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Thiz Standard Reference Material (3EM) iz intended primarily for use in the determination of sheet resistance and
bulk resistivity using the DC four -point prote method [1,2]. 3R 25345 is a nominal 100 mm diameter float zone
n-type silicon wafer with (111) crystallographic orientation, doped with phosphorus by the Meutron Transmutation
Doping (MTLOY process. Wafer preparation wes performed otilizing a simultanecons two-sided lapping process
with & nominal 7 pm aluminom oxide abrasive.

Thiz wafer uwnit was individually measwed. The certified sheet resistance and resistivity values at the wafer's
center are given in Table la and the sheet resistance is given at S0° increments on the redii of 3 mm and 10 mm
circles in Table 1b. The stated wncertainty velues for this unit are derived from a statistical analysis of the entire
lot of wafers produced at the 25 ohm.cm resistivity level., A summary of these uncertainties is given in Table 2.

Previous silicon resistivity SEMs have also been used as de facto stendards for calibration of noncontact (eddy
current) instruments andfor with other material systems such as compound semiconductors. This 3RM has similar
utility, but it must be emphasized that WIS T has rigorously investigated the DT four-point method on bulk silicon
orly. Thizs 3R canncot be used as a thickness reference standard.

Expivation of Certfication: The certification of this SEM is deemed to be indefinite, provided the 3RIM is
handled and stored in accordance with the Care and Handling and Cautions to User sections of this certificate.
However, the certification will te nullified if the SRIM iz damaged, contaminated, or modified. It iz possible to
take several thousand individual probe measuwrements before performance degradation cccurs. Any degradation
due to probe damage iz evidenced by a shift in measured resistivity and a significant incresse in measurement
standard deviation. When such damage occurs, the certification is invalidated and the SEM should no longer be
used.

The doped tulk silicon material was supplied by Topsil Semiconductor Materials &0, Frederikssund, Denmark.
Statistical guidance and anal ysiz were provided by M.C. Croarkin of the I3 T Statistical Brngineering Division.

Fesistivity measurements for this 3EM were performed bty DR Ricks and JM. Thomes of the WIET
Semiconductor Blectronics Division.

The coordination and overall direction of this 3RM were provided by J.F. Bhrstein of the NI3T Semiconductor
Electronics Division.

The support aspects involved in the preparation, certification, and issuance of this 3RM were coordinated through
the Standard Reference Materials Program ty .M. Trahey and RB.J. Gettings.

Caithersburg, MO 20899 Thomas B. Gills, Chief

Certificate Issue Date: 3 Movember 1997% Standard Feference Materials Program
20 June 97 (originel certificate date)
#This rewision reports editorial changes only.



Table la. Certified Values and Bapanded Uncertainties at Center of SRIM 2545

Berial No. 1 26

Sheet Resistance® (Center) Fesistivity
{Corrected to 23 "C) {Corrected to 23700

386.62 ohms  0.44 ohms 24,292 oham.cm + 0.029 chm.cm

Table b, Certified ¥ alues and Expanded Uncertainties on the 5 mam and 10 mm Radius
Measurement Circles of SRM 2545

Sheet Resistance™
{Corrected to 2370

Angle Smm Radins 10-mm Radivg
s 286 .7 3 ohms 1 0.600chms 286.19 cohms £ 0600hms
' 3 386 .52 ohms £ 0.600hms 286.62 ohms :0600hms

1200 3 B86 .64 ohms 2 0.600hms 286 .78 ohms :0600hms

1#0' s 3 ?}86 - fg.? ohms & 0.60 chms ?)86 . 42’ chms £ 0.00 ohms
240" & 3 286 .63 ohms £ 0.60chms 286 .90 ohms x060chms
00 ¥ 386 - 57" ohms & 0.60 ohms 336 . 50 chmg & 0.60 ohms

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

Certified Value Uncertainties: The uncertainties for the certified valves were calculated in accordance with the
BO and NIST Cuides [3]. The sources of uncertainty are identified below, with a more detailed explanation
given in Reference [4]. It is assumed that rectangular distribotions undeclie all Type B wncertainty determinations;
for a rectangular distribution, the varience is one-third of the half-width. The combined uncertadnty is obtained
from the square-toot of the sum of the Type A and Type B variances. The expanded uncertainty is obtained by
multiplying this combined uncertainty by a coverage factor; following NEBT guidelines, a coverage factor of two
iz vsed, and the expanded vncertainty is written as & 2 o value.

