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National Institute of Standards & @echnology

extificate

Standard Reference Material® 640d

Silicon Powder
Line Position and Line Shape Standard for Powder Diffraction

This §tandard Reference Material (SRM) is intended for use as a standard for calibration of diffraction line positions
apd line shapes, determined through powder diffractometry. A unit of SRM 640d consists of approximately 7.5 g of
silicon powder bottled under argon.

Material Description: The SRM was prepared from ultra high purity, intrinsic silicon boules that were crushed and
Jet milled to a median particle size of 4.1 um. The resulting powder was then annealed under gettered argon at
1000 °C for two hours [1] and bottled under argon. The silicon powder of SRM 640d displays a slight preferred
orientation in the [111] direction. An analysis of X-ray powder diffraction data indicated that the SRM material is
homogeneous with respect to diffraction properties.

Certified Value: The certified lattice parameter for a temperature of 22.5 °C is
0.543 123 nm + 0.000 008 nm

The interval defined by this value and its expanded uncertainty (k =2) is dominated by a Type B uncertainty
estimated from a technical understanding of the measurement data and the distribution in said data. A NIST
certified value is a value for which NIST has the highest confidence in its accuracy in that all known or suspected
sources of bias have been investigated or taken into account [2]. A certified value is the present best estimate of the
“true” value based on the results of analyses performed at NIST,

Information Values: The fundamental parameters analyses included refinement of the full-width half-
maximum (FWHM) of a Lorentzian profile to account for sample-induced broadening. The angular dependence of
the FWHM term varying as //cos 6 is interpreted as size-induced broadening. The value obtained was consistent
with a domain size of approximately 0.6 pm. The term varying as tan 8, interpreted as microstrain, is refined to
zero. The information values for computed peak positions are given in Table 1. The typical particle size
distribution as determined by laser scattering is given in Figure 1. An information value is considered to be a value
that will be of interest to the SRM user, but insufficient information is available to assess the uncertainty associated
with the value.

Expiration of Certification: The certification of SRM 640d is valid indefinitely, within the uncertainty specified,
provided the SRM is handled and stored in accordance with the instructions given in this certificate (see
“Instructions for Use™). The certification is nullified if the SRM is damaged, contaminated or otherwise modified.

Maintenance of SRM Certification: NIST will monitor this SRM over the period of its certification. If
substantive technical changes occur that affect the certification before the expiration of this certificate, NIST will
notify the purchaser. Registration (see attached sheet) will facilitate notification.

The overall coordination of the preparation and technical direction of the certification were performed by J.P. Cline,
D. Black, D. Windover, E.G. Kessler, and A. Henins of the NIST Ceramics Division.

The laser scattering particle size data (Table 1) were collected by M. Peltz of the NIST Materials and Construction
Research Division.

Debra L., Kaiser, Chief

Ceramics Division
Gaithersburg, MD 20899 Robert L Watters, Jr., Chief
Certificate Issue Date: 26 May 2010 Measurement Services Division

See Certificate Revision History on Last Page
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J. Evans of Durham University, Durham, UK developed a template for the input files used in data analysis.
Statistical analysis was by provided J.J. Filliben of the NIST Statistical Engineering Division.

]SDL_Lp_pgn aspects involved in the issuance of this SRM were coordinated through the NIST Measurement Services
ivision.

INSTRUCTIONS FOR USE

Stor:fge: SRM 6f10d was bottled under argon to protect against humidity. When not in use, store the unused portion
]c:f lh:j[s powder tightly capped in the original bottle or in a manner with similar or greater protection against
umidity. :

SOURCE, PREPARATION, AND ANALYSIS!

Source of Material: The silicon was obtained from Siltronic AG, Munich, Germany. The comminution was
performed by Hosokawa Micron Powder Systems, Summit, NJ.

Certification Method: Certification was performed using data from a NIST-built diffractometer that includes
several advanced design features. This SRM was initially certified in July, 2009 [3]. While the methods and
procedures of the present certification are largely identical to those used previously, improvements in the equipment
have permitted the reduced expanded uncertainly of the present certification. The optical layout of the
diffractometer is that of a conventional divergent-beam instrumentation of Bragg-Brentano geometry. Rigorous
analyses of data from said geometry requires knowledge of both the diffraction angle and the effective source-
sample-detector distance. Two additional models must therefore be included in the data analyses to account for the
factors that affect the distances critical in the use of this geometry. The inclusion of these models places additional
uncertainties on the certified lattice parameters relative to those determined from a parallel beam instrument.
Linkage to the International System of Units (SI) is established via the emission spectrum of Cu Ko radiation
employed as the basis for constructing the diffraction profiles via the fundamental parameters approach (FPA) [4]
method of data analyses. Data were analyzed in the context of both Type A uncertainties, assigned by statistical
analysis, and Type B uncertainties, based on knowledge of the nature of errors in the measurements, to result in the
establishment of robust uncertainties for the certified values.

