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Abstract 

NIST certifies a suite of Standard Reference Materials (SRMs) to be used to evaluate specific 
aspects of the instrument performance and measurements via the powder diffraction 
technique.   This includes machines that utilize X-rays, both synchrotron and laboratory-based 
sources, and neutron powder diffractometers. This report describes the preparation and 
certification of SRM 640g, the eighth generation of this powder diffraction SRM, which is 
designed to be used primarily for calibrating powder diffractometers with respect to line 
position.  A unit consists of approximately 7.5 g of silicon powder prepared from intrinsic, float-
zone boules.  The boules were crushed and ultimately jet milled to a narrow particle size 
distribution centered on 4 micrometers, and with none smaller than 2.5 micrometers.  The 
powder was then annealed at a temperature and time sufficient to eliminate crystallographic 
defects.  This microstructure engineering allows for the SRM to be used for the determination 
of the instrument profile function on equipment utilizing laboratory X-ray sources.  It can also 
be used for evaluation of high-resolution equipment; however, advanced data analysis 
strategies must be employed.  The SRM is certified with respect to the lattice parameter, with 
the SI traceability being through the Cu Kα emission spectrum.  A NIST-built diffractometer, 
incorporating many advanced design features, was used to provide data for the certification of 
the lattice parameter. Both statistical and systematic uncertainties have been assigned to yield 
a certified value for the lattice parameter at 22.5 °C of a = 0.5431109 nm with an expanded 
uncertainty (k = 2) interval of ± 0.000008 nm.  Prior to comminution, the lattice parameter of 
single-crystal silicon specimens cut from the boules was measured using the NIST lattice 
comparator.  A value of 0.543102055 nm with an expanded uncertainty (k = 2) interval of ± 
0.000000027 nm was obtained. 

Keywords 

certification; diffractometer; lattice parameter; powder diffraction; Standard Reference 
Material (SRM); Système International (SI); silicon. 
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1. Introduction  

The laboratory based divergent-beam X-ray diffractometer can provide a wealth of structural 
and microstructural information about a wide variety of materials. However, to successfully 
interpret the data, the operator must have both a properly aligned instrument and take into 
consideration the aberrations inherent in the para-focusing optics. One method to accomplish 
this is to use standards to evaluate instrument performance. Non-conventional, synchrotron 
and neutron-based powder diffractometers also provide data critical to crystallographic and 
microstructural analyses. While the calibration issues with these machines may be addressed 
quite differently than those utilizing laboratory X-ray sources, SRMs play a major role in 
ensuring data integrity from these machines. NIST certifies a suite of SRMs to address specific 
aspects of powder diffractometer performance. This report describes SRM 640g, the eighth 
generation of this powder diffraction standard, which is certified with respect to lattice 
parameter. It consists of approximately 7.5 g of silicon powder specifically prepared to have 
minimal line broadening and is commonly used for calibrating powder diffractometers for line 
position and line shape.  
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2. Material 

Approximately 103 kg of silicon was purchased from Prex Materials and Sales GmbH, Dorfplatz 
7, 84539 Zangberg, Germany. The silicon was supplied in the form of 9 intrinsic, float-zone, 
boules, 20 cm in diameter and of varying length, with a resistivity of greater than 5000 ohm-cm, 
that were manufactured by Siltronic AG, Munich, Germany.  They ranged in mass from 7 to 16 
kg.  These silicon boules were analyzed for quality in the as-received state by measuring their 
lattice spacing on the NIST Silicon Lattice Comparator (delta-d) [1, 2]. The data from this 
instrument are quite sensitive to the lattice constant (resolution of Δd/d ≈ 6 × 10−9) and 
therefore, also to strain and imperfections in the material. 

Slices, of approximately 10 mm in thickness, were cut from one end of each boule (9 slices), 
with both ends being cut from the three largest boules (for a total of 12). From these slices, 
standard delta-d specimens were prepared, with a thick base and a blade of an initial thickness 
of ≈500 µm.  Specimens were cut from the slices on an informal basis to ensure that the entire 
volume of the boules were represented in the measurements. Using the NIST Center for 
Nanoscale Science and Technology (CNST) cleanroom facilities, a portion of these pieces were 
then etched in KOH (80 °C) in an ultrasonic bath for about 30 minutes to remove damage from 
the cutting operation.  The blade thickness was monitored periodically during the etch process 
using a standard machine-shop micrometer, until the thickness was 455 µm ± 5 µm.  This 
procedure yielded specimens exhibiting high-quality diffraction patterns on delta-d.  Data were 
collected from a total of 9 specimens. However, owing to the fact that the beams size is much 
smaller than sample size, if the sample was remounted this constituted a second independent 
data point.  A total of 23 data collection runs were performed on 15 independent regions of the 
boules. 

