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ASTM Committee F-1 on Electronics 
Subcommittee F-1.06 on Silicon Materials and Process Control 
 
RESEARCH REPORT F01-1018 
 
INTERLABORATORY STUDY TO DETERMINE PRECISION OF Method 1 of ASTM 
Standard Test Methods F 673 for Measuring Resistivity of Semiconductor Slices 
or Sheet Resistance of Semiconductor Films with a Noncontact Eddy-Current 
Gage 

1. Introduction 

1.1 Application of Study—The commercial interchange of silicon wafers between suppliers and their customers 
involves the specification and determination of the bulk resisitivity of those wafers.  The precision and bias of such 
measurements affects the efficiency and utility of these wafers in their utilization for fabricating electron devices. 

1.2 This is the third interlaboratory study of this method.  The results of the first two studies, which were carried out 
in the mid-1980s, were reported in Annexes to the Test Methods through the 1996 edition.  Because this was the 
edition in effect at the time of this new interlaboratory test, conducted in 1999, they appear with this standard in 
Appendix A. 

1.3 Nature of Study—Eight 200 mm diameter, single-side polished single crystal silicon wafers, with thickness from 
about 690 m to 740 m, with bulk resistivity ranging from 0.002 to 0.020 ·cm (low resistivity set) and seventeen 
similar 200 mm wafers with bulk resistivity ranging from 1.1 to 60 ·cm (high resistivity set) were employed in a 
round-robin experiment.  Four of the low resistivity samples were p-type and four were of unknown type.  Ten of 
the high resistivity samples were p-type, three were n-type, and four were of unknown type.  Radial resistivity 
gradient of each sample was reported by the sample supplier to be 3%. 

1.4 Purpose of Study—The study's purpose was to determine the repeatability and reproducibility of Method I of 
F673, on 200 mm nominal diameter single-side polished single crystal silicon wafers with thickness between about 
693 m and about 736 m and with bulk resistivity from 0.002 to 0.020 ·cm in the low resistivity group and from 
1.10 to 60.0 ·cm in the high resistivity group. 

2. Test Method – F673-90 (Reapproved 1996)1 

2.1 See Attachment A for the text of the standard in place at the time the interlaboratory test was conducted. 

2.2 Only Method I of this standard was tested in this study.  Although an interlaboratory test of Method II was 
indicated to be planned, such a test has never been conduced nor is one planned at the present time. 

3. Participating Laboratories 

3.1 Eight laboratories were originally scheduled to participate in the experiment.  Four laboratories withdrew from 
the experiment before it was completed.  The remaining four participating laboratories are listed in alphabetical 
order inTable 1.  Because it is no longer current and should not be used, no contact information is provided. 

Table 1 Laboratory Participants 

ADE Corporation 
80 Wilson Way 
Westwood, MA  02090 
Stephanie Vokey 

MEMC El. Materials 
501 Pearl Drive 
St Peters, MO  63376 
William Hughes 

Lehighton Electronics 
First & South Streets 
Lehighton, PA  18235-0328 
Austin Blew 

SEH America 
4111 NE 12th Avenue 
Vancouver, WA  98682-6776 
John Rudat 

 Experiment Coordinator: Winthrop A. Baylies 
            BayTech Group 
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3.2 One of the four remaining laboratories reported data from two separate measurement systems, which were 
counted as two laboratories for statistical purposes.  This created a total of five reporting laboratories.   

3.3 One of the originally scheduled laboratories was intended to make four-point probe resistivity measurements on 
a standard set of test specimens in order to tie the results of this experiment to absolute resistivity values.  However, 
this procedure was abandoned as unnecessary during the experiment. 

4. Test Program Instructions 

4.1 Each participating laboratory was given the following letter: 
 

January 1999 
 
Dear ASTM Round Robin Participants 
 
Thank you for participating in this round robin study.  The study's purpose is to determine the repeatability and 
reproducibility of Method I of F673, on single-side polished monocrystalline silicon wafers with thickness 
between ~693 m and ~736 m thickness and 200 mm nominal diameter, with bulk resistivity from 0.002 to 
0.020 ·cm and from 1.10 to 60.0 ·cm.  All wafers are marked on the top surface by a label, with a unique 
serial number, to the right of the fiducial.  In addition to the label, the wafers are marked with the same serial 
number in felt tip pen, immediately to the right of the label. 
 
Measurements are scheduled to begin January 4, 1999 and finish April 30, 1999, with preliminary results 
reported January 25, 1999 week at the ASTM meeting in San Jose, CA.  
 
If you have any questions on the protocol, the wafer run list or the schedule, please do not hesitate to contact 
me.  Thank you again for participating in this critical experiment. 
 
