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Standard Test Method for
Resistivity of Silicon Bars Using a Two-Point Probe 1

This standard is issued under the fixed designation F 397; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (e) indicates an editorial change since the last revision or reapproval.

1. Scope

1.1 This test method2 covers the measurement of the resis-
tivity of single-crystal bars having cross sections that are
uniform in area and square, rectangular or round in shape, and
having resistivity between 0.0009 and 3000V·cm. The resis-
tivity of a silicon crystal is an important acceptance require-
ment.

1.2 This test method is intended for use on single crystals of
silicon of eithern- or p-type for which the uniformity of the
crystal cross section is such that the area can be accurately
calculated. The specimen cross-sectional area shall be constant
to within 61 % of the average area as determined by measure-
ments along the crystal axis (see 12.2).

1.3 The ratio of the length to the maximum dimension of the
cross section of the specimen shall not be less than 3:1 (see
12.1). The largest diameter tested by round robin was 3.75 cm
(1.5 in.), and this is the largest diameter that can be measured
by this method. The specimen shall normally have a surface
finish of 0.4 µm (16 µin.) rms or less (see ANSI B46). Other
surface finishes may be used if mutually acceptable; however,
the multilaboratory precision figures of this test (see 16.1) then
may no longer apply.

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.Specific hazard
statements are given in Section 9.

2. Referenced Documents

2.1 ASTM Standards:
D 1193 Specification for Reagent Water3

E 1 Specification for ASTM Thermometers4

F 42 Test Methods for Conductivity Type of Extrinsic

Semiconducting Materials5

2.2 Other Standard:
ANSI B46 Surface Texture6

2.3 SEMI Standard:
C1 Specifications for Reagents7

3. Terminology

3.1 Definitions of Terms Specific to This Standard:
3.1.1 resistivity,r[V·cm]—of a semiconductor,the ratio of

the potential gradient (electric field) parallel with the current to
the current density.

4. Summary of Test Method

4.1 A direct current is passed through ohmic contacts at the
ends of a bar specimen and the potential difference is deter-
mined between two probes placed along the current direction
(see 7.3.1). The resistivity is calculated from the current and
potential values and factors appropriate to the geometry. This
test method includes procedures for checking both the probe
assembly and the electrical measuring apparatus.

4.1.1 The spacing between the two probe tips is determined
from measurements of indentations made on a polished single-
crystal surface.

4.1.2 The accuracy of the electrical measuring equipment is
tested by means of an analog circuit containing a known
resistance together with other resistors which simulate the
resistance at the contacts between the probe tips and the
semiconductor surface.

4.2 Procedures for preparing the specimen, for measuring
its size, and for determining the temperature of the specimen
during measurement are also given. A table of temperature
coefficient of resistivity versus resistivity is included with the
method so that appropriate calculations can be made.

5. Significance and Use

5.1 This test method is recommended for material accep-
tance and manufacturing control of single-crystal bulk silicon.
It is also applicable to other semiconductor materials but
neither the appropriate conditions of measurement nor the
expected precision have been experimentally determined.

1 This test method is under the jurisdiction of ASTM Committee F-1 on
Electronicsand is the direct responsibility of Subcommittee F01.06 on Silicon
Materials and Process Control.

Current edition approved Aug. 15, 1993. Published October 1993. Originally
published as F 397 – 74 T. Last previous edition F 397 – 88.

2 DIN 50430 is an equivalent method. It is the responsibility of DIN Committee
NMP 221, with which Committee F-1 maintains close technical liaison. DIN 50430,
Testing Inorganic Semiconductor Materials: Measurement of the Specific Electrical
Resistance of Bar-Shaped Monocrystals of Silicon or Germanium by the Two-Probe
Direct Current Method is available from Beuth Verlag GmbH, Burggrafenstrasse
4-10, D-1000 Berlin 30, Federal Republic of Germany.

3 Annual Book of ASTM Standards, Vol 11.01.
4 Annual Book of ASTM Standards, Vol 14.03.

5 Annual Book of ASTM Standards, Vol 10.05.
6 Available from American National Standards Institute, 11 West 42nd St., 13th

Floor, New York, NY 10036.
7 Available from the Semiconductor Equipment and Materials International, 805

E. Middlefield Rd., Mountain View, CA 94043.
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5.2 This test method assumes no radial resistivity variation
in the crystal. If such variations are present in the crystal, this
method yields an average resistivity of some unknown cross
section of the crystal. In such cases, the resistivity measured on
a slice cut from the crystal may not correlate with the resistivity
measured by this test method for the region about that slice.