Delta-d consists of a dual beam, double crystal diffractometer, of Laue geometry that exhibits 
profiles of nearly non-dispersive breadth.  See Figure 1. which shows a typical pair of diffraction 
peaks from the right-hand and left-hand beams on delta-d. The presence of strong  

 

Fig. 1.  Data from the left and right beams of delta-d displaying the pendellösung fringes. 
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pendellösung fringes indicates that the material is a nearly perfect crystal, with very low strain 
and defect density. The dual-beam characteristic of the delta-d instrument allows it to 
“simultaneously” measure a positive and negative order reflection, which allows the central 
angle of the crystal to be eliminated.  The samples from which data are to be collected using 
delta-d are mounted on a translation stage such that a specimen and reference crystal can be 
compared with a single setup.  The diffraction patterns were scanned on each crystal, using 0.5 
s counting time per step, and an angular step of 10 nrad (≈1.63×10-3 seconds of arc).  Multiple 
scans (typically about 10) were carried out on each crystal, and then the translation stage was 
actuated for analysis of the opposite crystal.  This crystal switching procedure was carried out a 
few times, to allow potential drift of the instrument to be monitored.  The apparent d-spacing 
measurements over time of the specimen were subtracted from a smoothing spline of the 
apparent d-spacing measurements of the reference crystal, to compute the difference of the 
lattice spacing of the specimen and the reference.  Using the known absolute lattice spacing of 
the reference crystal, the lattice spacing of the specimen was then computed.  The reader is 
referred to [3] wherein a data-set illustrating this sequence is presented.  The outcome was 
that the material was sufficiently uniform, with a mean lattice parameter of 0.543102055 nm ± 
0.000000027 nm (k=2 expanded error).   The analysis of the samples from the boules of this 103 
kg lot of silicon demonstrates that this material is entirely consistent with the data presented in 
Kessler, et al. [2], derived from more than 20 years of analyzing high-resistivity intrinsic float-
zone silicon. 

Three boules, with a total mass of 40 kg, were then crushed, initially with a large hammer and 
followed with a jaw crusher, and jet milled to a narrow particle size distribution between 2.5 
μm and 6 μm.  This comminution was performed on an Alpine 100-AFG jet mill by Hosokawa 
Micron Powder Systems, Summit, NJ.  Typical particle size data from laser scattering 
measurements (Laser Scattering Particle Size Distribution Analyzer LA-950V2, Horiba, Ltd., 
Kyoto, Japan) are shown in Figure 2.   

 

Fig. 2. Particle size distribution of SRM 640g. 
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The resulting powder was annealed in 51 lots of approximately 575 g each to remove 
crystallographic defects that would otherwise lead to strain broadening. The annealing was 
performed in a quartz tube furnace (SH Scientific Co., Ltd, Korea) using quartz boats under 
flowing, gettered argon (Centorr Associates Model 2B gettering furnace) at a temperature of 
1000 °C for one hour [4].  The furnace was evacuated and backfilled with argon three times to 
minimize oxygen levels before the start of each annealing run.  In addition, an oxygen monitor 
(AEI Technologies, Inc., oxygen sensor S-3A/I) was placed in the outflow from the furnace to 
monitor oxygen levels within the furnace during annealing.  This analyzer has a sensitivity of 
0.001 %, and during annealing the oxygen sensor would read zero continuously.   Bottling of the 
silicon powder was performed under argon to protect against humidity.  

