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* National Justitute of Staadards X echunlogy

Tevtificate

Standard Reference Materinl® 2546

Sihicon Besizovey Standard - 100 olimecm Level

This Btandard Feference MMaterial (3EM) iz intended primarily for use in the determination of sheet resistance and
bulk resistivity using the DC four -point probe method [1,2]. SRM 2546 iz a nominal 100 mm diameter float zone
n-type silicon wafer with (111} crystallographic orientation, doped with phosphorus by the Neutron Transmutation
Doping (MTL) process. Wafer preparation was performed utilizing & simultaneous two-sided lapping process
with a nominal 7 pm aluminum ozxide abrasive.

This wafer uwnit was individually measured. The certified sheet resistance and resistivity walues at the wafer's
center are given in Table la and the sheet resistance is given at @0 increments on the radii of 5 mm and 10 mm
circles in Table 1b. The stated vncertainty walues for this unit are derived from a statistical anelysis of the entire
lot of wafers produoced at the 100 ohm.cm resistivity level. A& summary of these uncertainties iz given in Table 2.

Previous silicon resistivity SEMs have also been uwsed as de facto standards for calibration of noncontect (eddy
current) instruments andfor with other material systems such as compound semiconductors.  This SEM has similar
utility, but it must be emphasized that IS T has rigorously investigated the DC four-point method on bulk silicon
orly. This 3R cannct be used as a thickness reference stendard.

Expivation of Certification: The certification of this 3EM iz deemed to be indefinite, provided the 3REM is
handled and stored in accordance with the Care and Handling end Cautions to User sections of this certificate.
However , the certification will te nullified if the SRM iz damaged, contaminated, or modified. It is possible to
take seversl thousend individual probe messurements tefore performance degradation occurs.  Any degradation
due to probe damage iz evidenced by a shift in messured resistivity and a significant incresse in messurement
standard deviation. When such damage occurs, the certification is invalidated and the ZRM should no longer te
used.

The doped bulk silicon material was supplied by Topsil SBemiconductor Materials A%, Frederikssund, Denmark.
Statistical guidance and anslysis were provided by M.C. Croarkin of the NIS T Statistical Bngineering Division.

Fesistivity measurements for this 3RM were performed by DR, Ricks and JIM. Thomas of the MIST
Semiconductor Blectronics Division.

The coordination and overall direction of thiz SEM were provided by IR, Bhrstein of the MIET Semiconductor
Electronics Division.

The support mspects involved in the preparation, certification, and issvance of thiz 3RM were coordinated through
the Standsrd Beference Materials Program by .M. Trahey and B.J. Gettings.

Gaithersturg, MO 20409 Thomas B. Gills, Chief

Certificate Issue Date: 3 Movember 1997+ Standard Feference Materials Program
20 Jone 97 (origingl certificate date)
*Thit revieion report «ditoriel chenges only.



Table la. Certified Values and Bxpanded Uncertainties at Center of SRM 2546

Berial No.: 2 9

Sheet Resistance™ (Center) Resistivity
{Cotrected 10 23 °C) {Corrected 1o 23 200
1530.8 ohms £ 1.8 ohms 95._.57 ohm.cm & 0.12 ohm.om

Table b, Certified ¥V alues and Expanded Uncertainties on the 5 mom and 10 mm Radius
Measurement Circles of SRM 2546

Sheet Resistance™
{Corrected to 23 0

fngle Snai Radius 10 e Bading

s ¥ 1 535 D ohms + 2.8 ochms «] 529 2 ohms + 2.8 ohms
Gy 3 1 535 . 6 ohms & 2.8 ochms ‘| 533 . {6 ohmg £ 2.9 ohms
e 3 1530 .3 ohms +2.8chms 1531.2 ohms & 2.8 ohms
80 e 3 1 530 . 3 ohms + 2.8 ochms ’l 52(;} . 3 chms + 2.8 ohms
WM 3 ’| 52 S . ?} ohms & 2.8 ohms 1 528 . 0 ohms & 2.8 chms
L ¥ 1530 .0 ohms +2.8chms 1529. 4 ohms & 2.8 ohms

*Values for sheet resistence may be converted to resistivity valuves by multiplying by the wafer thickness.

Certified Value Uncertainties: The uncertainties for the certified values were caloulated in accordance with the
BO and NIST Guides [3]. The sources of nncertainty are identified below, with a more detailed explanation
given in Feference [4]. It is assumed that rectangular distribotions underlie all Type B vneertainty determinations;
for & rectanguler distribution, the verience is one-third of the half-width. The combined vncertainty is obtained
from the sguare-toot of the sum of the Type A and Type B wardences. The expanded uncertainty is oblained by
multiplying this combined uncertainty by a coverage factor; following NIBT guidelines, a coverage factor of two
iz used, and the expanded unoertainty i3 written as & 2 o value.