Kind Regards, 
 
Stephanie Vokey 
ADE Corporation 

4.2 Each participating laboratory was provided with detailed instructions for carrying out the experiment as follows: 

Experimental Procedure for Each Laboratory 
1. Select measurement systems that 
 a. can collect data on disk and can provide data printout, and 
 b. are known to be under statistical control: either  
  i) one system for each sample range, or  
  ii) a single system for both ranges.  If equipment is available for only one range, complete the 

appropriate portion of the experiment. 
 c. Record on the Calibration Data Report the last date on which "in control" operation of each system 

was ascertained, and describe the method by which this "in control" was ascertained. 
2. Calibrate the system and ascertain systems linearity in accordance with F673 ¶9.1.   
3. Run the wafers used for calibration three successive “passes” and record on the Calibration Data Report 

each measured value of the center point resistivity (23°C equivalent) and thickness. 
4. Verify the order of the wafers in both sets is as shown in Table 1 (they are ordered by resistivity, with 

highest resistivity first to simplify identifying measurement data anomalies).  Re-order if needed, and 
report this event on the Test Data Report.  If problems with wafer condition are observed, call the 
coordinator before proceeding. 

5. Verify that the polished side of each wafer is up (away from the bar end of the cassette). 
6. Run the Hi-resistivity Sample Set through the appropriate system in three successive passes, cassette to 

cassette. Do not make any adjustments during this three pass sequence.  Record on disk or attached Test 
Data Report: 

 a. The measured center point resistivity and thickness value for each wafer  
 b. Date, time and operator information. 
 c. Record, on the Calibration Data Report, the ambient temperature at the beginning and end of the 

Run. 
7. Execute Steps 2-6 above for the Lo-resistivity Sample Set, using the appropriate system. 
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8. Repeat steps 2-6 above, on two additional successive business days (thus, totaling three successive 
business days). 

9. Retain disks, printouts and one copy of the reported data for your files. 
 Note - In the interest of data transfer accuracy, disks (either 3 1/2 or 5 1/4 inch) should contain data in 

DOS/ASCII format with data arranged in an obvious format such as: 
  Run # 
  Wafer # 
  Thickness/Resistivity Values - delimited by a space 
10. Forward completed report sheets, data hardcopy and disks, via traceable means to the test coordinator: 
  Winthrop A. Baylies 
  BayTech Group 
  80 Windsor Way 
  Weston,  MA  02493 
11. Forward all samples and the report data book via traceable, EXPEDITED shipping method to the next 

laboratory, to the attention of the contact shown.  The final laboratory should forward samples to the test 
coordinator at the conclusion of the last measurement cycle. 

12. Questions?? 
 Call or e-mail Win Baylies at the following: 
  Winthrop A. Baylies 
  BayTech Group 
  80 Windsor Way 
  Weston,  MA  02493 
  Tel: 781-893-9919 
  Fax: 781-893-0313 
  E-Mail:  winb@mediaone.net 

Analysis: 
 a. Test results will be evaluated in accordance with Method E 691 by the RR Task Force. 
 b. A repeatability/reproducibility statement will be prepared for F 01.06, and a Research Report will be 

submitted to ASTM by the RR Task Force. 

  Sample Order 
High Range Samples Low Range 

Samples 
Cassette Slot 

# 
Wafer 
ID #1 

 

Cassette 
Slot # 

Wafer ID 
#1 

1 H1 1 L1 
2 H2 2 L2 
3 H3 3 L3 
4 H4 4 L4 
5 H5 5 L5 
6 H6 6 L6 
7 H7 7 L7 
8 H8 8 L8 
9 H9   
10 H10   
11 H11   
12 H12   
13 H13   
14 H14   
15 H15   
16 H16   
17 H17   

1  Wafer ID is marked with various content and style. 

5. Test Specimen Characteristics 

5.1 The description of the test specimens used in the experiment is given in the table on the following page. 
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ASTM F673 Non-Contact Resisitivity Round Robin 
Sample Material (200MM Polished Wafers; laser marked (variously)) 

High Resistivity Samples 
Slot # Marker & 

Scribed S/N 
P Type N Type Nominal Resistivity 

ohm-cm RRG   3% 
Laser Marked 

1.  H1 P  1.1 Yes 
2.  H2 P  1.1 Yes 
3.  H3 ? ? 3-4 Yes 
4.  H4 ? ? 3-4 Yes 
5.  H5 P  ~10.7 Yes 
6.  H6 P  12-13 No 
7.  H7 P  13 No 
8.  H8 P  13-14 No 
9.  H9 P  13-14 No 
10.  H10  N 15-16 Yes 
11.  H11  N 15-16 Yes 
12.  H12  N 21 Yes 
13.  H13 P  21-22 No 
14.  H14 P  21-22 No 
15.  H15 P  ~25 Yes 
16.  H16 ? ? 55-56 Yes 
17.  H17 ? ? 55-56 Yes 

Low Resistivity Samples 
Slot # Marker & 

Scribed S/N 
P Type N Type Nominal Resistivity 

ohm-cm RRG   3% 
Laser Mark 

1.  L1 ? ? .002-.003 Yes 
2.  L2 ? ? .002-.003 Yes 
3.  L3 P  .006-.008 Yes 
4.  L4 P  .006-.008 Yes 
5.  L5 P  .006-.008 Yes 
6.  L6 P  .006-.008 Yes 
7.  L7 ? ? .016 Yes 
8.  L8 ? ? .016 Yes 

