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Uervtificate

Standard Reference Material® 2542

Silicon Resisuvity Standard - 0.1 ohm.cm Level

This Standard Reference Material (SRM) is intended primarily for use in the determination of sheet resistance and
tulk resistivity using the DC four-point probe method [1,2). SRM 2542 {s a nominal 100 mm diametes
Canchralski-grown, boron-doped silicon wafer with (100) crystatlographic orientation. Wafer preparation was
perfor med wtilizing a simultanzous two-sided lapping process with a nominal 12 pm aluminum oxide abrasive

This wafer vnit was individually measured. The certified sheet resistance and resistivity values at the wafer's
center are given in Table la and the sheet resistance is given at 60° increments on the radii of 5> mm and 10 mm
circles in Table 1b. The stated uncertainty valuss for this unit are derived from a statistical analysis of the entire
lot of wafers produced at the 0.1 ohm.cm resistivity level. A summary of these uncertainties is given in Table 2.

Previous silicon resistivity SRMs have also been used as de facto standards for calibration of noncontact (eddy
current) instruments and/or with other material systems such as compound semiconductors. This SRM has similar
utility, but it must be emphasized that NIST has rigorously investigated the DC four-point method on bulk silicon
only. This 3RM cannot be used as a thickness reference standard.

Expiration of Certification: The certification of this SRM is deemed to be indefinite, provided the 3RM is
handled and stored in accordance with the Care and Handling and Cautions to User sections of this certificate.
However, the certification will be nullified if the SRM is damaged, contaminated, or modified. It is possibtle to
take several thousand individual probe measurements before performance degradation accurs  Any degradation
due to probe damage is evidenced by a shift in measured resistivity and a significant increase in measurement
standard deviation. When such damage occurs, the certification is invalidated and the SRM should no longer be
used.

The doped bulk silicon material was supplied by Recticon Corp , Pottstown, PA.
Statistical guidance and anal yzis were provided by M.C. Croarkin of the NIZ T Statistical Brgineering Division.

Resistivity measuremnents for this SRM were performed by DR, Ricks and .M Thomas of the NIST
Semiconductor Blectronics Division.

The coordination and overall direction of this SRM were provided by J R. Bhestein of the NIST Semiconductor
Electronics Division.

The support aspects involved in the preparation, certification, and issvance of this 3RM were coordinated through
the Standard Reference Materials Program by N.M. Trahey and R.J. Gettings.

Gaithersburg, MD 20892 Thomas B Gills, Chief
Certificate Isue Date: 28 QOctober 1997* Standard Reference Materials Program
20 June 97 (original certificete date)
*This revision reports editerial changes only.

Table la. Certified Values and Bxpanded Uncertainties at Center of SRM 2542
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Jerial No.-

“heet Resistance® (Center)
{Corrected to 23 °C)

1.8643

Fesistivity
(Corrected to 23 °C)

0.11710

ohms £ D.0016 ohuns ohm.cm + 0.00011 ahm.cm

Table 1b  Certified Values and Expanded Uncertainties on the 5 mm and 10 mm Radius
IMMeasurement Circles of SRR 2542

Sheet Resistance*
(Corrected to 23 °C)

Angle 3 mm Radins 10 ram Radius

0z 3 1.8642 ohms + 0.0024 ohms 1.8632 ohms + 0.0024 ohms
o0+ 3 1.8641 ohms + 0.0024 ohms 1.8638 ohms  0.0024 ahms
120" 3 1.8646 ohms * 0.0024 ohms 1.8610 ohms + 0.0024 ohms
180" 3 1.8650 ohms 2 0.0024 ohms 1.8634 ohms + 0.0024 ohms
240" ¢ 3 1.8622 ohms + 0.0024 ohms 1.8603 ohms + 0.0024 chms
PO ¥ 1.8642 ohms +0004ohms 1.8619 ohms + 0.0024 ohms

* Values for sheet resistance may be converted to resistivity values by multiplying by the wafer thickness.

