Solutions _
Artifact Proposed CVD Si3N, structure GaAs/AlAs Super lattice Si/SiO, multilayer
*Why is XRR calibration important? L% ﬂ S0t uniform densitv thickness. and 1ow cost o (NIMC CRM 5201-a) (NMIJ CRM 5202-a)
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*What is required to calibrate XRR measurements? Certified layer No density or thickness gradients in layers HfO,, ?) Si wafer —
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—— _ Community GaAs p i
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. ' i ' ? [ @ Several high dynamic range oscillation fringes High electron . — simulated data :
What is the currenj[ status of an XRR calibration standard” | Academics gh dy g g donsity 57| 2nd Layer (AlAs) 22 96 + 0.20 31d Layer (SiO,) 205 + 0.8
NMIJ & NIST collaboration on data analysis and recommended Reference Material use for XRR character Good intensity throuah high anales contrast % 6l Si.N, ~16.8 nm -
calibration in the field > Standards Collaboration y fhrotgh high ang 2| Sk f' 3d Layer (GaAs) 23.42+ 0.33 4th Layer (Si) 19.9 + 0.5
> X-Ray Expertise E Si wafer th th i
NIST is developing several materials in collaboration with SEMATECH and collaborators for >S| Trgcea%ility 4t Actual data 4™ Layer (AlAs) 22.98+ 0.29 5" Layer (SiO,) 20.5 %+ 0.6
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; . . . . . Goodness of Fit
Reference Material XRR Measurement Alignment GA analysis for aligned and misaligned XRR data
Goodness of Fit does not provide enough information
for alignment better than y <+ 0.01°
. . T . . . Goodness of Fit fails to give the direction of misalignment,
Aligned data refinement Misaligned (-0.025°) data refinement Misaligned (+0.025°) data refinement due to itsgparabonc response ?
As deposited RM Structure Goal
] ] ] Aligned data will catch all oscillation features Misaligned data will introduce distortions in Refining misaligned data will often cause the model 0.030 :
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Certified Reference Materials are available from NMIJ and are under development at NIST Waf 0 . . . . w' 0 . . : 0 : . . . .
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Step 2
Analyze XRR using commercially available Genetic Algorithm refinement - - . . . . . . . .
CRM Strate Thickness variation with misalignment Density variation with misalignment
gy Very fast at providing a solution that fits the data well
o i : : Only finds a best fit, so it t ide detailed inf ti bout tainti . T . . i . . . . . T . . : i ) ; )
MBE epitaxial deposition of AlAs/GaAs produces high quality, nly inds a best 1Ht, So It cannot provide detarled information about uncertainties GaAs thickness misalignment calibration GaAs thickness calibration linearity GaAs density misalignment calibration GaAs density calibration linearity
stoichometric, multilayer with smooth interfaces and low inter-diffusion. Available from most commercial instrument vendors and also open source
P High linearity for shifts in thickness from +/- 0.02° in 6 Both GaAs layers have a slope correction of ~3 nm/° (for this data set) High linearity for shifts in density from +/- 0.015°in 6 GaAs layers have both high linearity and stability in density correction factors
Nominal Reference values Only is linear for buried interfaces GaAs Structure |Reference |Intercept |Slope R2 Only works for buried interfaces GaAs Structure | Bulk Intercept | Slope R2
for NMIJ GaAs/AlAs RM Step 3 buried value Thickness | (thickness /° (A measure buried Density | Density | (density /° (A measure
0335 , , r , layers (nm) (nm) misalignment) of fit quality) o . | . r . layers (g/cm3) | misalignment) of fit quality)
Structure Re;fereénce; Inf?rm?tio; Intentionally shift 6 data from an aligned XRR measurement i Oxide Al,O, Na . Oxide AlLO, Na
value (nm value (nm ¥ 6.5} -
(k=2)1 0 is the sample angle from the source (typically the detector moves at 26) 930l : § ] GaAs GaAs Na T GaAs GaAs 5.316 Na
e
Surface oxide - 1.32 Shifting is easily accomplished by adding a fixed value, y, to the 6 column in excel or equiv. E | e i— B bbb AlAs AlAs 9.44 9.476 -4.846x .998 :: o f ¢ | AlAs AlAs 3.81 3.807 31.555x 0.8905
1t layer (GaAs) - 9.24 Shifts of +/- 0.025° are sufficient to cover alignment range (~ 7 v shifts is sufficient) goas) ' : | GaAs @ GaAs 9.27 9.272 -2.845x 0.9956 r s | GaAs @ GaAs 5.316 5.455 47.244x 0.9997
2 x % Layer 4 (NIST) % g L] x x Layer 4 (NIST)
9 2 layer (AlAs) | 9.65 = 0.11 ; + + Layer 4 (commercial) LI AlAs AlAs 9.43 9.469 -4.990x 0.999 © 5.0} * + + Layer 4 (commercial) |1 AlAs AlAs 3.81 3.680 38.052x 0.9995