6. Interferences

6.1 Photoconductive and photovoltaic effects can seriously
influence the observed resistivity, particularly with nearly
intrinsic material. Therefore, all determinations should be
made in a dark chamber unless experience shows that the
material is insensitive to ambient illumination.

6.2 Spurious currents can be introduced in the testing circuit
when the equipment is located near high-frequency generators.
If the equipment is located near such sources, adequate
shielding must be provided.

6.3 Minority carrier injection during the measurement can
occur due to the electric field in the specimen. With material
possessing high lifetime of the majority carriers and high
resistivity, such injection can significantly influence the results.
Carrier injection can be detected by repeating the measure-
ments at lower current. In the absence of injection no change in
resistivity should be observed. The current level recommended
should reduce the probability of difficulty from this source to a
minimum but in cases of doubt, the measurements of 13.3 to
13.7 should be repeated at a lower current. If the proper current
is being used, doubling or halving its magnitude should not
cause a change in observed resistance that is more than 0.5 %.
Minority carrier effects should be most pronounced near
current contacts.

6.4 Semiconductors have a significant temperature coeffi-
cient of resistivity. Consequently, the current used should be
small to avoid resistive heating. If resistive heating is sus-
pected, it can be detected by a change in readings as a function
of time starting immediately after the current is applied.
Resistive heating can also be detected by changing the current
level as in 6.3.

6.5 Vibration of the voltage probes sometimes causes
troublesome changes in contact resistance. If difficulty is
encountered, the apparatus should be shock mounted.

6.6 Non-catastrophic cracks (not generally visible) or other
mechanical damage can give erroneous readings. If visible
cracks are seen, it may be necessary to saw the crystal into
sections and measure separately.

7. Apparatus

7.1 Specimen Preparation:
7.1.1 Grinding Facilities capable of giving a finish of 0.4

µm rms, or less.
7.1.2 Sandblasting Facilitythat uses aluminum oxide, SiC,

or equivalent abrasive commercially specified as 27 µm.
7.1.3 Triple Beam, Dial, or Trip Balance.
7.1.4 Diamond Abrasive Sawto cut proper specimen shape,

if not previously done.
7.1.5 Chemical Laboratory Apparatussuch as plastic bea-

kers, graduates, and plastic-coated tweezers suitable for use
both with acids (including hydrofluoric) and with solvents.
Adequate facilities for handling and disposing of acids and

their vapors are essential.
7.2 Measurement of Cross-Sectional Specimen

Geometry—A micrometer or vernier caliper capable of mea-
suring the dimensions of square or rectangular bars and circular
rods with a resolution of60.05 mm (60.002 in.) or60.2 %,
whichever is smaller.

7.3 Probe Assembly:
7.3.1 Probes—Either of two shapes may be used:
7.3.1.1 Chisel-shaped voltage probes should preferably be

made from standard tungsten carbide flat tools 0.318 by 0.635
cm (0.125 by 0.25 in.). The included angle of the chisel should
be approximately 45° and the nominal tip radius should be
approximately 0.04 mm (0.0015 in.).

7.3.1.2 Conical-pointed voltage probes shall have tungsten
carbide or osmium tips with included angle of 45 to 150°. The
nominal radius of a probe tip should be initially 25 to 50 µm.

7.3.2 Probe Force:
7.3.2.1 The force on the chisel-shaped probe shall be 86 1

N when the probes are against the specimen in the measure-
ment position.

7.3.2.2 The force on the conical-pointed probes shall be
1.756 0.25 N when the probes are against the specimen in the
measuring position.

7.3.3 Insulation—The electrical isolation between a probe
and any other probe or part of the probe assembly shall be at
least 108 V.

7.3.4 Probe Alignment and Separation—The spacing for the
chisel-shaped two-probe shall be nominally 1 cm. The conical
probe spacing shall have a nominal value of 4.7 mm (0.18 in.).
Probe spacing shall be determined in accordance with the
procedure of 11.1 in order to establish the suitability of the
probe assembly as defined in 11.1.5. The following apparatus is
required for this determination:

7.3.4.1 A chemically polished surface on material charac-
teristic of the specimen to be measured.

7.3.4.2 A toolmaker’s microscope capable of measuring
increments of 2.5 µm.

NOTE 1—The nominal spacing for the conical probe configuration is
arrived at by using the outer-most pins of the “62.5 mil” four-point probe.
Four-point probes of other nominal spacing may be used for the purposes
of 7.3.4 by mutual agreement; however, the multilaboratory precision
figures of 16.1 were arrived at using only the probes specified in 7.3.4.