The uniformity of the single-crystal silicon material was verified prior to comminution. These measurements were
performed on the NIST lattice comparison apparatus [5] using 11 crystal samples taken from the supplied material.
A total of 32 lattice comparison measurements covering the longitudinal and radial boule directions were made. The
relative lattice variation indicated by these measurements was + 4.8 x 10® (95 % confidence level). This level of
uniformity is consistent with the use of this silicon feedstock for this powder diffraction SRM.

The aforementioned NIST-built diffractometer is of 0-26 geometry and is of a conventional optical layout, though it
is built with several features atypical for conventional equipment of this nature. The 6 and 26 motions of the
goniometer assembly are provided by Huber 420 rotation stages that are actuated via a worm gear driving a ring
gear. These are mounted concentrically with the rotation axes horizontal, allowing for utilization of an automatic
sample changer/spinner. The alignment specifications realized for the goniometer assembly matched those cited by
the manufacturer for the individual stages: an eccentricity (concentricity) of less than 3 um, and a wobble
(parallelism) of less than 0.0008° (3 arc-seconds). Both stages incorporate Heidenhain optical encoders mounted so
as t0 measure the angle of the ring gear. The encoders with the associated Heidenhain IK220 interpolation
electronics provide + 1 arc-second accuracy, and approximately 0.035 arc-second precision. The optics, X-ray
generator, tube shield, and sample spinner of the machine are conventional in nature; they were originally
components of a Siemens D5000 diffractometer, ca. 1992. The sample spinner, however, was modified to allow for
remote mounting, and therefore thermal isolation, of its drive motor.

Certification Procedure: The 2.2 kW scaled copper tube of long fine-focus geometry was operated at a power of
1.8 kW during certification measurements. The source size was approximately 12 mm x (.04 mm and the variable
divergence slit was set nominally to 0.8°. Axial divergence of the incident beam was limited by a 2.2° Soller slit.
The goniometer radius is 217.5 mm. A 2 mm anti-scatter slit was placed approximately 113 mm in front of the
0.2 mm (0.05°) receiving slit. Scattered X-rays were filtered with a graphite post-sample monochromator, and

I Certain commercial equipment, instruments, or materials are identified in this in order to adequately specify the
experimental procedure. Such identification does not imply recommendation or endorsement by the National Institute of
Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the
purpose.
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detected with a scintillation detector. Samples were spun at 0.5 Hz during data collection. The machine is located
Wwithin a temperature-controlled laboratory space where the nominal short-range control of temperature is + 0.1 K.
The instrument is controlled via LabVIEW software. Data were recorded in true x-y format. The source was
allowed to equilibrate at operating conditions for at least an hour prior to recording any certification data. The
performance of the machine was qualified with the use of NIST SRM 660a Lanthanum Hexaboride Powder Line
Position and Line Shape Standard for Powder Diffraction [6] and SRM 676a Alumina Powder for Quantitative
Analysis by X-Ray Diffraction [7] using procedures discussed by Cline [8].

Eleven units of SRM 640d were selected in a stratified random manner from the population of units during the
bottling operation. Data for homogeneity testing were recorded from 2 samples prepared from each of 11 bottles, for
a total of 22 samples. Data used to determine the certified parameters themselves were collected on one sample
from each of the 11 bottles. Data were collected from 11 selected regions of the diffraction pattern, each region
including one of the reflections accessible within the 26 range of 25° to 140°. The angular widths of the scan ranges
were 20 to 30 times the observed FWHM values of the profiles and were chosen to provide at least 0.3°20 of
apparent background straddling each peak. The step width was chosen to include at least eight data points above the
FWHM. The count time spent on each profile was inversely proportional to the observed diffraction intensity so as
to realize constant counting statistics amongst the profiles. The total collection time for each sample was about
22 hours.