The following components of uncertainty were determined by Type A evaluastions: 1) electrical messurement
process precision (short term) was estimated from a pooling of the wafer center messurement variances of all the
wafers {(approzimately 123) in this batch with comparable variences from pre- and post-certification control
experiments; 2) day to day end longer term process variability was obtained from comparison of pre- and post-
certification control experiment values and from check wafer data taken during the couvrse of the certification; 3)




the effect of using a single four-point probe, out of all possible probes, for certification wes estimated from the
control experiments which utilized multiple protes. The combined variance from the abowe souwces applies both
to sheet resistance and to resistivity walues.  An additionsl term for the typicel variation of thickness walues for
individual wafer units is included in the uwnoertainty for resistivity velues, but not in that for sheet resistance.
(Iote: the electrical measurement process precision contributes only one -sixth as much to the uncertainty of the
average (of S measurements) as it does to the vncertainty of the individual measurements. )

Type B determinations were made for the following sources of uncertainty that affect both the resistivity and the
sheet resistance walues: 1) digital woltmeter and standard resistor celibration wncertainty; 2) uwncertainty in the
measurement of wafer tem perature that affects correction of the measured values from ambient temperature to 23
'C. Anadditional source evaluated by Type B determination that affects only the resistivity value:  uncertainty of
transfer of thickness scale from gauge blocks through the thickness tool to the wafer.

Tatle 2. Summary of Tncertainty for Individual Measurement Values

Sheet Resistarics Fesistivity

Totel Type A 1.19 ohms 0.0748 ohm.cm
Uncertainty

Total Type B 0. 73 chms 0. 0485 ohm.cm
Uncertainty

Combined 1. 32 ohms 00892 ohm.cm
Uncertainty (1)

Expanded 2.74 ohms 0.1784 ohm.cm
Uncertainty (2o)

Measnrement Procednre: Each unit wes individually measured by using & single inlineg probe with nominsl 1.59
mm probe point separation and meeting the specifications of ASTM F84 [1] for bulk silicon. The dual-
configuration method [2,5] of four-point probe measurements was weed, with confi guration "A" being identical to
that in A3THM Fa4. Bighteen measurements were taken on each undt:  siz were taken at the wafer center,
separated by rotations of approximately 30° (these are averaged and reported for the center as a single location);
six were taken at sites separated by rotations of 80° around & circle of radins 5 mm (0.2 in); and siz were taken at
sites around a circle of radivs 100 mm (0.4 in), sgein with rotational separations of 80°. The measurements
descrited by these two circles started on the positive X-axiz (negative Y-axiz iz normal to the wafer flat) and
proceeded counter clockwise. Due to the nature of resistivity veriations in silicon, the walues certified for these
circles cannot be used to predict the resistivity in other regions of the wafer.

£ DT current walue was selected to give & measuwed specimen woltage between 295 mWV end 1005 mV in
configuration "A" for the first measurement at the wafer center. This current setting was maintained on the
current supply for ell subsequent measurements.  Walues of current at each of the measurement sites were
determined to five or more digits nsing a standard resistor.

Thickness wniformity for the region of the electricel messurements was evaluated for each wafer by using the
nine-site plan of ASTM Method Fi4, with a radivs of approximately 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 te
acceptable for use as an 3EM. The average of all nine thickness measurements for this wafer is given in Table 3,
and should be used to convert from sheet resistance to resistivity for each of the electrical measurement sites.

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



Table 3. Measurement Conditions for Certification

Date of Certification Measurements: (9 RM 2546, Ser.# 29) 03/29/94
Fverage Wafer Thickness: 624.3  ms 0.01 L
Nominal Measurement Current: 29 uh
Temgperature of Heat Sink While Measuring at:
First Measurement Site: 23.12 W
Last Measurement Site: 23.14 '
Temperature Coefficient of Resistivity, C, (first site) [1]: 0.8298 %10
Relative Homidity: « 0% RH

Correction Terms Used

1} Average factor to convert the voltage-to currend (VY1) ratio 4.5283
to sheet resistance, for configuration A" at the wafer center: - e

2y Correction factor related to ratio of wafer thickness to probe 0.9996
separation for caloulating wafer sheet resistance: -

3 Correction for temperature to 23 *C (first site}: 1.0004

Motes om SRM Use: A four-point probe with spacing equal to or grester than twice the wafer thickness
effectively averages sheet resistance from front to back surfaces of a wafer. For this reason, sither surface of the
SEM wafer may be measured by the user’s four-point probe with negligible expected differences in the valnes
measnred.