7.4 Probe Supports— Jigs must be provided for holding the
specimen and bringing the probes into contact with the
specimen perpendicular to the specimen surface without lateral
movement. Probe positioning must be repeatable within 0.5 %
of the average probe spacing.

7.5 End Contacts— Contact to each specimen end should be
made by metallic fiber mesh (“conductive wool”) or soft plates
large enough to cover the ends of the specimen and made of
annealed copper or a metal with an equivalent conductivity.
Prior to measurement, the ends of the specimen shall be made
ohmic by electroplating or painting with conducting silver
paint.

7.6 Thermometer— ASTM precision thermometer having a
range from − 8 to 32°C and conforming to the requirements for
Thermometer 63C as prescribed in Specification E 1.

7.7 Electrical Measuring Apparatus:
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7.7.1 Any circuit that meets the requirements of 11.2 may be
used to make the electrical measurements. The recommended
circuit, connected as shown in Fig. 1, consists of the fo
llowing:

7.7.1.1 Constant-Current Sourcecapable of producing cur-
rent densities shown in Table 1, constant to 0.1 %. In order to
cover the full range of resistivities listed and crystal cross-
section dimensions from 1.25 to 3.75 cm, full scale current
values from 10−5 to 1 A are necessary (Note 2).

7.7.1.2 Current Reversing Switch.
7.7.1.3 Double-Throw, Double-Pole Potential Selector

Switch.
7.7.1.4 Potentiometer-Galvanometer or Electronic

Voltmeter—The instrument may be used to read the potential
drop in volts or it may be calibrated in conjunction with the
current ratio directly. The instrument must be capable of
measuring potential differences of 10−4 to 1 V with two
significant-figure resolution on the 10−4 scale and three signifi-
cant digit resolution on all other scales. The input impedance
should generally be greater than 108 V (Note 3).

NOTE 2—Larger-diameter crystals may in principal be measured by this
technique. However, due to the possibility of crystal heating or current
injection at the end contacts (see 6.3 and 6.4) current levels cannot be

scaled based on Table 1 for all resistivity ranges. Consequently a
higher-resolution voltmeter than required in 7.7.1.4, or reduced accuracy
and precision, or both, may be necessary for some resistivity and diameter
combinations.

NOTE 3—It is generally found that for source impedances well in excess
of 1000 V, manufacturers’ specifications of digital voltmeter input
impedance are not fully adequate. Hence an operational test for accuracy
and precision is necessary (see 7.9 and 11.2).

7.7.2 Ohmmetercapable of indicating a leakage path of
108 V.

7.8 Conductivity-Type Determination—Apparatus in accor-
dance with Method A of Test Methods F 42.

7.9 Analog Test Circuitsto test the suitability and accuracy
of the electrical equipment (see Fig. 2 and Table 2).

8. Reagents and Materials

8.1 Purity of Reagents—All chemicals for which specifica-
tions exist shall conform to SEMI Specifications C 1. Reagents
for which SEMI specifications have not been developed shall
conform to the specifications of the Committee on Analytical
Reagents of the American Chemical Society8, where such
specifications are available. Other grades may be used pro-
vided it is first ascertained that the reagent is of sufficiently
high purity to permit its use without lessening the accuracy of
the determination.

8.2 Purity of Water— Reference to water shall be under-
stood to mean either distilled water or deionized water meeting

8 “Reagent Chemicals, American Chemical Society Specifications,” Am. Chemi-
cal Soc., Washington, DC. For suggestions on the testing of reagents not listed by
the American Chemical Society, see “Analar Standards for Laboratory U.K.,
Chemicals,” BDH Ltd., Poole, Dorset, and the “United States Pharmacopeia.”

FIG. 1 Recommended Electrical Circuit

TABLE 1 Resistivity Range Appropriate to Analog Test Circuit
Resistance and Recommended Standard Resistance Values

NOTE 1—These current densities are those which were tested by
multilaboratory round robin for specimens whose diameters were 3.75 cm
(1.5 in.) or less. These currents will not give the suggested 10-mV voltage
drop (see 13.3) for the lower resistivity values. Some reduction from
desirable signal level was necessitated by possible heating and injection
effects (see 6.3 and 6.4) and current handling capabilities of available
power supplies. For crystals larger than 3.75 cm in diameter further
compromise may be necessary (see Note 2).

Resistivity,
V·cm

Current Density (mA/cm 2)

1-cm Point
Spacing

0.476-cm Point
Spacing

0.001 100 200
0.01 20 40
0.1 10 20
1.0 2 4
10 1 2

100 0.2 0.4
1000 0.02 0.04

FIG. 2 Analog Circuit to Simulate Resistivity Measurement
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the resistivity and purity requirements of Class I reagent water
according to Specification D 1193.