6. Data Report Forms 

6.1 There were three report forms issued to the participants.  These were calibration data reports for the High and 
Low resistivity samples and a test data report.  The format of these forms is shown on the following pages.  The 
calibration data report for the High resistivity samples was printed on both sides. 
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Calibration Data Report - ASTM Round Robin on F673 Method I 
 HIGH Resistivity Wafer Runs - Calibration Data
Laboratory ________________________   
Operator _________________________        Measurement Date _____________ 
ADE System   9300   9600   7200  (Please circle one)        Software Revision_____________ 
Lehighton System      Model___________________        Software Revision______________ 
Other System Manufacturer ______________   Model _________   Software Revision _______ 
Most Recent "In Control Operation" Date _______   How determined ________________ 
________________________________________________________________________ 
Ambient Temperature     Run Start: ______ o[  ]F   [  ]C     Run End: ______ o

HIGH Resistivity Calibration Masters Thickness Calibration Masters 
HIGH Resistivity Master #1  
Stated Value  _________ -cm, ________ m 
 
Reading 1:     _________ -cm 
Reading 2:     _________ -cm 
Reading 3:     _________ -cm 

Thickness Calibration Master #1 
Stated Value  _________ m 
 
Reading 1:     _________ m 
Reading 2:     _________ m 
Reading 3:     _________ m 

HIGH Resistivity Master #2 
Stated Value  _________ -cm, ________ m 
 
Reading 1:     _________ -cm 
Reading 2:     _________ -cm 
Reading 3:     _________ -cm 

Thickness Calibration Master #2 
Stated Value  _________ m 
 
Reading 1:     _________ m 
Reading 2:     _________ m 
Reading 3:     _________ m 

HIGH Resistivity Master #3 
Stated Value  _________ -cm, ________ m 
 
Reading 1:     _________ -cm 
Reading 2:     _________ -cm 
Reading 3:     _________ -cm 

Thickness Calibration Master #3 
Stated Value  _________ m 
 
Reading 1:     _________ m 
Reading 2:     _________ m 
Reading 3:     _________ m 

HIGH Resistivity Master #4 
Stated Value  _________ -cm, ________ m 
 
Reading 1:     _________ -cm 
Reading 2:     _________ -cm 
Reading 3:     _________ -cm 

Thickness Calibration Master #4 
Stated Value  _________ m 
 
Reading 1:     _________ m 
Reading 2:     _________ m 
Reading 3:     _________ m 

HIGH Resistivity Master #5 
Stated Value  _________ -cm, ________ m 
 
Reading 1:     _________ -cm 
Reading 2:     _________ -cm 
Reading 3:     _________ -cm 

Thickness Calibration Master #5 
Stated Value  _________ m 
 
Reading 1:     _________ m 
Reading 2:     _________ m 
Reading 3:     _________ m 

HIGH Resistivity Master #6 
Stated Value  _________ -cm, ________ m 
 
Reading 1:     _________ -cm 
Reading 2:     _________ -cm 
Reading 3:     _________ -cm 

Thickness Calibration Master #6 
Stated Value  _________ m 
 
Reading 1:     _________ m 
Reading 2:     _________ m 
Reading 3:     _________ m 
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Calibration Data Report - ASTM Round Robin on F673 Method I 

 LOW Resistivity Wafer Runs - Calibration Data
Laboratory ________________________   
Operator _________________________        Measurement Date _____________ 
ADE System   9300   9600   7200  (Please circle one)        Software Revision_____________ 
Lehighton System      Model___________________        Software Revision______________ 
Other System Manufacturer ______________   Model _________   Software Revision _______ 
Most Recent "In Control Operation" Date _______   How determined ________________ 
________________________________________________________________________ 
Temperature     Run Start: ______ o[  ]F   [  ]C         Run End: ______ o

LOW Resistivity Calibration Masters Thickness Calibration Masters 
LOW Resistivity Master #1  
Stated Value  _________ -cm, ________ m 
 
Reading 1:     _________ -cm 
Reading 2:     _________ -cm 
Reading 3:     _________ -cm 

Thickness Calibration Master #1 
Stated Value  _________ m 
 
Reading 1:     _________ m 
Reading 2:     _________ m 
Reading 3:     _________ m 

LOW Resistivity Master #2 
Stated Value  _________ -cm, ________ m 
 
Reading 1:     _________ -cm 
Reading 2:     _________ -cm 
Reading 3:     _________ -cm 

Thickness Calibration Master #2 
Stated Value  _________ m 
 
Reading 1:     _________ m 
Reading 2:     _________ m 
Reading 3:     _________ m 

 LOW Resistivity Master #3
Stated Value  _________ -cm, ________ m 
 
Reading 1:     _________ -cm 
Reading 2:     _________ -cm 
Reading 3:     _________ -cm 

Thickness Calibration Master #3 
Stated Value  _________ m 
 
Reading 1:     _________ m 
Reading 2:     _________ m 
Reading 3:     _________ m 

LOW Resistivity Master #4 
Stated Value  _________ -cm, ________ m 
 
Reading 1:     _________ -cm 
Reading 2:     _________ -cm 
Reading 3:     _________ -cm 

Thickness Calibration Master #4 
Stated Value  _________ m 
 
Reading 1:     _________ m 
Reading 2:     _________ m 
Reading 3:     _________ m 

LOW Resistivity Master #5 
Stated Value  _________ -cm, ________ m 
 
Reading 1:     _________ -cm 
Reading 2:     _________ -cm 
Reading 3:     _________ -cm 

Thickness Calibration Master #5 
Stated Value  _________ m 
 
Reading 1:     _________ m 
Reading 2:     _________ m 
Reading 3:     _________ m 

LOW Resistivity Master #6 
Stated Value  _________ -cm, ________ m 
 
Reading 1:     _________ -cm 
Reading 2:     _________ -cm 
Reading 3:     _________ -cm 

Thickness Calibration Master #6 
Stated Value  _________ m 
 
Reading 1:     _________ m 
Reading 2:     _________ m 
Reading 3:     _________ m 
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Test Data Report - ASTM Round Robin on F673 Method I 
 
This is a suggested format for recorded data; other formats are acceptable provided the listed information is reported.  A 
supply of these forms is included for laboratories wishing to use them. 
 