When the user needs to convert sheet sesistance valves messured on this SRM to resistivity valves, NIST
recommends wsing the thickness wvalue given on this Certificate to obiain best agresment with the certified
resistivity valve. Due to the lapped surface testure of this wafer, independent 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
gange is used. This would result in a degraded transfer of resistivity scale using this SEM although it would have
no bearing on the transfer of the sheet resistance value. Due fo its lapped surface texture, this wafer cammnot be
used as a reference material for wafer thickness.

Care and Handling: The lapped surfaces of this SRM give it & general robustness and improved messurement
stability. Nevertheless, reasonable care in handling, such as the use of gloves, finger cots, vacuum paddles, or
tweezers should be exercised to maintsin wafer cleanliness. Storage in any ressonable, noncorrosive, nontoxic
ervironment, in conjunction with the peckaging provided, should prove adequate for maintaining stability of the
SEM. Cleaning with the proper surfactant or with isopropyl alcohol, together with thorough rinsing in deiondzed
water and thorough drving, has been found acceptable for removing most surface stains. The use of hydroflvoric
acid or of elevated temperatore {reatments is discouraged. The 3RM should not be stored or messured in an
ambient relative humidity above 30 %



Cantions to User: NIET strongly recommends that this SRM not be uwsed alone for calibration, or for testing the
linearity or other performance characteristic of sheet resistance/resistivity messuring equipment. For any of these
applications, use one or more of the other SRM wafers in the SRM series 2341 through 2347 in addition to this
SRM.

NIET recommends the user generate secondary standards based on this 3RM rather than employ it for routine use
[G]. This is particularly important for users of four-point probe instruments which may gradually damage silicon
wafers with repeated probing.

This SRM may not be appropriste for calibreting sheet resistance measurement instruments or for evaluating the
sheet resistance/resistivity of materials other than silicon due to differences of material and instrument parameters
relative to single crystel silicon wafers and to DC conduction messwements.  Among the material parameters are
conduction and carrier scattering mechardsms, grain boundary effects on conduction, and the relative importance
of sample surface w. bulk in responding to the measwrement stimulus.  Instrument parameters include
electromagretic frequency of the messuremerd stimaulus, the sssociated skin depth in the materisls being
measured, and sampling volume of the instrumendation in relation to material grain size. Parfies interssted in
exending the calibration wse of these SBMs are advised to contect Dr. James B Blustein of the NIET
Semdeonductor Blectronics Divdsion at (301) 975-2060.

Silicon has a noticeable temperature dependence for resistivity. Accurate values of the temperature coefficient of
silicon resistivity are available for the range 18 'C to 28 'C [1]. If the user makes measurements st & temperature
other than 23 *C, the resulting resistivity and sheet resistance values must be corrected to 23 'C for best agresment
with the certified values. Corrections for measurements made outside of the 18 "C to 28 *C range may suffer from
reduced accuracy.

The localized variations in resistivity typically found in silicon wafers such as those of this SRM may limit the
user's ability fo obtain exactly the certified walues if instrumentation is employved having & sampling volume
different from that of & 159 mm four-point probe. Howewer, it is likely that imprecision of the user's
instromendation will be a more important limitation to trensfer of the certified value than will differences in
sampling volume.,

REFBRENCER

(11 ASTHM Method F 3493 "Standard Test Method for Measuring Eesistivity of Silicon Wafers With an In-Line
Four-Point Probe," Annuval Book of ASTM Standards Vel. 10.05, West Conshohocken, P A 19428,

[2]  ASTMM Method F1529-96, "Standard Test Method for Sheet Fesistance Uniformity Bvalvation by In-line
Four-Point Probe with the Dual Configuration Procedure,” Annval Book of ASTM Standards Vel 1003,
West Conshohocken, PA 19428,

(31 Guide to the Bxpression of Uncentairty in Meanwemers, BN 92-67-10188-9, 1st Bd. RO, Genewa,
Switzerland, (1993): see also Taylor, B M., and Kuystt, CB., "Guidelines for Bvaluating and Bxpressing
the Uncertainty of MIST Measurement Fesults," NIBT Technical MNote 1297, U.8. Government Printing
Office, Washington DO | (1954},

(4] Bhrstein, ] K. and Croarkin, M.C. | Standard Reference Materials: The Certification of 100 mom Dismeter
Silicon Resistivity SEMs 2541 through 25347 Using DualConfiguration Four-Point Probe Measurements,
NIST Special Publication 260-131, (1997).