The following components of uncertainty were determined by Type A ewsluations: 1) electrical measurement
process precision (short term) was estimated from a pooling of the wafer center messurement variances of all the
wafers (approximately 125) in this betch with comparable variances from pre~ and postcertification 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 {aken 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 variance from the above sources applies both
to sheet resistance and to resistivity values.  An additional term for the typical varistion of thickness walues for




individual wefer units iz included in the uwnoertainty for resistivity welues, but not in that for sheet resistance.
(Mote: the electrical measurement process precision contributes only one-sixth as much to the uncertainty of the
average (of & measurements) as it does to the wnoertainty 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 uncertainty; 2) uncertainty in the
measuement of wafer tem perature that affects correction of the measured velues from ambient temperatore to 23
'C. A&n additionsl source eveluated by Type B determination that affects only the resistivity velue:  uncertainty of
transfer of thickness scale from gauge blocks through the thickness tool to the wafer.

Table 2. Bummary of Tncertainty for Individual Measurement Values

Sheet Fesistance Fesistivity

Total Type A 0.240 ohms 0.0131 ohm.cm
Uncertainty

Total Type B 0. 182 ahms 0.0121 ohm.cm
Uncertainty

Com bined 0.301 ohms 0.01%4 ohm.cm
Uncertainty (1)

Expanded 0.80% ohms 0.0287 ohm.cm
Uncertainty (2o

MMeasnrement Procedmre: Each unit was individoally measured by using a single inline 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 A3TM F84. Bighteen measuwrements 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 60° around a circle of radins 5 mm (0.2 in); and six were taken at
sites around a circle of radivs 10 mm (0.4 in), agein with rotationsl separations of &0°. The messurements
described by these tao circles started on the positive X-axiz (negative ¥-axiz iz normal to the wafer flat) and
proceeded counter clockwise. Due to the natuwre of resistivity varistions in silicon, the walues certified for these
circles cannot be used to predict the resistivity in other regions of the wafer.

& DC current value was selected to give & messuwed specimen woltage btetween 295 mV and 1005 mWV in
confignration "A" for the first measurement at the wafer center.  This current setting was meintained on the
current supply for all subsequent measurements.  Walues of current at each of the measurement sites were
determined to five or more digits nsing a stendard resistor.

Thickness wniformity for the region of the electrical measurements was evealuated for each wafer by using the
ning-site plan of ASTM Method F84, with & radive 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 value at the center of the wafer to te
acceptable for use as an 3EIM. The average of all nine thickness measuwrements for this wefer 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 uncertainty were considered but were estimated to be negligible based on experience. A
detailed description of the certification procedure, measurement process control, and uncertainty analysis is
contained in Feference [4].



Table 3. Measwement Conditions for Certification

Date of Certification Measurements: (SRM 3545/ Ser.# 126) 10/07/94

foeerage Wafer Thickness: __é&& -3 pms 0.07 g
Mominal Messuwrement Current: 120 wh
Temperature of Heat Jink While Measuring at:
Figst Measurement Site: 24.32 ™
Last Messurament Site: 24.33 ™

0.8267 40

Temperature Coefficient of Resistivity, C, (first site) [1):

Relative Humidity: < 3% RH
Corvection Terms Used

1) Awerage factor to convert the voltage 4o current (W) ratio
to sheet resistance, for configuration " A" at the wafer center: 4.5558

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

3 Correction for temperature to 23 °C (first site): 0.9905

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

‘When the user needs to conwert sheet resistance values measured on this SRM to resistivity values, NIZT
recommends using the thickness walue given on this Certificate to oblain best agreement with the certified
registivity value. Due to the lapped surface texture of this wafer, independent thickness messwrements by the user
are likely to result in a slightly different velue from that reported hers, particularly if a different type of thickness
gauge is wsed. 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 cannot be
used a5 a veference materinl for wafer ddckness.