Data Analysis: The certification data were analyzed using the FPA method with a Rietveld [9-11] refinement as
implemented in TOPAS [12]. The analysis used the Cu Ka,/Ka, emission spectrum, including a satellite component,
as characterized by G. Holzer et al. [13,14]. The Lorentzian breadths of the Cu emission spectrum were refined with
constraints to preserve asymmetric profile shape as modeled by Hblzer. The refined parameters included the scale
factors, second-order Chebyshev polynomial terms for modeling of the background, the lattice parameters, the
intensities and position of the Ko, and satellite components of the Cu Ka. emission spectrum, terms indicating the
position and intensity of the “tube tails” [15], a Soller slit value in the “full” axial divergence model [16], specimen
displacement, an attenuation term, structural parameters, and a size-broadening term of a Lorentzian profile. An 8th
order spherical harmonic was used to model the slight [111] preferred orientation displayed by the silicon powder of
SRM 640d.

Examination of the fit to the individual profiles revealed a discrepancy between the model and the observations in
the low-angle region. It is well known that low-angle profiles are more prone to error than high-angle lines as the
optical aberrations affecting their position are more complex. Also, the reported lattice parameter is more stropgly
affected by angular errors in the low-angle region. The 111 line was, therefore, not used in obtainiqg the certified
parameters. The thermal expansion of silicon as reported by Bergamin et al. [17] was used to adjust the lattice
parameter to 22.5°C. A statistical analysis of the data indicated that the mean of the measurements was
0.543 123 44 nm with a k=2 Type A expanded uncertainty of 0.000 000 54 nm. However, a Type B uncertainty
due to systematic error must be incorporated into the uncertainty bounds of the certified lattit_:e parameter.
Consideration of trends in the data used in the certification leads to an assignment of a Type B uncertainty and value
as stated on page 1.

Table 1. Information Values for Peak Positions Computed for SRM 640d Using Cu Ka Radiation,
A=10.154 059 29 nm [13]

h k 1 20, degrees
1 1 1 28.441
2 2 0 47.300
3 1 1 56.119
4 0 0 69.126
3 3 | 76.371
4 2 2 88.024
5 1 1 94.946
4 4 0 106.700
5 3 1 114.082
6 2 0 127.532
5 3 3 136.877
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Figure 1. Typical Particle Size Distribution as Determined by Laser Scattering

Particle Size, pm

10

4005/006

Page 4 of 5



1072572012 13:30 FAX SRD SALES & CUST SVC [d1006/006

REFERENCES

[1]  van Berkum, J.G.M.; Sprong, G.J.M.; de Keijser, Th.H.; Delhez, R.; Sonneveld, E.J.; The Optimum Standard
Spgecz‘men Jor X-ray Diffraction Line-Profile Analysis; Powder Diffraction, Vol. 10, Issue 2, pp. 129-139
(1995).

[2] JCGM 100:2008; Evaluation of Measurement Data —— Guide to the Expression of Uncertainty in
Measurement (ISO GUM 1995 with Minor Corrections); Joint Committee for Guides in Metrology (2008);
available at http::’!www.bipm.org/utils{common/documents/jcgmeCGM__l 00_2008 E.pdf (accessed
May 2010); see also Taylor, B.N.; Kuyatt, C.E.; Guidelines Jfor Evaluating and Expressing the Uncertainty of
NIST Measurement Results; NIST Technical Note 1297; U.S. Government Printing Office: Washington, DC
(1994); available at http://www.nist. gov/physlab/pubs/index.cfm (accessed May 2010),

[3] Black, D.R.;; Windover, D.; Henins, A.; Gil, D.; Filliben, J.; Cline, LP.; Certification of NIST Standard
Reference  Material  640d;  Powder Diffraction, Vol.25(2), pp.187-190; available at
http://scitation.aip.org/dbt/dbt.jsp?KEY=PODIE2&Volume=25 (accessed May 2010). :

[4] Cheary, RW.; Coelho, A.A.; A Fundamental Parameters Approach to X-ray Line-Profile Fitting, J. Appl.
Cryst., Vol. 25, pp. 109-121 (1992).

[5] Kessler, E.G.; Henins, A.; Deslattes, R.D.: Nielsen, L.; Arif, M.; Precision Comparison of the Lattice
Parameters of Silicon Monocrystals; J. Res. Natl. Inst. Stand. Technol., Vol. 99, p. 1 (1994).

[6]  SRM 660a; Lanthanum Hexaboride Powder Line Position and Line Shape Standard for Powder Diffraction;
National Institute of Standards and Technology; U.S. Department of Commerce: Gaithersburg, MD
(13 September 2000).

(71  SRM 676a; Alumina Internal Standard for Quantitative Analysis by X-ray Powder Diffraction; National
Institute of Standards and Technology; U.S. Department of Commerce: Gaithersburg, MD (28 January 2008).