Certified Valune Uncertainties: The uncertainties for the certified values were calculated in accordance with the
[30 and NIST Guides (3] The sources of uvncertainty are identified below, with a more detailed explanation
given in Reference [4]. It is assumed that rectangular distributions underlie all Type B uncertainty determinations;
for a rectangular distribution, the variance is one-third of the half-width. The combined uncertainty is obtained
from the square-root of the sum of the Type Aand Type B variances. The expanded uncertainty is obtained by
multiplying this combined uncertainty by a coverage factor; following NIZT guidelines, a coverage factor of two
is used, and the expanded uncertainty is written as a 2 o valus.

The following components of uncerlainty were determined by Type A evaluvations: [} electrical measurement
process precision (short term) was estimated fram a pooling of the wafer center measurement variances of all the
wafers (approximately 123) in this batch with comparable variances from pre- and post-certification control
experiments, 2) day to day and longer term process variability was obtained from comparison of pre- and post-
certification control experiment values and from check wafer data taken during the course of the certification; 3)
the effect of using a single four -point probe, out of all possible probes, for certification was estimated from the



control experiments which utilized multiple probes. The combined veriance from the sbowe sources applies both
to sheet resistance and to resistivity velues. An additional term for the typicel variation of thickness welues for
individual weafer wnitz iz included in the wncertminty for resistivity velnes, but not in that for sheet resistence.
(INote: the electrical measurement process precision contributes only one -sixth ms much to the uncertaeinty of the
average (of O messurements) as it does to the wncertainty of the individual measurements. )

Type B determinations were meade for the following sources of uncerteinty that affect both the resistivity and the
sheet resizstance velues: 1) digital voltmeter and standard resistor celibretion uncerteinty; 2) uncertainty in the
measurement of wafer temperature that affects correction of the measured walues from ambient temperature to 23
'C. An additionsl source evaluated by Type B determination that affects only the resistivity welue: uncerteinty of
transfer of thickness scele from gauge blocks through the thickness tool to the wafer

Table 2. Summary of Uncertainty for Individual Messurement Values

Sheet Rezistance Rezistivity

Total Type A 0.00115 ohms 0.000072 ohm.cm
Uncertainty

Total Type B 0.00032 ohms 0.000029 ohm .cm
Uncertainty

Com bined 0.00122 ohms 0.000074 ohm.cm
Uncertainty (15)

Expanded 0.00244 ohms 0.000155 ohm.cm
Uncertainty (20)

Measnrement Procednre: Bach unit was individually measured by using a single in-line probe with nominal 1.59
mm probe point separation end meeting the specifications of ASTM F24 [1] for bulk ailicon. The dual-
configuration method [2,5] of four-point prote measurements was used, with configuration "A" being identical to
that in ASTM F84. Bighteen messuwements were taken on each unit:  siz were teken at the wafer center,
separated by rotations of approximately 30° (these are everaged end reported for the center as a single location);
six were taken at sites separated by rotations of 80° around a circle of radivs 5 mm (0.2 in); and si X were taken at
sites around & circle of radivs 10 mm (0.4 in), agein with rotationsl separations of 90°  The measurements
described by thess twn circles atarted on the positive X-axiz (negative Y-axiz iz normal to the wafer flat) and
proceeded counter clockwisze. Due to the nature of resistivity variations in silicon, the values certified for these
circles cannot be used to predict the resistivity in other regions of the wafer.

& DC current value was selected to give & messwed specimen voltage between 9.95 mV and 1005 mV in
configuration "A" for the first messurement at the wafer center. ‘This current setting was mainteined on the
ourfent supply for ell subzequent messurements.  Valuss of current at each of the meessurement sites were
determinad to five or more digits using a stendard resistor.

Thickneszz wniformity for the region of the electricel messurements was svalvated for sach wefer by using the
nine-site plan of ASTM IMethod F4, with a radivs of approzimately 19 mm for the locations of the corners of
this pattern.  All points were required to have a thickness within 1 pm of the walue at the center of the wafer to be
acceptable for use as an 3EM  The average of all nine thickness measurements for this wafer is given in Table 3,
and should be nsed to convert from sheet resistance to resistivity for each of the electrical measurement sites.