8.3 Etching Solution(15 + 1)—Mix 90 mL of nitric acid
(HNO

3
) and 6 mL of hydrofluoric acid (HF).

8.4 Acetone((CH 3)2 CO).
8.5 Methanol (CH 3OH).
8.6 Lapping Abrasive— Aluminum oxide or silicon carbide

commercially specified as 27-µm grade.
8.7 End Contacts:
8.7.1 Copper Solution— Dissolve 20 g of cupric sulfate

(CuSO4·5H2O) in 90 mL of water; add 15 mL of hydrofluoric
acid (HF) and mix.

8.7.2 Colloidal Graphite—Mix by weight 60 g of water
with 40 g of a 22 % colloidal graphite-in-water slurry.

8.7.3 Silver—Mix by volume 2 parts of acetone ((CH3)2

CO) and 4 parts of methanol (CH3OH) with 1 part of
conducting silver paint.

9. Safety Hazards

9.1 The acids used in this test method are extremely
hazardous. All precautions normally used with these chemicals
should be strictly observed.

NOTE 4—Warning: Hydrofluoric acid solutions are particularly haz-
ardous.

NOTE 5—Precaution: They should not be used by anyone who is not
familiar with the specific preventive measures and first aid treatments
given in the appropriate Material Safety Data Sheet.

9.2 Constant current power supplies are capable of produc-
ing high voltages if not connected to an external circuit.
Therefore, any changes of connection to a constant current
supply should be made either with the current supply turned off
or with its output terminals short circuited.

10. Test Specimens

10.1 If not previously prepared using a diamond impreg-
nated saw, saw enough material off both ends of the crystal to
leave the ends flat and perpendicular to the length of the
crystal. Further cut to square or rectangular cross section if
necessary for referee measurement. Make certain to mark or
otherwise note the seed end of the crystal.

10.2 Clean the specimen with acetone, rinse with methanol,
and air dry.

10.3 Sandblast the specimen ends uniformly with 27-µm
grade aluminum oxide or silicon carbide.

10.4 Determine the conductivity type at both ends of the
specimen and at 1-cm intervals along the length of the
specimen using Method A of Test Methods F 42. Record on a

data sheet such as that of Fig. 3. If any specimen shows more
than one conductivity type, repeat the conductivity type testing
procedure. Resistivity measurements cannot be made by this
method on any crystal showing more than one conductivity
type.

10.5 Plate the specimen ends electrolytically in copper
solution (see 8.7.1) or use the following alternative procedure:

10.5.1 Coat the ends uniformly with the colloidal graphite
solution (see 8.7.2). Allow to dry in air for 5 min.

10.5.2 Place a uniform coat of silver paint (see 8.7.3) on the
specimen ends. Allow to dry 5 min.

10.6 Allow the specimen to reach thermal equilibrium with
the environment of the test station. If the specimen has recently
been removed from a crystal grower or heat-treating furnace
this will take a minimum of 24 h if air cooled or1⁄2 h if water
cooled in addition to1⁄2 h in the ambient environment of the
test station. For reference purposes it is required that the tests
be performed at 236 5°C.

11. Suitability of Test Equipment

11.1 Probe Assembly—Establish the probe spacing and tip
condition in the following manner. It is recommended that this
be done immediately prior to a referee measurement.

11.1.1 Make a series of ten sets of indentations on a
chemically polished crystal slice using normal probe forces
(see 7.3.2). Clean the specimen in acetone, rinse with metha-
nol, and let dry. Place the polished silicon specimen on the
toolmaker’s microscope, measure, and record on the data sheet
in Fig. 4 the positions of the pair of probe marks for each of the
ten sets.

11.1.2 For each of the ten sets of measurements, calculate
the probe separation as follows:

Sj 5
C 1 D

2 2
A 1 B

2 (1)

where:
j 5 indentation set number and takes the

values 1 through 10, and
A, B, C,andD 5 dimensions found in Fig. 5.

11.1.3 Calculate the average of the separation as follows:

S̄5 ~1/10! (
j 5 1

10

Sj (2)

11.1.4 Calculate the sample standard deviationsp as fol-
lows:

sp 5 ~1/3!F (
j 5 1

10

~Sj 2 S̄!2G ½ (3)

11.1.5 For the probe to be acceptable, the sample standard
deviation shall be less than 0.25 % ofS̄.

11.2 Electrical Equipment—Establish the suitability and
accuracy of the equipment in the following manner:

11.2.1 Disconnect the electrical leads from the two-point
probe.

11.2.2 Attach the current leads (1 and 2 of Fig. 1) to the
current terminals (I) of the analog circuit (see Fig. 2). Attach
the potential leads (3 and4 of Fig. 1) to the potential terminals
( V) of the analog circuit. Follow the procedure of 11.2.3 and

TABLE 2 Current Values Required for Measurement of
Resistivity

Resistivity, V·cm
Standard Resistor (Rs) and

Analog Resistor (r),V

0.001 0.001
0.01 0.01
0.1 0.1
1.0 1.0
10 10

100 100
1000 1000

F 397
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11.2.4. In the case of direct-reading equipment, follow 11.2.5
instead.