Laboratory ________________________ Operator  ________________________ 
ADE System   9300   9600   7200  (Please circle one)        Software Revision_____________ 
Lehighton System      Model___________________        Software Revision______________ 
Other System Manufacturer ______________   Model _________   Software Revision _______ 
Measurement Date ____________    [  ]  Data is recorded on disk with file name ___________ 

 
Sample #  Measured Resistivity   

 [  ] -cm    [  ] m-cm 
Measured Thickness

 m 
NOTES 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

Questions 

_________________________________________________________________________________________ 

_________________________________________________________________________________________ 

_________________________________________________________________________________________ 

_________________________________________________________________________________________ 
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7. Results as Reported by Participants 

7.1 Table 2 lists the results of the measurements on the high resistivity test samples as reported by the participants. 

Table 2 Resistivity Measurements in Ωcm on High Resistivity Test Samples as Reported by 
Participants 

Lab # Pass # 
Sample # 

1 2 3 4 5 6 7 8 9 

1 

1 1.089 1.122 3.943 3.980 10.84 12.55 13.03 13.62 13.64 
2 1.088 1.122 3.944 3.869 10.84 12.56 13.04 13.63 13.64 
3 1.089 1.122 3.945 3.988 10.84 12.56 13.05 13.62 13.64 
4 1.088 1.121 3.937 3.976 10.82 12.53 13.02 13.60 13.63 
5 1.088 1.121 3.943 3.981 10.84 12.56 13.04 13.63 13.65 
6 1.088 1.122 3.943 3.981 10.84 12.56 13.04 13.63 13.66 
7 1.091 1.122 3.944 3.984 10.84 12.56 13.05 13.63 13.64 
8 1.089 1.123 3.946 3.983 10.85 12.57 13.05 13.64 13.65 
9 1.090 1.122 3.946 3.983 10.85 12.57 13.06 13.64 13.65 

2 

1 1.089 1.121 3.939 3.988 10.83 12.54 13.03 13.62 13.64 
2 1.089 1.122 3.941 3.989 10.82 12.55 13.03 13.62 13.65 
3 1.089 1.122 3.939 3.990 10.83 12.55 13.05 13.63 13.66 
4 1.089 1.122 3.943 3.984 10.83 12.54 13.04 13.63 13.65 
5 1.090 1.122 3.942 3.982 10.83 12.54 13.03 13.62 13.64 
6 1.089 1.122 3.940 3.983 10.83 12.55 13.03 13.61 13.64 
7 1.090 1.122 3.943 3.987 10.84 12.55 13.03 13.63 13.65 
8 1.090 1.123 3.945 3.983 10.84 12.55 13.03 13.63 13.65 
9 1.090 1.122 3.944 3.986 10.84 12.55 13.04 13.63 13.65 

3 

1 1.095 1.126 3.953 3.996 10.89 12.62 13.10 13.70 13.72 
2 1.094 1.127 3.953 3.996 10.89 12.62 13.11 13.70 13.73 
3 1.095 1.127 3.953 3.998 10.89 12.63 13.11 13.71 13.73 
4 1.094 1.126 3.956 3.998 10.89 12.61 13.11 13.70 13.73 
5 1.095 1.127 3.956 3.998 10.90 12.62 13.11 13.71 13.73 
6 1.094 1.126 3.957 4.002 10.90 12.62 13.10 13.71 13.73 
7 1.095 1.126 3.957 4.002 10.90 12.62 13.11 13.71 13.74 
8 1.094 1.127 3.955 4.002 10.90 12.62 13.11 13.70 13.73 
9 1.094 1.127 3.955 4.002 10.90 12.62 13.11 13.71 13.73 

4 

1 1.098 1.130 3.970 4.010 10.92 12.64 13.13 13.73 13.75 
2 1.100 1.132 3.978 4.017 10.95 12.67 13.16 13.74 13.77 
3 1.100 1.132 3.978 4.017 10.95 12.67 13.16 13.75 13.78 
4 1.096 1.129 3.967 4.006 10.91 12.63 13.13 13.72 13.75 
5 1.099 1.131 3.975 4.013 10.93 12.66 13.15 13.75 13.77 
6 1.100 1.131 3.976 4.014 10.93 12.66 13.15 13.75 13.77 
7 1.101 1.133 3.980 4.020 10.95 12.67 13.17 13.76 13.80 
8 1.103 1.136 3.989 4.028 10.97 12.70 13.20 13.78 13.81 
9 1.104 1.137 3.993 4.031 10.98 12.71 13.21 13.80 13.81 