Other possible sources of uncertainty were considered but were estimated to be negligible bazed on experience. A
detailed description of the certification procedure, messurement process control, and uncerteinty analysis is
contained in Reference [4].



Table 3. Measurement Conditions for Certification

Date of Certification Measurements: (SRM 2542, Ser.# 20) 07/24/95
tverage Wafer Thickness: 628.1 v 0.07 L
Nominal Measurement Current: 28 ma
Tempe.:rature of Heat Sinl.c While Measuring at: 23.93
First Measurement Site: 'C
Last Measurement Site: 23.95 'C
Temperature Coefficient of Resistivity, C,. (first site) [1]: 0.4068 %/°C
Relative Humidity: < 30 % RH
Correction Terms Used
1) Awverage factor to convert the voltage-lo current (V/I) ratio 4.5461
to sheet resistance, for configuration " A" at the wafer center:
2) Correction factor related to ratio of wafer thickness to probe 0.9996
separation for calculating wafer sheet resistance:
3) Correction for temperature to 23 *C (first site): 0.9969

Notes on SRM Use: A four-point probe with spacing equal to or greater than twice the wafer thickness
effectively averages sheet resistance from front to back surfaces of a wafer. For this reason, either surface of the
SRM wafer may be measured by the user's four -point probe with negligible expected difference in the wvalves
measured.

When the user needs to convert sheet resistance values measured on this SRM to resistivity values, NIST
recommends using the thickness value given on this Cerlificate lo obtain best agreement with the certified
resistivity value. Due to the lapped surface texiure of this wafer, independant thickness measurements by the user
are likely to result in a slightly different value from that reported here, particularly if a different type of thickness
gauge is used. This would result in a degraded transfer of resistivity scale using this SRM although it would have
no bearing on the transfer of the sheet resistance value. Due to its lapped surface texture, this wafer canmot be
used as a reference material for wafer thickness.

Care and Handling: The lapped surfaces of this SRM give it a general robustness and improved measurement
stability. Nevertheless, reasonable care in handling, such as the use of gloves, finger cols, vacuum paddles, or
tweezers should be excercised to maintain wafer cleanliness. Storage in any reasonable, noncorfosive, nontoxic
environment, in conjunction with the packaging provided, should prove adequate for maintaining stability of the
SRM. Cleaning with the proper susrfactant or with isopropyl alcohol, together with thorough rinsing in deionized
waler and thorough drying, has been found acceptable for removing most surface stains. The use of hydrofl voric
acid or of elevated temperature treatments is discouraged. The SRM should not be stored or measured in an
ambient relative humidity above 30 %

Cantions te User: NIST strongly recommends that this SRM not be used slone for calibration, or for testing the
linearily or other performance characleristic of sheet resistance/resistivity measuring equipment. For any of these
applications, use one or more of the other SRM wafers in the SRM series 2541 through 2547 in addition to this
SRM.



MIST recommends the user generate secondary standards based on thiz SRM rather than employ it for routine use
[5]. This is particularly important for users of four-point probe instruments which may gredually damage silicon
wafers with repeated probing.

This SR may not be appropriate for calibrating sheet resistence messuwrement instroments or for eveluating the
sheet resistancefreszistivity of materials other than silicon due to differences of material and instrument parameters
telative to single crystel silicon wafers and to DT conduction measurements. Among the material parameters are
conduction and carrier scattering mechanisms, grain boundary effects on conduction, and the relative importance
of sample surface vs. bulk in responding to the messurement stimulus.  Instrument parameters include
electromegnetic frequency of the meesurement stimulus, the sssociated skin depth in the materiels being
measured, and sampling volume of the instrumentation in reletion to material grein size. Parties interested in
extending the celibretion use of these SEMs ere advized to contact Di. James E. Bhrstein of the NIST
Semiconductor Blectronics Divizion at (3013 975-2060.