11.2.3 With the current in either direction (to be called
“forward”), adjust its magnitude to the proper value given in
Table 1, and measure the potential drop across the standard
resistor (Vsf), or measure directly the currentIaf. Record this
value on a data sheet such as the one shown in Fig. 6. Measure

and record the potential difference (Va f). Reverse the direction
of the current. Measure and record the potential difference
across the standard resistor (V sr), or measure directly the
currentI ar. Measure and record the potential difference across
the resistor in the analog circuit (V a r).

11.2.4 Repeat the procedure of 11.2.3 until five sets of data
have been taken.

FIG. 3 Typical Data Sheet for Two-Probe Resistivity Measurement

FIG. 4 Typical Data Sheet for Computing Probe Spacing
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11.2.5 If equipment that reads resistance (voltage-current
ratio) directly is being used, measure the resistance ten times.
Reverse the direction of the current after each reading, and
record the data using only the last two columns of the data
sheet (see Fig. 6).

11.2.6 Calculation:
11.2.6.1 If the resistance was measured directly, proceed to

11.2.6.2. If the procedure of 11.2.3 and 11.2.4 was followed,
calculate the resistance separately for forward and reverse
direction of each of the five sets of data and record (see Fig. 6).

R5 VaRs/Vs 5 Va/Ia (4)

where:
R 5 resistance of analog,V,
Vs 5 potential difference across the standard resistor, mV,
Va 5 potential difference across the analog resistor, mV,
Rs 5 resistance of standard resistor,V, and
Ia 5 current, mA.

Use the right-hand form of Eq 4 if the current is measured
directly.

11.2.6.2 Calculate the average resistanceR̄a as follows:

Ra 5 ~1/10! (
i 5 1

10

Ri (5)

where:
Ri 5 one of the ten values of resistance determined above

(see Eq 4).
11.2.6.3 Calculate the sample standard deviation, sa, as

follows:

sa 5 ~1/3!F (
i 5 1

10

~Ri 2 R̄a!
2G 1/2 (6)

sa 5 ~1/3!F (
i 5 1

10

~Ri
2 2 0.1~(Ri!

2!G 1/2 (7)

11.2.7 Requirements— For the electrical measuring equip-
ment to be suitable, it must meet the following requirements:

11.2.7.1 The value ofR̄a must be within 0.3 % of the known
value ofR.

11.2.7.2 The sample standard deviation, sa, must be no
greater than 0.3 % ofR̄.

12. Suitability of the Specimen

12.1 Determine the average cross-sectional area of the
specimen.

12.1.1 Cylindrical Specimens—At intervals of 1.06 0.1 cm
along the length of the specimen starting at the seed end,
measure and record the diameter of two perpendicular cross
sections. Use the average of these two diameters to calculate
the cross-sectional area,A, at the point of measurement. Using
all values forA thus calculated, calculate the average cross-
sectional area,Ā , for the entire specimen.

12.1.2 Bar-Shaped Specimens—At intervals of 1.06 0.1
cm along the length of the specimen starting 1.0 cm from the
seed end, measure and record the width and thickness of the
cross section, and calculate the cross-sectional area at the point
of measurement. Using all values forA thus obtained, calculate
the average cross-sectional area,Ā , for the entire specimen.

12.2 For either specimen, if any cross-sectional area is not
within6 1 % of the average measured cross-sectional area for
that entire specimen, the specimen is unsuitable for use in this
test method.

13. Procedure

13.1 Sandblast two strips approximately 0.5 cm wide from
end to end along the longitudinal axis of the specimen and
separated by 90° around the circumference; clean with acetone.

13.2 Place the specimen between the conductive plates and
lower the probes onto a sandblasted strip with the probes
parallel to the length of the crystal. The first measurement shall
be made 2 cm from the seed end as measured from the center
of the two probes to the crystal end.

NOTE 6—If the specimen is of limited size, such as a section cut from
a crystal ingot where the direction of the seed end is no longer known, and
if this test method is to be used as a referee method, measurement
positions shall be defined that are mutually satisfactory to those perform-
ing them.