5 

1 1.101259 1.134193 3.958755 4.001934 10.87418 12.65798 13.09727 13.68827 13.70343 
2 1.103550 1.136737 3.973577 4.007016 10.89960 12.65003 13.12645 13.73883 13.77688 
3 1.105541 1.137442 3.975222 4.014207 10.91640 12.65212 13.12599 13.72826 13.74362 
4 1.101891 1.132633 3.963221 3.998242 10.87394 12.62908 13.09006 13.69548 13.71064 
5 1.105241 1.135280 3.968981 4.003555 10.90371 12.63642 13.13374 13.72343 13.72331 
6 1.105393 1.137978 3.968501 4.014635 10.90856 12.66361 13.12626 13.72020 13.75418 
7 1.100537 1.132859 3.955460 3.988268 10.86317 12.59752 13.08285 13.67804 13.69321 
8 1.102499 1.135071 3.962687 3.998642 10.87678 12.62365 13.09762 13.69161 13.71410 
9 1.103629 1.136009 3.966557 4.003266 10.89875 12.63090 13.11936 13.71951 13.74498 
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Lab # Pass # 
Sample # 

10 11 12 13 14 15 16 17 

1 

1 15.42 16.58 21.30 21.48 21.55 25.42 52.12 55.97 
2 15.43 16.60 21.32 21.51 21.56 25.44 52.14 56.00 
3 15.44 16.60 21.32 21.50 21.58 25.45 52.15 56.01 
4 15.47 16.63 21.30 21.49 21.57 25.42 52.11 55.96 
5 15.49 16.66 21.33 21.51 21.59 25.43 52.14 56.02 
6 15.49 16.66 21.34 21.52 21.58 25.44 52.16 56.04 
7 15.50 16.67 21.34 21.48 21.56 25.42 52.09 55.96 
8 15.51 16.68 21.34 21.51 21.58 25.45 52.14 56.02 
9 15.51 16.68 21.34 21.51 21.59 25.45 52.19 56.02 

2 

1 15.42 16.60 21.31 21.51 21.57 25.41 52.21 56.18 
2 15.43 16.59 21.31 21.51 21.58 25.41 52.17 56.15 
3 15.43 16.60 21.32 21.51 21.58 25.43 52.21 56.20 
4 15.48 16.65 21.31 21.50 21.57 25.43 52.28 56.17 
5 15.47 16.63 21.32 21.51 21.58 25.44 52.20 56.19 
6 15.47 16.63 21.30 21.50 21.58 25.43 52.26 56.17 
7 15.48 16.65 21.33 21.52 21.59 25.45 52.28 56.23 
8 15.49 16.65 21.33 21.51 21.59 25.48 52.30 56.16 
9 15.49 16.66 21.33 21.51 21.59 25.45 52.27 56.23 

3 

1 15.58 16.77 21.48 21.66 21.73 25.60 51.56 55.27 
2 15.58 16.78 21.48 21.67 21.74 25.63 52.37 56.07 
3 15.60 16.78 21.47 21.66 21.73 25.61 52.20 56.00 
4 15.59 16.77 21.48 21.66 21.73 25.59 52.60 56.57 
5 15.60 16.77 21.49 21.67 21.72 25.61 52.59 56.60 
6 15.58 16.78 21.47 21.65 21.74 25.60 52.58 56.60 
7 15.59 16.78 21.48 21.67 21.75 25.60 52.60 56.59 
8 15.60 16.77 21.50 21.67 21.75 25.63 52.65 56.60 
9 15.60 16.78 21.50 21.67 21.75 25.64 52.60 56.67 

4 

1 15.64 16.82 21.52 21.71 21.78 25.68 52.63 56.54 
2 15.67 16.85 21.55 21.72 21.81 25.72 52.63 56.48 
3 15.67 16.86 21.55 21.74 21.81 25.72 52.65 56.47 
4 15.64 16.80 21.50 21.69 21.77 25.65 52.60 56.38 
5 15.66 16.84 21.51 21.72 21.76 25.69 52.55 56.41 
6 15.67 16.85 21.54 21.70 21.80 25.68 52.57 56.41 
7 15.69 16.87 21.57 21.76 21.82 25.73 52.61 56.46 
8 15.72 16.89 21.60 21.77 21.85 25.76 52.68 56.50 
9 15.72 16.90 21.61 21.80 21.86 25.77 52.68 56.52 

5 

1 15.61640 16.81122 21.43513 21.69007 21.72812 25.57965 52.35887 56.35833 
2 15.67645 16.86221 21.52701 21.70659 21.81705 25.55523 52.47237 56.16117 
3 15.67190 16.85592 21.53580 21.69910 21.77336 25.60104 52.56920 56.18439 
4 15.64191 16.83253 21.44227 21.61844 21.68834 25.52263 52.37543 56.17150 
5 15.65043 16.81344 21.46256 21.67763 21.70823 25.58272 52.28904 56.12545 
6 15.67379 16.84886 21.47897 21.66318 21.74455 25.60480 52.25496 56.29947 
7 15.60134 16.77691 21.38075 21.58593 21.67401 25.50078 52.23192 56.12897 
8 15.65125 16.82035 21.43057 21.66628 21.68606 25.52703 52.37812 56.20842 
9 15.66187 16.82531 21.45677 21.69724 21.72021 25.55929 52.39162 56.17580 
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7.2 Table 3 lists the results of the measurements on the low resistivity test specimens as reported by the participants. 