920l| * + Layer 4 (com. wide) o] ] + + Layer 4 (com. wide)
@ 3rd Jayer (GaAs) | 9.51 % 0.10 Step 4 v + Layer 6 (NIST) : GaAs @ GaAs 9.26 9.267 -3.3106x 0.9974 sl 88 + o Layer 6 (NIST) | GaAs @ GaAs 5.316 |5.367 37.520x 0.9998
* x Layer 6 (commercial) ' ES * » Layer 6 (commercial)
6 4th layer (AlAs) | 9.64 £+ 0.11 s ® o Layer6 (com. wide) | | | AlAs AlAs 9.44 9.461 -5.193x 0.9939 " | | [+ » Layer 6 (com. wide) AlAs AlAs 3.81 3.633 19.014x 0.9894
Compare density and thickness refinements with reference values ~bos -0 -001 000 - 001 002 003 ~003 002 001 000 001 002 003
@ 5th Iayer (GaAS) 951 i 009 misalignment, § () GaAS Na Na misalignment, § () Ga.AS Na Na Fixed
GaAs Wafer GaAs Wafer
6 6th layer (AlAs) | 9.62 = 0.11 Goodness of Fit provides too slow of a response to determine optimal alignment
Thickness increases linearly with sample tilt for buried layers in a multilayer stack
NIST-NMIJ MCMC RM thickness stability study (5yrs) Density decreases linearly with sample tilt for buried layers in a multilayer stack AlAs thickness misalignment calibration AlAs thickness calibration linearity AlAs density misalignment calibration AlAs density calibration linearity
Certified thickness or density define the aligned condition for an instrument High linearity for shifts in thickness from +/- 0.02° in 6 All AlAs layers have a slope correction of ~5 nm/° (for this data set) High linearity for shifts in density from +/- 0.015°in 6 AlAs layers have a large range of slope correction factors
Structure 2004 2004 2005 2009
: Only s li for buried interf Only works for buried interfaces
(thickness | NMIJ/GA NIS;I'/MCM(lZ NIST/GA leI/ MCM? Ny 1S linear for buried intertaces AlAs Structure | Reference |Intercept | Slope R2 = AlAs Structure |Bulk Intercept | Slope R2
Al,O3 1.23 0.891t01.43 2.779 2.97 to 3.66 9.65 ' ' P T layers (nm) (nm) misalignment) of fit quality) 5.0 - ' ' r ‘ layers (g/cm3) | misalignment) of fit quality)
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Determine instrument repeatability seol + + Layer 5 (commercial)| : AlLO, NA . _ AlL,O, Na
GaAS 905 887 tO 960 8457 788 tO 851 v+ v Layer 5 (com. wide) OXIde 45 - i OXIde
Repeat steps 3 and 4 for multiple measurements and multiple mountings 055 ' . ¢ ¢ Layer 7 (NIST) | GaAs GaAs NA ) GaAs GaAs 5.316 Na
AlAs 9.44 9.35t0 9.64 9.480 9.09 t0 9.69 “ * * Layer 7 (commercial) ~
9 Compare results over time, and over different instrument conditions (ex. lab temperature) Eg.so ¥ ) e e Layer 7 (com. wide) | AlAS AlAs 9.44 9476 _4.846x 098 g 40} ) * . ¢ ¢ AlAS AlAs 3.81 3.807 31.555x 0.8905
@ GaAs 9.27 9.131t09.40 9.307 9.01t09.45 2 ’ . S | cttttmmomsmmss-es g-b--------
Boas| T TTTTTTT T | GaAs GaAs 9.27 9.272 -2.845x 0.9956 2 is : ! T GaAs GaAs 5.316 5.455 47.244x 0.9997
AlAs 9.43 9.33109.63 9.464 9.24 t0 9.69 L = . 27| ' Loy il
6 Misalignment Geometry | . | AlAs 9.43 9.469 -4.990x 0.999 - s *ox + + Layer5 (commercial) AlAs 3.81 3.680 38.052x 0.9995
9.40 5 AlAs ' ' ) ’ $ . v« Layer 5 (com. wide) AlAs
@ | cars 9.26 9.12 t0 9.40 9.303 | 9.10t09.60 . 30! * v o Layer 7 (NIST) — —T1r — ——
6 XRR 9.35| i GaAs GaAs 9.26 9.267 -3.311x 0.9974 x + « Layer 7 (commercial) GaAs S . . .529x .
AlAs 9.44 9.31t09.61 9.466 9.201t09.78 . e o Layer 7 (com. wide)
Specular reflection 9-3% 03 ~0.02 ~0.01 0.00 0.01 0.02 0.03 AlAs 9 AlAs 9.44 9.461 -5.193x 0.9939 23,03 ~0.02 ~0.01 0.00 0.01 0.02 0.03 AlAs 9 AlAs 5.81 3.633 19.014x 0.9894
- - - - misalignment, § (°) misalignment, 6 ()
Ses ’ GaAs Na Na GaAs Na Na Fixed
= misalignment angle GaAs Wafer GaAs Wafer
Conclusions (from 2011 NIST/NMIJ study) — — : : e 4 linearitv for calibraf
Both AlAs and GaAs buried layer thickness provide both direction of misalignment and good linearity for calibration Both AlAs and GaAs buried layer density provide both direction of misalignment and good linearity for calibration
i ] li Thickness variation Density variation i i ibration i ial qi ineari
The buried (Layers 3-7) show stability over many years e [> el wErtere iy i e Sleres e Eeen Al i CaAs ke (5 6 Coeaguenes i s Teritne end mEy esvem=sly con?:llusions [> Careful selection of the layer used for density calibration is essential given the narrower range for linearity
Uncertainty analysis showed expanded uncertainties of < 0.3 nm for Layers 3-7. effect results if layers “swap” inside the model (which can sometimes happen in multilayer fitting) High slope changes (~ 10 times higher than thickness) show the significant impact that slight misalignment has on
density determination using XRR
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