Given that the starting material was single-crystal, the powder is presumed to consist of single 
crystal particles. The low end of the size distribution being above 2.5 μm ensured that 
diffraction data from SRM 640g would display a level of size broadening undetectable with 
laboratory diffractometers.  This combination of controlled particle size and the annealing 
operation rendered the microstructure of this Si powder appropriate for characterization of the 
instrument profile function.  Procedures associated with this characterization are discussed in 
[5, 6]; the reader is also referred to Figure 38 therein which compares the full width at half 
maximum values of various SRMs determined from data collected on a divergent beam 
instrument. 
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3. Experimental 

X-ray powder diffraction data were collected on a NIST-built diffractometer, the divergent 
beam diffractometer, an instrument that includes several advanced design features.  A full 
discussion of this machine, its alignment and calibration can be found in [5, 6].  The optical 
layout is that of a conventional divergent-beam Bragg-Brentano diffractometer equipped with a 
Johansson incident beam monochromator, sample spinner, and a position sensitive detector 
(PSD).  It is also equipped with a 6-axis robot arm configured as an automatic sample changer. 

Certification data were collected from 22 samples, 2 samples, denoted as “a” and “b” were 
prepared using material extracted from each of the 11 randomly selected bottles.  The 1.5 kW 
copper tube of fine focus geometry was operated at a power of 1.2 kW.  The variable 
divergence incident slit was set to a nominal value of 0.7°.  A 1.5° Soller slit was located in front 
of the PSD window to limit axial divergence; no Soller slits were used in the incident beam.  The 
total scan time for each sample was approximately 4.0 hours.  The PSD was operated in “picture 
taking” mode wherein data from the full length of the PSD window were recorded at each 
position in the scan.  The window length was 14.4 mm, which is divided into 192 pixels of 75 μm 
each, and with a goniometer radius (R) of 217 mm, this corresponds to a 2θ range of 3.8°, and a 
2θ angular resolution (one pixel) of ≈0.02°.  The data were recorded using a combination of 
coarse steps of ≈0.16° 2θ and between each coarse step, four fine steps of ≈0.005° 2θ, which 
allowed for both timely data collection and high resolution.   

The machine was equipped with an automated anti-scatter slit located directly above the 
sample center line to prevent air scatter of the incident beam from entering the PSD and 
contributing to the low angle background.  Its height above the specimen was varied as 
𝛼𝑅/(2cos𝜃) +  𝑡 tan𝜃 where α is the full equatorial divergence angle of the incident beam, and 
𝑡 is a tolerance for longitudinal error in the position of the slit with respect to the center of the 
beam.  The sample was spun at 0.25 Hz during data collection. The diffractometer was located 
within a temperature-controlled laboratory space where the control of temperature over the 
time of a run was ± 0.1 °C. The temperature was monitored using two 10 kΩ thermistors with a 
Hart/Fluke BlackStack system that was calibrated at the NIST temperature calibration facility [7] 
to ±0.002 °C.  The X-ray source was allowed to equilibrate at operating conditions for at least 
one hour prior to recording any certification data.   The performance of the machine was 
qualified with the use of NIST SRM 660c [8] and SRM 676a [9] using procedures discussed in [5, 
6]. 
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4. Data Analysis 

Data were analyzed using the Fundamental Parameters Approach (FPA) with Pawley 
refinements as implemented in TOPAS [10-12].  The FPA method is requisite for analysis of 
these data as its model accounts for the various optical aberrations of the para-focusing 
divergent-beam laboratory diffractometer used in this work. While the FPA approach used 
herein involves several recently developed models, the core of them originated with Wilson 
[13].   Mendenhall et al., verified that the FPA models as incorporated within TOPAS operated 
in accordance with published results [14].  The Cu Kα emission spectrum for the Cu Kα1 source 
used in this work has been characterized in a manner traceable to the International System of 
Units (SI) and provides the linkage of the refined lattice parameters to the SI [15, 16].  The 
optics of the divergent beam diffractometer were modeled as a combination of a Johansson 
incident beam monochromator and a powder sample using the well-understood behavior of a 
2-crystal monochromator, where the sample acts as the second crystal.  The resulting “band 
pass” model provides a "window" function which modifies the intensity of the native copper 
emission line from the X-ray tube, effectively cutting off the Lorentzian tails, providing good 
agreement with the shape of the tails of the diffraction peaks. It also adds a dispersion term to 
the FPA emission model which contributes to the width of the modeled lines, resulting in a 
better match to the shape of the central part of the diffraction peaks [17].   