Table 3 Resistivity Measurements in mΩcm on Low Resistivity Test Samples as Reported by 
Participants 

Lab # Pass # 
Sample # 

1 2 3 4 5 6 7 8 

1 

1 2.845 2.849 6.872 6.993 7.945 7.988 16.38 16.59 
2 2.841 2.849 6.887 6.992 7.947 7.988 16.39 16.57 
3 2.843 2.851 6.885 6.991 7.947 7.988 16.39 16.58 
4 2.842 2.846 6.878 6.983 7.942 7.986 16.38 16.56 
5 2.839 2.846 6.878 6.983 7.942 7.986 16.38 16.56 
6 2.839 2.846 6.878 6.984 7.942 7.986 16.38 16.56 
7 2.844 2.850 6.880 6.989 7.950 7.989 16.39 16.57 
8 2.843 2.849 6.880 6.987 7.950 7.989 16.39 16.57 
9 2.843 2.849 6.878 6.987 7.950 7.987 16.39 16.57 

2 

1 2.828 2.834 6.849 6.958 7.911 7.953 16.33 16.52 
2 2.828 2.834 6.849 6.958 7.910 7.953 16.33 16.52 
3 2.828 2.834 6.849 6.958 7.910 7.953 16.33 16.52 
4 2.829 2.835 6.853 6.964 7.914 7.957 16.34 16.53 
5 2.828 2.835 6.852 6.960 7.914 7.956 16.34 16.53 
6 2.828 2.835 6.852 6.963 7.915 7.956 16.34 16.53 
7 2.827 2.834 6.853 6.961 7.914 7.957 16.34 16.53 
8 2.826 2.834 6.852 6.961 7.916 7.956 16.34 16.53 
9 2.826 2.834 6.852 6.961 7.916 7.956 16.34 16.53 

3 

1 2.790 2.796 6.783 6.889 7.837 7.879 16.21 16.39 
2 2.789 2.796 6.783 6.889 7.837 7.879 16.21 16.39 
3 2.789 2.796 6.780 6.889 7.837 7.879 16.21 16.39 
4 2.790 2.796 6.783 6.890 7.837 7.881 16.21 16.40 
5 2.790 2.796 6.783 6.890 7.837 7.879 16.21 16.40 
6 2.790 2.796 6.784 6.889 7.839 7.881 16.21 16.40 
7 2.789 2.796 6.783 6.890 7.837 7.879 16.21 16.39 
8 2.789 2.796 6.784 6.890 7.837 7.879 16.21 16.39 
9 2.790 2.796 6.783 6.890 7.837 7.879 16.21 16.39 

4 

1 2.829 2.836 6.856 6.966 7.923 7.966 16.37 16.55 
2 2.829 2.836 6.858 6.966 7.923 7.966 16.37 16.55 
3 2.829 2.836 6.858 6.966 7.922 7.966 16.37 16.55 
4 2.827 2.834 6.850 6.958 7.914 7.954 16.35 16.53 
5 2.827 2.834 6.850 6.958 7.914 7.957 16.35 16.53 
6 2.827 2.834 6.850 6.958 7.913 7.957 16.35 16.53 
7 2.827 2.836 6.853 6.963 7.921 7.962 16.36 16.54 
8 2.827 2.836 6.855 6.963 7.919 7.962 16.36 16.54 
9 2.827 2.836 6.855 6.963 7.919 7.962 16.36 16.54 

5 

1 2.823916 2.831072 6.914389 7.023828 7.996580 8.044038 16.56454 16.75706 
2 2.826955 2.833392 6.916788 7.025778 7.998293 8.038082 16.56611 16.75906 
3 2.827317 2.834462 6.916894 7.024783 7.998864 8.039223 16.56679 16.76006 
4 2.825877 2.831072 6.917926 7.028494 8.003482 8.043657 16.56252 16.76252 
5 2.825410 2.833272 6.918034 7.029254 8.004625 8.044989 16.57289 16.76627 
6 2.827788 2.834519 6.918556 7.027235 8.005578 8.045750 16.57357 16.76702 
7 2.823793 2.831245 6.916260 7.026145 8.003291 8.043467 16.56387 16.75657 
8 2.826294 2.833031 6.915952 7.027633 7.997151 8.044608 16.56499 16.77197 
9 2.825677 2.832421 6.918021 7.028593 8.002339 8.042706 16.57765 16.75607 
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8. Statistical Data Summary 

8.1 The 45 measurements on each test specimen were analyzed in accordance with the procedures in ASTM Practice 
E 6911 using the following relationships from the practice (the equation numbers listed are those found in the 2005 
edition of the practice): 

8.1.1 Cell average center point resistivity (avg): 

  n
nxavg

1
/  (1) 

where x = the individual test results in one cell and n = the number of test results in one cell. 

8.1.2 The cell standard deviation of the measured center point resistivity (s): 

  
n

navgxs
1

2 )1/()(  (2) 

where the symbols have the same meaning as for Equation 1. 