Care and Handling: The lapped surfaces of this SRM give it 8 general robustness and improved measurement
stability. Mewvertheless, reasonable care in handling, such as the vwse of gloves, finger cots, wacvum paddles, or
tweezers should be erercised to maintein wafer cleanliness. Storage in any reasonable, noncorrosive, nontoxic
environmend, in conjunction with the packaging provided, should prove adequate for maintaining stability of the
SEM. Cleaning with the proper surfactant or with isopropyl sloochol, together with thorough tinsing in deionized
water and thorough drying, has been found acceptable for removing most surface steins. The use of hydroflvoric
acid or of elevated temperature treatments is discowraged. The SRM should not be stored or measured in an
ambient relative homidity abowe 30 %



Cantions to Usex: NIT strongly recommends that this SRM not be vsed alone for calibration, or for testing the
lingarity or other performence characteristic of sheet resistencefresistivity measuring equipment. For any of these
applications, use ong or more of the other SEM wafers in the 3RM series 2541 through 2547 in addition o this
SRM.

NIBT recommends the user generate secondary standards based on this 3RM rather than employ it for outine use
[6] This is particularly important for wsers of fouve-point probe instroments which may gradvally damege silicon
wafers with repeated probing,

This SEM may not be appropriate for calibrating sheet resistance measurement instruoments or for evaluating the
sheet resistancefresistivity of meterials other than silicon due o differences of material and instrument parameters
relative to single crystal silicon wafers and to DC conduction messurements.  Among the meterial parameters are
conduction and carrier scattering mechanisms, grain boundary effects on conduction, and the relative importance
of sample surface ws. bulk in responding to the measuvrement stimulus.  Instrumesnt parameters inclode
electromagnetic frequency of the messurement stimulus, the associated skin depth in the materials being
measured, and sampling wlume of the instrumentation in relation o material grain size. Parties interested in
exending the calibration use of these 3RMs are advised to contect Dr. James K. Bhestein of the NIET
Semiconductor Blectronics Division at (301) 975-2060.

Silicon hag a noticeshle temperature dependence for resistivity, Accurate velues of the tempersture coeffictent of
silicon resistivity are available for the range 18 'C to 28 'C [1]. If the uger makes measurements af & temperature
other than 23 "C, the resulting resistivity and sheet resistance valuss must be comrected to 23 'C for best agreement
with the certified values, Correclions for measurements made outside of the 18 "C to 28 'C range may suffer from
reduced accurecy,

The locelized variations in resistivity typieally found in silicon wafers such as those of this SBM mey limit the
wser's ability to obtain exsctly the certified values if instromentation is employed having @ sampling volume
different from thet of & 159 mm four-point probe.  However, it is likely {het imprecision of the wser's
instrumentation will be a more important limitation to trensfer of the certified velue than will differences in
sampling volume .

REFBRENCES

17 ASTM Method F84-93 “Standard Test Method for Measuring Resistivity of Silicon Wafers ‘With an In-Lins
Four-Point Probe,® Annoal Book of ASTM Standards Vel 10,05, West Conshohooken, P A 19428

[2] ASTM Method F1550-95, "Standard Test Method for Sheet Resistance Uniformity Buwaluation by In-line
Four-Point Probe with the Dual-Configuration Procedure,” Anroal Book of ANTM Standards Vel 10.03,
West Conshohocken, P A 19428

[3] Gdde to the Exprossion of Uncentairty in Myameepwre, IBBN 92-67-10183-5 1st Bd. BO, Genpva,
Switzerland, (199%): see also Teylor, BN, and Kuyatt, CB., "Ouvidelines for Bwaluating and Brpressing
the Uncertainty of NIST Measurement Results,” NIET Technical Mote 1297, U3, Government Printing
Office, Weashington DC, (1994

[4]  Bhlustein, I B and Croarkin, M.C., Standard Reference Materials: The Certification of 100 mom Diameter
Silicon Fesistivity SRMs 2541 through 25347 Using Duel -Clonfiguration Four-Point Probe Measurements,
MNIET Bpecial Poblication 260-131, (1997).

[3] Perloff, D3, Gan, J N, and Wall, F.B., Dose Accurecy and Doping Uniformity of lon Implantation
Bouipment, Solid State Technology, Vel 24, No. 2, pp. 112-120, (1981).