13.3 With the current initially in either direction, to be
called “forward,” adjust its magnitude to the value indicated in
Table 1. If the resistivity is unknown, start at a low-current
value and increase the current until a potential difference of
about 10 mV is observed between the two voltage probes.

NOTE 7—For a limited range of crystal rod diameters it is possible
within the instrumentation accuracy limitations already listed to use an
alternative method of selecting current value. See Annex A1 and Table
A1.1 and Table A1.2 for explanation.

13.4 Measure the following and record the data on the data
sheet of Fig. 3:

13.4.1 T, the ambient temperature, in °C to the nearest
0.2°C, and

13.4.2 Vsf, the potential drop, in mV, across the standard
resistor, or measure the specimen currentIf, in mA, directly.
MeasureVf, the potential drop, in mV, between the two probes.
(Substitute for all the aboveRf, the resistance, inV, between
the two probes, if using direct reading equipment.)

13.5 Reverse the direction of the current, measure, and
record the following:

13.5.1 Vsr, the potential drop, in mV, across the standard
resistor, or measure the specimen currentIr, in mA, directly.
MeasureVr, the potential drop, in mV, between the two probes.
(Substitute for all the aboveRr, the resistance, inV, between
the two probes, if using direct reading equipment, and use the
appropriate columns of a data sheet such as that in Fig. 3.)

13.6 Raise the probe and move the probes 1.06 0.1 cm
toward the tang end and repeat the procedure of 13.4 and 13.5,
until the probe is within 2 cm of the tang end.

13.7 Rotate the crystal 90° and repeat the procedure of 13.4
through 13.6.

13.8 Repeat the procedure of 13.3 through 13.7 until five
sets of data have been taken.

FIG. 5 Probe Indentation Measurement Locations
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13.9 If the specimen is less than 4 cm in length, place the
probe equidistant from the end contacts and make the mea-
surements as described in 13.3 through 13.5. Repeat five times.

13.10 Remove copper plating by etching bar ends in etchant
of 50 % HNO3 + 50 % H2O, rinse in deionized water, and air
dry. Remove the silver paint by air abrasion, rinse in deionized
water, and air dry.

14. Calculation

14.1 Calculate the resistance for the current in both forward
and reverse directions as follows:

Rf 5 Vf Rs / V sf 5 Vf / I f (8)

and

Rr 5 V r Rs / Vsr 5 V r / Ir

where:
Rf 5 resistance of specimen with cur-

rent in the forward direction,V,
Rr 5 resistance of specimen with cur-

rent in the reverse direction,V,
Rs 5 resistance of standard resistor,

V, and
Vf, V r, Vsf, I f, and Ir 5 as defined in 13.4 and 13.5.

Use the right hand form of the above equations when the
current is measured directly. This calculation is not required if
direct reading equipment is employed. For each pair of values,
Rf andRr must agree to within 2 % of the larger of the two for
the measurement to be accepted for referee purposes. These
and subsequent calculations may be summarized conveniently
in the last two columns of Fig. 6.

14.2 Calculate the mean value of resistance (R̄i) for each
measurement position as follows:

R̄i 5 1/2 ~Rfi 1 Rri! (9)

where the subscripti represents one of the five values of
forward resistance and reverse resistance calculated in 14.1.

14.3 Calculate the average value of the resistance (Ravg) for
each measurement position as follows:

Ravg 5 ~1/5!( R̄i (10)

whereR̄i is one of the five values of resistivity calculated for
each position (see 14.2).

14.4 Calculate the resistivity of the specimen at the tem-
perature of measurement, for each measurement position, as
follows:

r T 5 Ravg 3 ~A/S! (11)

where:
rT 5 resistivity of specimen at temperature T,V·cm,
Ravg 5 average resistance,V,
Ā 5 cross-sectional area from 12.1, and
S̄ 5 average probe spacing from 11.1.2.

14.5 Find the appropriate temperature coefficient from Table
2, depending on the conductivity type found in 10.4. Calculate
the temperature correction factorF T as follows:

FT 5 @1 2 CT ~T 2 23!# (12)

where:
T 5 temperature, °C and
CT 5 temperature coefficient of resistivity,V/V °C, in

Table 3.
14.6 Calculate the resistivity corrected to 23°C as follows:

r23 5 r T 3 FT (13)

15. Report

15.1 For referee tests, the report shall include all informa-
tion called for on Data Sheets 3, 4, and 6.

16. Precision

16.1 For measurements with a probe spacing of 4.76 mm on
homogeneous single-crystal silicon ingots the multilaboratory
precision is 612 % (3S %) for silicon ingots with room
temperature (23°C) resistivities between 0.0009 and 1500
V·cm, and630 % (3S %) for silicon with resistivity about
3500V·cm. This precision is based on the results of three (out
of five) laboratories who participated in a round robin; two of
the laboratories did not follow the full procedure of measuring
five times each position. The round robin consisted of eight
ingots (in the above resistivity range) measured at each of 11
positions (lengthwise) and each of two orientations 90° apart
on the circumference. Five independent measurements were
taken at each such position. The median value reported at each
position was used for analysis of data to minimize the effects
of outliers.