8.1.3 The average of the cell averages for one material (AVG): 

  p
pavgAVG

1
/  (3) 

where p = the number of laboratories in the study (in this case taken as 5). 

8.1.4 The cell deviation (d) for each of the five laboratories: 
 AVGavgd   (4) 

where the symbols have the same meaning as for Equations 1 and 3. 

8.1.5 The standard deviation of the cell averages (sx): 

  
p

x pds
1

2 )1/(  (6) 

where the symbols have the same meaning as for Equations 2 and 3. 

8.1.6 The repeatability standard deviation (sr): 

 
p

r pss
1

2 /  (7) 

where the symbols have the same meaning as for Equations 3 and 4. 

8.1.7 The provisional value of the reproducibility standard deviation (sR)*: 

 nnsss rxR /)1()()()*( 22   (8) 

where the symbols have the same meaning as for Equations 1, 6 and 7. 

8.1.7.1 Note that the reproducibility standard deviation (sR) is taken as the larger of (sr) and (sR)* 

8.1.8 The between-laboratory consistency statistic (h): 
 h = d/sx (9) 
where the symbols have the same meaning as for Equations 4 and 6. 

8.1.9 The within-laboratory consistency statistic (k): 
 k = s/sr (10) 
where the symbols have the same meaning as for Equations 3 and 4. 

8.2 Development of h- and k-Statistics:  First, the h and k statistics are examined for outliers and other problems as 
indicated in Practice E 691.  These statistics are plotted both in order of laboratory and of material in Figures 1 
through 8 for both the high resistivity specimens and the low resistivity specimens. 

8.2.1 For the case of plots in laboratory order, the first laboratory is on the left hand side of the plot and the fifth 
laboratory is on the right hand side of the plot.  For each laboratory, the first material (1) is on the left hand side of 
the group and the last material (17 or 8) is on the right hand side of the group. 

                                                           
1 ASTM Practice E 691 – 05 —Standard Practice for Conducting an Interlaboratory Study to Determine the Precision of a Test Method 



 

RR F01-1018 140129 12

8.2.2 For the case of plots in material order, the first material is on the left hand side of the plot and the last (17 or 8) 
material is on the right hand side of the plot.  For each material, the first laboratory is on the left hand side of the 
group and the fifth laboratory is on the right hand side of the group. 

Figure 1 
h-Statistic for High Resistivity Specimens, by Laboratory 

Figure 2 
h-Statistic for High Resistivity Specimens, by Material 
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Figure 3 
k-Statistic for High Resistivity Specimens, by Laboratory 

Figure 4 
k-Statistic for High Resistivity Specimens, by Material 
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Figure 5 
h-Statistic for Low Range Specimens, by Laboratory 

Figure 6 
h-Statistic for Low Range Specimens, by Material 
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Figure 7 
k- Statistic for Low Range Specimens, by Laboratory 

Figure 8 
k- Statistic for Low Range Specimens, by Material 

8.3 Analysis of h- and k-Statistics:  For this experiment, if the data for the laboratory with the very high k-statistic 
values for the 16th and 17th samples are removed, one of the repeatability values actually increased while the other 
decreased.  Consequently, the 95% repeatability and reproducibility were calculated using the full data set as 
follows: 

8.3.1 The 95% repeatability (r):2 
 r = 2.7718sr (11) 
where sr is calculated from Equation 7. 

8.3.2 The 95% reproducibility (R): 
 R = 2.7718sR (12) 
where sR is the larger of sR* calculated from Equation 8 or sr calculated from Equation 7. 

                                                           
2 Note that this factor, recommended by the Committee F-! Statistician, Paul Langer, is slightly smaller than the factor of 2.8 used in the 2005 
edition of ASTM Practice F 691. 
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8.4 Results for High Resistivity Specimens:  The results of all these calculations for the high resistivity specimens 
are given in Table 4 and in Table 5 for the low resistivity specimens.    These tables are the equivalent of Table 11 in 
he 2005 edition of ASTM Practice F 691, with the addition of the columns showing the percent deviation between 
(1) the pooled within-laboratory relative repeatability and the calculated 95% repeatability (r) found for each sample 
from Equation (11) and (2) the percent deviation between the pooled between-laboratory reproducibility and the 
calculated 95% reproducibility (R) found for each sample from Equation (12). 