6] ASTM Guide F1527-94 "Standard Guide for Application of Standard Reference Materials and Reference
Wafers for Calibration and Control of Instruments for Messuring Resistivity of Silicon,”" Annual Book of
A3TM Btandards, Vel 1405, West Conshohocken, PA 19428,

I iy the rexporaibility of wery of thizs 3RO to avyure that the contificate in their possession iz curvest. Thiz car be
accompliszhed by contacting the SRM Program at: Phorg [201) 975-6776 (welect "Contificames”), Fax (301) 926
4751, g-mail srodrfodnin. gov, or via the Irternet Wtp i nint goviavm,



APPENDIX

The SEM 2341 through SEM 2347 series iz intended to replace the previously issued silicon resistivity sets, SREM
1521 through EEM 1323, and offer several comparative advantages: 1) larger size for better equipment
compatibility; 2 better vniformity of both thickness and resistivity; 3) reduced measurement uncertainty due to an
improved certification procedure; and 4] additional messuwrement sites for better characterization of resistivity
uniformity.

Stability Tests: 3ilicon wafers from all previous resistivity 3EMz have been monitored by II3T for as long as
15 years with no cumulative drift of the measured resistivity values. While there were some measurement values
in that monitoring sequence that were outside the confidence limits determined from the certification wncertainty,
those outlier values are believed to have been due to long-term measwrement environment variability ez well as to
the use of single-confi guration probe measurements which are more sensitive to changes of protes or to probe tip
condition than are the dual-configuration measurements used for current SRM certification.

Tests of the stability of silicon resistivity reference materials with repeated probing have shown that it iz possible
to make several thousand probe measurements without significent change of walue, even when the probing is
confined to a wvery localized area.  Hewever, the mie of exnvessively slorp or domaged probes. or of
o nditdened new probes. may accelerate the acemmnlatsn of crvstalline damage that leads to & shift in
resistivity values or degraded measurement repeatsbility. Thiz is particularly true for float zone or I TD silicon,
both of which have low oxygen content and are more susceptible to crystalline damage from mechanical contact.

Linldlakevatry Measmrement Beprodwcibilicy: Test results of multilaboratory comparisons of four-prote
resistivity measuwrements are veeful for guidance on confidence intervals that might be expected when using this
SBEM to transfer resistivity scale walues between IMIST and the user's laboratory. %While there have not been any
reported multilaboratory tests using the duval-confi guration method of measuwrement, & number of tests have been
conducted by ASTM using the singleconfiguration methodology (ASTM FA24).  These tests yielded a
multilaboratory precision of just under 0.7 % for wafers with resistivities up to 120 ohm.cm, and just under 1.7
% for wafers between 120 ohm.cm and 300 chm.cm. These walues lead to 99 % confidence intervals of + 2 %
for wafers up to 120 chm.cm and + 3 % for wafers between 120 ohm.cm and 500 chm.cm [1]. Because of the
relatively nonuniform, small (5 om) diemeter wafers used for those &3 TM multilsboratory tests, the resulting
confidence intervals are believed to be gquite conservative compared to what could te expected on wafers with
improved uniformity such as those from this 3R series, particularly if the dual-configuration four-point probe
methodology were employed by all laboratories.

Eqmipment Used for Water Qmalification and for SEL Certification:

For the Determination of Thickness:
Random wafers - large area thickness wniformity prescreening: A0 Model GO33T®
&1 wafers - certified thickness, 9 sites: Haidenhain Certo o
Gauge blocks for calibration of Certo &0: Webber Croblox® 060955 mm
Webbter Croblox  0.42300 mm
Webbter Croblox  0.98045 mm
For Blectrical Measurements:

Clurrent 3upply: BElectronic Development Cor poration Model #2FR 103
Standard Besistor: 100 ohm, Leeds & Morthrup, MBS Type #1592293
DI Hewlett-Packard Model #3456
Prote: Eulicke & Soffa Fell Probe #2062
REFEREMNCE

[1] Bullis, W.M., Standard Measuwrements of the RFesistivity of Silicon by the Four-Probe Method, Mat. Inst. Std.
Tech. NB3IR 74-496, p. 73, (Angust 1974).

ertain commercial meteriels and «omivment ere identified in order to edeonetelw soecifv the experimental vrocedore. Smeh