The parameters associated with the instrument profile function (IPF), the position of the center 
of the bandpass window, the incident slit angle and the Soller slit angles of the “full” axial 
divergence model [18, 19], were refined using data from SRM 660c collected at the same time 
as the certification data.  SRM 660c was used to establish these instrument specific parameters 
since the large attenuation of the LaB6 minimizes the sample absorption correction providing 
better characterization of the IPF.  These parameters were then fixed at the SRM 660c values 
for the subsequent analyses of SRM 640g.  The sample dependent refined parameters included 
the scale factors, Chebyshev polynomial terms for the background, the lattice parameters, 
specimen displacement and attenuation terms, and a term for Lorentzian size broadening. The 
refined lattice parameter values were adjusted using the coefficient of thermal expansion of 
silicon [20] to values at 22.5 °C, and are shown in Table 1. A typical plot of the refinement is 
shown in Figure 3. 
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Fig. 3. Typical Pawley / FPA fit of SRM 640g. 

 

Table 1. Certification data for SRM 640g. 

Bottle Number Lattice Parameter, nm 

2765b 0.543 110 86 

2309b 0.543 111 86 

1478b 0.543 110 87 

1123a 0.543 110 63 

3460b 0.543 112 62 

3154b 0.543 110 68 

3460a 0.543 111 13 

325a 0.543 111 67 

325b 0.543 111 25 

1123b 0.543 110 64 

3370b 0.543 110 28 

688a 0.543 111 14 

1890b 0.543 110 26 

1a 0.543 109 66 

1b 0.543 109 61 

2309a 0.543 111 66 

688b 0.543 110 97 

1478a 0.543 112 29 

1890a 0.543 109 29 

3154a 0.543 111 05 

2765a 0.543 109 95 

3370a 0.543 111 83 
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5. Statistical Analysis 

Uncertainties in the data were analyzed in the context of both Type A, assigned by statistical 
analysis, and Type B, based on knowledge of the nature of uncertainties in the measurements, 
to result in robust uncertainties for the certified values [21-23]. Seven summary plots are 
generated to examine the potential run order and bottle effects in the observed data for the 
lattice parameter of SRM 640g. 

The first set of three plots evaluates the experimental run order for the potential presence of 
correlation between measurements that were taken adjacent to one another. Figure 4 displays 
the measured lattice parameter values in experimental run order as a time series to allow for 

 

Fig. 4. Lattice parameter values vs. sample run order. 

 

Fig. 5. Autocorrelation plot. 
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a visual inspection for periodic patterns. None are seen. In Figure 5 are the measured lattice 
parameter values against their immediately preceding values in the run order as a scatter plot. 
If autocorrelation is not present, we expect the points on this plot to roughly form the shape of 
a disk, as is observed in Figure 5.  The observed autocorrelation between adjacent observations 
is provided in the legend. Figure 6 displays the results of a permutation test to evaluate the 
significance of the observed autocorrelation. To conduct this test, we randomly reorder the 

 

Fig. 6. Autocorrelation permutation test. 

measurements 1000 times and calculate the resulting autocorrelation between adjacent 
observations for each random reordering. The histogram in the plot shows the distribution of 
these 1000 simulated autocorrelations, and the dashed, green vertical lines show the 2.5th and 
97.5th percentiles of the simulated distribution. If the solid, green vertical line representing the 
original observed autocorrelation falls between the two dashed lines, then the observed 
autocorrelation is likely not particularly remarkable.  

With a second set of plots, the potential bottle number and bottle label effects in the 
experiments are evaluated. Figure 7 is a plot of the measured parameter values against their 
bottle numbers, with bottle letter information conveyed via the color & shape of the points. 
Visually, it is desired to see that “within-bottle” variability and “across-bottle” variability are 
comparable, as is observed. We can perform an F-test to check if accounting for bottle number 
explains a significant amount of the total variability seen in the data. The p-value of that F-test 
appears in the legend of Figure 7, and a value larger than 0.05 can be interpreted as not being 
able to detect a substantial contribution from bottle number to the overall variability. For this 
material the p-value is close to 0.05, and we can see visually that some bottles had very low 
within-bottle variability relative to the overall between-bottle variability. Overall, though, there 
is not significant statistical evidence that as a whole there are bottle effects to account for in 
these data.   
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Fig. 7. 640g Replicate measurement comparison. 

 

 

Fig. 8. Sample a vs. b comparison. 