Table 4 Data Analysis Calculations for the High Resistivity Samples 

Sample # AVG (Ωcm) sx (Ωcm) sr (Ωcm) sR* (Ωcm) r (Ωcm) % Diff R (Ωcm) % Diff 

1 1.0952 0.0063829 0.0014831 0.0065342 0.0041109 153.5926% 0.018112 -15.9447%

2 1.1276 0.006075 0.0015146 0.0062405 0.0041983 396.6347% 0.017298 -9.3857%

3 3.9569 0.015478 0.005010 0.016182 0.013887 125.2086% 0.044854 22.6214%

4 3.9950 0.018198 0.017758 0.024728 0.049222 -15.2822% 0.068542 -18.9823%

5 10.880 0.045406 0.014296 0.047364 0.039627 31.5390% 0.13128 15.1974%

6 12.606 0.052147 0.015880 0.054254 0.044016 42.1072% 0.15038 16.5196%

7 13.092 0.053228 0.016409 0.055431 0.045484 60.4417% 0.15364 18.4375%

8 13.684 0.056447 0.015986 0.058425 0.04431 88.2209% 0.16194 17.4530%

9 13.706 0.058339 0.016873 0.060469 0.04677 100.6195% 0.16761 13.6664%

10 15.570 0.098571 0.026979 0.101800 0.07478 39.4095% 0.28217 -23.2988%

11 16.745 0.104844 0.027876 0.108088 0.07727 48.4144% 0.29960 -22.3106%

12 21.428 0.102083 0.029351 0.105767 0.08135 53.7716% 0.29317 1.5956%

13 21.615 0.10448 0.025458 0.107200 0.07056 92.0574% 0.29714 1.1158%

14 21.685 0.10318 0.027013 0.106278 0.07487 94.9269% 0.29458 2.3221%

15 25.551 0.11816 0.027689 0.121014 0.07675 103.7469% 0.33543 5.8829%

16 52.358 0.18390 0.16763 0.24248 0.46463 -64.1005% 0.67211 8.2820%

17 56.236 0.17309 0.21479 0.26640 0.59535 -70.2319% 0.7384 5.8622%
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8.5 The repeatability and reproducibility for the high resistivity specimens are plotted as a function of average 
resistivity in Figure 9.  In this figure the calculated 95% repeatability and 95%reproducibility are for each specimen 
are plotted as data points and the pooled within-laboratory relative repeatability and the pooled between-laboratory 
reproducibility are plotted as straight lines.  The former is estimated to be 0.49% × Average Resistivity and the latter 
is estimated to be 1.39% × Average Resistivity. 

Figure 9 
Repeatability and Reproducibility for High Resistivity Specimens as a Function of Average 

Resistivity 

8.6 Results for Low Resistivity Specimens:  The results of all these calculations for the low resistivity specimens are 
given in Table 5.  This table is the equivalent of Table 11 in the 2005 edition of ASTM Practice F 691, with the 
addition of the columns showing the percent deviation between (1) the pooled within-laboratory relative 
repeatability and the calculated 95% repeatability (r) found for each sample from Equation (11) and (2) the percent 
deviation between the pooled between-laboratory reproducibility and the calculated 95% reproducibility (R) found 
for each sample from Equation (12). 

Table 5 Data Analysis Calculations for the Low Resistivity Samples 

Sample # AVG (mΩcm) sx (mΩcm) sr (mΩcm) sR* (mΩcm) r (mΩcm) % Diff R (mΩcm) % Diff 

1 2.8226 0.019581 0.0013119 0.019620 0.0036364 14.6176% 0.054383 14.6176%

2 2.8293 0.019651 0.0011491 0.019680 0.0031851 2.2862% 0.054550 2.2862%

3 6.8569 0.049096 0.0026808 0.049161 0.0074305 -1.5079% 0.13627 -1.5079%

4 6.9654 0.050149 0.0026635 0.050211 0.0073827 -3.7816% 0.13918 -3.7816%

5 7.9233 0.059390 0.0030488 0.059459 0.0084508 -3.1337% 0.16481 -3.1337%

6 7.9653 0.059177 0.0025216 0.059225 0.0069895 -25.3567% 0.16416 -25.3567%

7 16.372 0.12872 0.0055750 0.12883 0.0154529 -16.5429% 0.35709 -16.5429%

8 16.558 0.1324 0.0071491 0.13257 0.0198159 8.0829% 0.36746 8.0829%

 

8.7 The repeatability and reproducibility for the low resistivity specimens are plotted as a function of average 
resistivity in figure 10.  In this figure the calculated repeatability and reproducibility are for each specimen are 
plotted as data points and the pooled within-laboratory relative repeatability and the pooled between-laboratory 
reproducibility are plotted as straight lines.  The former is estimated to be 0.11% × Average Resistivity and the latter 
is estimated to be 2.05% × Average Resistivity. 
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Figure 10 
Repeatability and Reproducibility for Low Resistivity Specimens as a Function of Average 

Resistivity 

9. Research Report Summary 

9.1 Significance: Although the number of laboratories in this study is less than the six-laboratory minimum for 
determining precision prescribed in accordance with Practice E 691, the number of samples and determinations 
meets the requirements of Practice E 691. 

9.2 Conclusions 

9.2.1 Precision 
9.2.1.1 Based on the results of the statistical analysis of the data from the two sets of specimens, the pooled, 

within-laboratory relative repeatability is estimated to be 0.11% for the low range sample set and 0.49% for the high 
range sample set. 

9.2.1.2 The pooled, between-laboratory reproducibility is estimated to be 2.05% for the low range sample set 
and 1.39% for the high range sample set. 

9.2.1.3 There is no apparent dependence on the conductivity type of the specimens. 

9.2.2 Bias 

9.2.2.1 Each laboratory used its own in-house calibration wafers.  The bias between those wafers and NIST 
SRMs® is unknown.  Therefore no bias statement can be made based on the results from this experiment. 

9.2.2.2 However, ASTM Guide F 1527 (now SEMI MF15273) can be used to establish bias within any 
laboratory. 
 

                                                           
3 SEMI MF1527 — Guide for Application of Certified Reference Materials and Reference Wafers for Calibration and Control of Instruments for 
Measuring Resistivity of Silicon 
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