[8]1 Cline, J.P.; Use of NIST Standard Reference- Materials Jor Characterization of Instrument Performance,
Chapter in Industrial Applications of X-ray Diffraction, ed. by F.H. Chung and D.K. Smith, pub. by Marcel
Dekker, Inc, pp 903-917 (2000).

[9]1 Rietveld, HM.; Line Profiles of Neutron Powder Diffraction Peaks for Structure Refinement, Acta
Crysallogr., Vol. 22, pp. 151-152 (1967); Rietveld, HM., 4 Profile Refinement Method for Nuclear and
Magnetic Structures; J. Appl. Cryst., Vol. 2, pp. 65-71 (1969)

[10] Young, R.A.; The Rietveld Method; Oxford University Press: New York (1993).

[11] Bish, D.L.; Post, J.E., Eds.; Modern Powder Diffraction; Rev. Mineral., Vol. 20, p. 369 (1989).

[12] TOPAS, General Profile and Structure Analysis Sofiware for Powder Diffraction Data; V4.2, Bruker AXS
GmbH, Karlsruhe, Germany.

[13] Holzer, G.; Fritsch, M.; Deutsch, M.; Hartwig, J.; Forster, E.; Ka, ; and KB, ; X-Ray Emission Lines of the 3d
Transition Metals; Phys. Rev. A, Vol. 56, Issue (6), pp. 4554-4568 (1997).

[14] Maskil, M.; Deutsch, M.; X-Ray Ka Sarellites of Copper; Phys. Rev. A, Vol. 38, pp. 3467-3472 (1988).

[15] Bergmann,J.; Kleeberg, R.; Haase, A.; Breidenstein, B.; Advanced Fundamental Parameters Model for
Improved Profile Analysis; In Proceedings of the 5th European Conference on Residual Stresses, Delft-
Noordwijkerhout, The Netherlands, Scptember 29-30, 1999, Editors: A.J. Bottger, R. Delhez, and
E.J. Mittemeijer, Trans Tech Publications, 347-349, pp. 303-308 (2000).

[16] Cheary, R.W.; Coelho, A.A.; Axial Divergence in a Conventional AX-Ray Powder Diffractometer I
Theoretical Foundations, J. Appl. Cryst., Vol. 31, pp. 851-861 (1998), and Cheary, R.W.; Coelho, A.A.:
Axial Divergence in a Conventional X-Ray Powder Diffractometer II, Implementation and Comparison with
Experiment; J. Appl. Cryst., Vol. 31, pp. 862-868 (1998).

[17] Bergamin, A.; Cavagnero, G.; Mana, G.; Zosi, G.; Lattice Parameter and Thermal Expansion of
Monocrystalline Silicon; J. Appl. Phys., Vol. 82, pp. 5396-5400 (1997).

Certificate Revision History: 26 May 2010 (This revision includes a change to the certified value for lattice parameter and the information
values in Table 1 and minor editorial changes); 09 July 2009 {Original certificate date).

Users of this SRM should ensure that the Certificate in their possession is current. This can be accomplished by
contacting the SRM Program: telephone (301) 975-2200; fax (301) 926-4751; e-mail srminfo@nist.gov, or via the
Internet at hitp.//www.nist. gov/srm,
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October 19, 2012

Argonne National Lab

Dock Rec Bldg 46

9700 South Cass Ave

Argonne, IL 60439

Fax Number: (630) 252-4517

Customer Purchase Order Number: 0A44825

NIST Sales Order Number: 1002122

Dear NIST Standard Reference Material Customer:

This letter is to notify the users of SRM 640d Silicon Powder, Line Position and Line Shape Standard for Powder
Diffraction of the revised Certificate dated 26 May 2010. In this revision, the certified value for the lattice
parameter and the information values in Table 1 were updated. The certificate revision also includes editorial

changes. Please replace your existing SRM 640d Certificate with the revised certificate.

For your convenience, the revised Certificate is attached. It is also available on the NIST SRM web site at
http://www.nist.gov/srm and can be viewed and printed directly:

https://www-s.nist. govlsnﬂorsx‘view_detail.cfm?srm=640D
If you are not the actual user of this material, I sincerely appreciate your help in providing this information to the

appropriate person(s). If 1 can be of further assistance, please do not hesitate to contact me at
robert.watters@nist.gov or 301-975-4122. Thank you for your assistance in this matter.

Sincerely,

S of LA

Dr. Robert L. Watters, Jr.
Director, Office of Reference Materials

Enclosure

NIST