Silicon haes & noticeable tempersture dependence for resistivity, Accurste walues of the temperature coefficient of
gilicon resistivity ate available for the range 1R 'C to 28 'C [1] If the user makes measurements at & temperature
othet than 23 'C, the resulting resistivity and sheet resistance values must be cortected to 23 'C for best agreement
with the cettified values. Cotrections for measutements made outside of the 18 "C to 28 'C range may suffer from
reduced accurecy.

The locealized variations in resistivity typically found in silicon wafers such as those of this SEM may limit the
user's ability to obtain exactly the certified walues if instrumentation is employed hewing a sampling wvolume
different from that of a 1.59 mm fouwr-point probe. Howewver, it is likely that imprecision of the user's
instrumentation will be a more important limitation to transfer of the certified welue than will differences in
sampling volume.
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4751, e-metil srmirfo@rixt. gpov, or via the Irderret Fetp iy, nist. goviavm,



APPENDIX

The SRI 25341 through SEIM 2547 series is intended to replace the previously issued silicon resistivity sets, SEM
1521 through SEM 1323, and offer several comparative edventages: 1) larger zize for better eguipment
compatibility; 2) better vniformity of both thickness and resistivity: 3) reduced measurement uncertainty due to an
improved certification procedure, and 4) sdditionsl messurement sites for better charecterization of resistivity
uniformity.

Stability Tests: Silicon wefers from all previous resistivity SRMs have been monitored by NI3T for as long as
15 years with no cumulative drift of the messured reszistivity valuez  “While there were some messurement values
in that monitoring zequence that were outside the confidence limits determined from the certification uncertainty,
those outlier values are believed to have been due to long-term messurement environment wariability as well as to
the use of single-confi guration probe messurements which are more sensitive to changes of probes or to probe tip
condition than are the dual configuration measurements used for current SEM certification.

Tests of the stability of silicon 1esistivity reference meaterials with repeated probing heve shown that it is possible
to make seweral thousand probe measurements without significent change of walue, even when the probing is
confined to & wery localized area. However. the mse of exvessively shorp or damaged probes. or of
uncondiio ned new probes. may accelerate the accmmmlaton of crystalline damvage that leads to a shift in
resiztivity values or depgraded measurement repeatability. Thiz is particularly true for float zone or MTD silicon,
both of which have low oxygen content and are more susceptitle to crystalline damage from mechanicel contact.

Mnldlaboeratery Measmrement Eeproduweibility: Test results of multilaboratory comparisons of four-probe
resistivity messurements are useful for guidance on confidence intervels that might be expected when using this
SRM to transfer resistivity scale values between INIST and the user's laboratory. '“While there have not been any
reported multilaboratory tests using the dual-confi gnration method of measurement, a mmber of tests have been
conducted by AITM using the singleconfiguration methodology (&3TM Fi3d).  These tests yielded =
multilaboratory precizion of just under 0.7 % for wafers with resistivities up to 120 ohm.cm, and just under 1.7
% for waferz between 120 ohm.cm and 300 ohm.cm. These values lead to 9 % confidence interwals of + 2 %
for wafers up to 120 ohm.cm and £ 5 % for wafers between 120 ohm.cm and 500 ohm.cm [1]. Because of the
relatively nonuniform, small (5 cm) diameter wafers used for those A3 TM multilaboratory tests, the resulting
confidence intervels are teliewed to be quite conservative compared to what could be expected on wafers with
improved uniformity such as those from this 3EM series, particularly if the duel-configuration four-point probe
methodology were employed by all laboratories

Equipment Used for Wafer Qnalification and for 3R Certification:

For the Determination of Thickness:
Random wafers - large ares thickness uniformity prescreening: ADE Model GO33T®
£l wafers - certified thickness, 9 sites: Haidenhain Certo G0
Crauge blocks for calibration of Certo 60: Webber Croblox® 080955 mm
‘Webber Croblox  0.02500 mm
Webber Croblox 068045 mm
For Electrical Measurements:

Current Jupply: Electronic Development Cor poration Model #2F 103
Standard Kesistor: 1ohm, Leeds & Morthrup, MBS Type £1594503
DV Hewlett-Packard Model #3456
Prote: Kulicke & Soffe Fell Prote #2821
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