NOTE 1—Use last two columns for equipment that directly reads resistance or for data reduction based on first six columns
FIG. 6 Typical Data Sheet for Analog Circuit Measurements
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16.2 It is felt that other probe spacings (2 to 10 mm) would
be equally effective, although no round robin has been con-
ducted to determine precision.

17. Keywords

17.1 polysilicon; resistivity; silicon; two-point probe

TABLE 3 Temperature Coefficient of Resistivity of Silicon in the Range from 18 to 28°C

NOTE 1—Values forp-type silicon are valid for boron dopant only. Numbers in italics are smoothed values of the results from curve fitting.

Resistivity,
V·cm

Temperature Coefficient,
V·cm/V·cm·°C

Resistivity,
V·cm

Temperature Coefficient,
V·cm/V·cm·°C

n-type p-type n-type p-type

0.0006 0.00200 0.00160 1.0 0.00736 0.00707
0.0008 0.00200 0.00160 1.2 0.00747 0.00722

1.4 0.00755 0.00734
0.0010 0.00200 0.00158 1.6 0.00761 0.00744
0.0012 0.00184 0.00151 2.0 0.00768 0.00759
0.0014 0.00169 0.00149 2.5 0.00774 0.00773
0.0016 0.00161 0.00148
0.0020 0.00158 0.00148 3.0 0.00778 0.00783
0.0025 0.00159 0.00145 3.5 0.00782 0.00791

4.0 0.00785 0.00797
0.0030 0.00156 0.00137 5.0 0.00791 0.00805
0.0035 0.00146 0.00127 6.0 0.00797 0.00811
0.0040 0.00131 0.00116 8.0 0.00806 0.00819
0.0050 0.00096 0.00094
0.0060 0.00060 0.00074 10 0.00813 0.00825
0.0080 0.00006 0.00046 12 0.00818 0.00829

14 0.00822 0.00832
0.010 −0.00022 0.00031 16 0.00824 0.00835
0.012 −0.00031 0.00025 20 0.00826 0.00840
0.014 −0.00026 0.00025 25 0.00827 0.00845
0.016 −0.00013 0.00029
0.020 0.00025 0.00045 30 0.00828 0.00849
0.025 0.00083 0.00073 35 0.00829 0.00853

40 0.00830 0.00857
0.030 0.00139 0.00102 50 0.00830 0.00862
0.035 0.00190 0.00131 60 0.00830 0.00867
0.040 0.00235 0.00158 80 0.00830 0.00872
0.050 0.00309 0.00208
0.060 0.00364 0.00251 100 0.00830 0.00876
0.080 0.00439 0.00320 120 0.00830 0.00878

140 0.00830 0.00879
0.10 0.00486 0.00372 160 0.00830 0.00880
0.12 0.00517 0.00412 200 0.00830 0.00882
0.14 0.00540 0.00444 250 0.00830 0.00884
0.16 0.00558 0.00471
0.20 0.00585 0.00512 300 0.00830 0.00886
0.25 0.00609 0.00548 350 0.00830 0.00888

400 0.00830 0.00891
0.30 0.00627 0.00575 500 0.00830 0.00897
0.35 0.00643 0.00596 600 0.00830 0.00900
0.40 0.00656 0.00613 800 0.00830 0.00900
0.50 0.00678 0.00639
0.60 0.00696 0.00659 1000 0.00830 0.00900
0.80 0.00720 0.00687
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ANNEXES

(Mandatory Information)

A1. CURRENT SETTINGS—ALTERNATIVE APPROACH

A1.1 Calculate the resistivity of a rod-shaped specimen as
measured by a two-point probe as follows:

r 5
V
I

A
S5

V
I

pD 2

4S

where:
r 5 resistivity,V·cm,
V 5 potential drop along specimen as measured by two-

point probe, mV,
I 5 current through specimen, mA,
D 5 diameter of specimen, cm, and
S 5 distance between two probe points, cm.