[3] Perloff, D.E., Gan, J.MN., and Wahl, F.B., Dose Accuwracy and Doping Uniformity of lon Implastation
Bauipment, Jolid State Technology, Vel 24, Mo. 2, pp. 112-120, (1981).
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Wafers for Calibration and Control of Instruments for Measuring Fesistivity of Silicon," Anmual Book of
A3TM Standards, Vel 10,05, West Conshohocken, PA 194248,

& ix the respormibility of wsery of thiz SRM to auzwre tha the centificate in their povsession is cwrvert. Thiz can bs
accomplished by comtacting the SRM Program @ Phore (301) 975-6776 ({selsct "Cenificates”), Fax (301) 926
4731, e-mail srminfo@vist. gov, or via the Interngt Rip iRz vist govisvm,



APFEMDIX

The 3REM 2341 through 3RIM 2547 zeries iz intended to replace the previously issued silicon resistivity sets, SRIM
1521 throngh SEM 1323, and offer several compatative adventages: 1) larger size for better equipment
compatibility; 21 better uniformity of both thickness and resistivity; 3) reduced measuwrement uwncertainty dus to an
improved certification procedure; and 4) additional messurement sites for better characterization of resistivity
undformity.

Stability Tests: Silicon wafers from all previous resistivity SEM: have been monitored by WNIST for as long as
15 years with no cumulative drift of the measured resistivity walues. While there were some measurement welues
in that mondtoring sequence that were outside the confidence limits determined from the certification uncertainty,
those outlier values are believed to have been dus to long-term measurement environment variability as well as to
the use of single-confi guration probe measurements which are more sensitive to changes of probes or to probe tip
condition than ate the dual configuration measurements uwsed for current 3R certification.

Testz of the stability of silicon resistivity reference materials with repeated probing have shown that it iz possible
to make several thousand probe messurements without significant change of welue, even when the probing is
confined to & very localized area.  However, tle mse of exvessively slhorp o domaged probes, or of
mcollidened new probes. may sccelervate the acemmlation of cyvstalline doawage that leads to a shift in
resistivity walues or degraded measuwement repeatability. This iz particularly true for float zone or N'TD silicon,
both of which have low oxygen content and are more susceptible to crystalline damege from mechanicel contact.

Dimldlaboeratery Demsmrement Reprodmcibility: Test results of multilaboratory comparizons of four-probe
resistivity measurements are useful for guidance on confidence intervals that might be expected when using this
SEM to transfer resistivity scale walues tetween WI3T and the user's laboratory. While there have not been any
reported multilaboratory tests using the dual-confi goration method of messurement, a number of tests have been
conducted by ASTM using the singleconfiguration methodology (ASTIM Fa8d).  These tests vielded &
multilaboratory precision of just wnder 0.7 % for wefers with resistivities up to 120 ohmn.cm, and just wnder 1.7
% for wafers between 120 ohm.cm and 300 chm.cm. These values lead to 99 % confidence intervals of + 2 %
for wafers up to 120 chm.cm and £ 5 % for wafers between 120 ohm.cm and 500 chm.cm [1]. Because of the
relatively nonuniform, small (3 cm) diameter wafers wsed for those &3 TR multilaboratory tests, the resulting
confidence intervals are believed to be quite conservative compared to what could te expected on wafers with
improved wniformity such as those from this 3RIM series, particularly if the dual-configuration four-point probe
methodology were employed by all laboratories.

Equipmentt Uied for Wafer Qmalification and for SEM Certification:

For the Determination of Thickness:
Random wafers - large area thickness wniformity prescreening: £0E Model GO35T®
&1 wafers - certified thickness, 9 sites: Haidenhain Certo o0®
Gange blocks for calibration of Certo &0: Webber Croblox® 060965 mm
Webter Croblox  0.4G2300 mm
Webter Croblox  0.68045 mm
For Blectrical Measurements:

Current Supply: Blectronic Development Cor poration Model #CR 103
Standard Fesistor: 1000 ohm, Leeds & Worthoup, MBS Type #1302167
O Hewlett-Packard Model #3456
Frotbe: Enlicke & Boffa Fell Probe #2362

REFEREMNCE

[1] Bullis, W.M., Standard Measurements of the Fesistivity of Silicon by the Four-Probe Method, Mat. Inst. Std.
Tech. NB3IR 74-496, p. 75, (August 1974).

Wertain commercial matriele and egnipment are identified in order to edegquetely cpecify the experimental procedore. Such
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