In Figure 8 are plotted the measured parameter values against their bottle letters, with 
observations that share a bottle number connected by a black line. Visually, we’re inspecting 
for substantial differences in center and distribution across the values in each group. For both 
lattice parameters it appears that bottle number and observation number do not account for 
substantial amounts of variability in the data. Therefore, we will use a simple average of all the 
data points to calculate the certified values of the lattice parameters. 
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Fig. 9. 640g lattice parameter histogram. 

Figure 9 consists of a histogram of the measured values, and provides the mean, standard 
uncertainty, and other statistical measures of spread in the legend. A mean lattice parameter 
value of 0.543 110 92 nm with Type A (K=2) expanded uncertainty of 0.4 fm is realized.   

 

Fig. 10. Normal probability plot of 640g data. 

As previous tests for autocorrelation and bottle effects all came up negative, we conclude we 
can use all the measurements directly to compute the certified values. We then plot a Gaussian 
quantile-quantile plot to check for normality of the distribution of the measured parameter 
values. The magenta region represents an envelope of typical quantile-quantile plots for 
Gaussian data. As all the points fall within that envelope and don’t demonstrate major 
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systematic deviation from a linear shape, we don’t have evidence to reject Gaussianity for 
these observations. 

 

Fig. 11. Investigation of systematic, type B, error in lattice parameter values. 

Beyond the Type A uncertainty related to the variability of the observations, the measurement 
process that produced these data also carries with it a Type B uncertainty dependent on the 
level of systematic error.  In the absence of any systematic uncertainty, with the use of the FPA 
method there would be no variation in the lattice parameters obtained from a whole pattern 
method, as in Figure 3, and opposed to those obtained from any one of the individual profiles. 
This would require that the FPA model be operating “perfectly” to correct the reported peak 
positions for the optical aberrations of the experiment as a function of 2θ.  A more detailed 
discussion of this issue is given in Black et al. [24].  For the analysis presented herein, the 
certified lattice parameter value is compared with those obtained from the analysis of the 
individual profiles, with the profile shape terms for each sample frozen at the values obtained 
from their Pawley refinements. The results from this analysis are shown in Figure 11, with the 
error bars representing one-sigma.  Consideration of these data lead to an assignment of a Type 
B expanded uncertainty (k=2) of ±0.000 008 nm.   Table 2 displays the information values for 
peak positions computed for SRM 640g using Cu Kα Radiation, λ = 0.15405929 nm. 

The certified lattice parameter value of 0.543 110 9 nm is significantly larger than the value of 
0.543 102 055 nm obtained from the single-crystal boules. This discrepancy is thought to be 
due to the native oxide layer on the surface of the silicon particles. This surface oxide layer is 
under compression [25] and therefore produces a hydrostatic tensile stress on the crystallites 
themselves.  This dilates the lattice and leads to the larger measured lattice parameter value for 
the silicon powder. 
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Table 2. Peak positions of SRM 640g computed for Cu Kα radiation. 

h k l 
2 

(degrees) 
 

1 1 1 28.441 

2 2 0 47.301 

3 1 1 56.120 

4 0 0 69.127 

3 3 1 76.373 

4 2 2 88.026 

5 1 1 94.948 

4 4 0 106.703 

5 3 1 114.086 

6 2 0 127.537 

5 3 3 136.883 
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6. Conclusions 

The feedstock powder for SRM 640g was prepared from single-crystal boules of intrinsic, float-
zone silicon in a manner that ensured high purity and a minimal level of sample induced profile 
broadening.  Prior to comminution, diffraction measurements were performed on the single-
crystal material using the “delta-d” diffractometer that verified its suitability for use as an SRM 
artifact.  The SI traceability of the certified lattice parameters was realized through the 
wavelength of the Cu Kα radiation that was used for the powder diffraction experiments.  
Certification data were collected on a NIST-built laboratory diffractometer equipped with 
several features that are consistent with its ability to provide metrologically superior data. 
These data were analyzed in a manner that accounted for the impact of the various optical 
aberrations of the diffraction geometry used in data collection.  Both type A, statistical, and 
type B, systematic, errors have been assigned to yield a certified value and k+2 expanded 
uncertainty for the lattice parameter of a = 0.543 110 9 nm ± 0.000 008 0 nm at 22.5 °C. 
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