A1.2 If the current value, in mA, is chosen equal to the
numerical value of the ratio of cross-sectional area, cm2, to the
separation between probe points, cm, then the value of the
measured potential difference, in mV, between the probe points
is numerically equal to the resistivity, inV·cm.

A1.3 Table A1.1 lists the appropriate current values for a
range of specimen diameters, in centimetres, assuming probe
separation of 0.476 cm (for conical probes, see 7.3.4).

A1.4 Table A1.2 lists the appropriate current values for a
range of specimen diameters, in centimetres, assuming probe
separation of 1 cm (for chisel probes, see 7.3.4).

TABLE A1.1 Alternative Values of Current for 0.476-cm Nominal Probe Spacing, mA

Diameter 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

2.50 10.3 10.4 10.5 10.6 10.6 10.7 10.8 10.9 11.0 11.1
2.60 11.2 11.2 11.3 11.4 11.5 11.6 11.7 11.8 11.9 11.9
2.70 12.0 12.1 12.2 12.3 12.4 12.5 12.6 12.7 12.8 12.8
2.80 12.9 13.0 13.1 13.2 13.3 13.4 13.5 13.6 13.7 13.8
2.90 13.9 14.0 14.1 14.2 14.3 14.4 14.5 14.6 14.7 14.8
3.00 14.8 14.9 15.0 15.1 15.2 15.3 15.4 15.6 15.7 15.8
3.10 15.9 16.0 16.1 16.2 16.3 16.4 16.5 16.6 16.7 16.8
3.20 16.9 17.0 17.1 17.2 17.3 17.4 17.5 17.6 17.8 17.9
3.30 18.0 18.1 18.2 18.3 18.4 18.5 18.6 18.7 18.9 19.0
3.40 19.1 19.2 19.3 19.4 19.5 19.6 19.8 19.9 20.0 20.1
3.50 20.2 20.3 20.4 20.6 20.7 20.8 20.9 21.0 21.1 21.3
3.60 21.4 21.5 21.6 21.7 21.9 22.0 22.1 22.2 22.3 22.5
3.70 22.6 22.7 22.8 23.0 23.1 23.2 23.3 23.5 23.6 23.7
3.80 23.8 24.0 24.1 24.2 24.3 24.5 24.6 24.7 24.8 25.0
3.90 25.1 25.2 25.4 25.5 25.6 25.7 25.9 26.0 26.1 26.3
4.00 26.4 26.5 26.7 26.8 26.9 27.1 27.2 27.3 27.5 27.6
4.10 27.7 27.9 28.0 28.1 28.3 28.4 28.6 28.7 28.8 29.0
4.20 29.1 29.2 29.4 29.5 29.7 29.8 29.9 30.1 30.2 30.4
4.30 30.5 30.7 30.8 30.9 31.1 31.2 31.4 31.5 31.7 31.8
4.40 31.9 32.1 32.2 32.4 32.5 32.7 32.8 33.0 33.1 33.3
4.50 33.4 33.6 33.7 33.9 34.0 34.2 34.3 34.5 34.6 34.8
4.60 34.9 35.1 35.2 35.4 35.5 35.7 35.8 36.0 36.1 36.3
4.70 36.4 36.6 36.8 36.9 37.1 37.2 37.4 37.5 37.7 37.9
4.80 38.0 38.2 38.3 38.5 38.7 38.8 39.0 39.1 39.3 39.5
4.90 39.6 39.8 39.9 40.1 40.3 40.4 40.6 40.8 40.9 41.1
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A2. ROUND-ROBIN RESULTS

A2.1 The round robin was conducted on eight cylindrical
crystals having circular cross section and resistivity values of
23°C of 0.0009 to 3200V·cm. Each of the five participating
laboratories was to make five independent measurements for
each of two orientations 90° apart around the circumference at
each of 11 lengthwise positions for every ingot. One laboratory
reported data as required; a second laboratory reported five
measurements per position but these did not seem to be
independent; a third laboratory reported data for only five of
the ingots, and then only an apparent average value at each
position; a fourth laboratory produced some data useful for
comparison purposes; and the fifth laboratory produced no
usable data. However, a sufficient data base exists from the first
three laboratories to estimate the variability of this test method.

A2.2 An estimate of the single laboratory standard devia-
tion for the median of five resistivity measurements was based

on the laboratory with the most complete data. This estimate
was between 0.04 % and 0.5 % for Ingots 1 and 7 and was
1.3 % for Ingot 8.

A2.3 Analysis of multilaboratory data was performed on
the median of the five measurements to minimize the effect of
outliers. One and two-way analyses of variance indicate that
both statistically significant laboratory dependence and length-
wise position dependence exist, particularly for the ingots with
higher resistivity. These analyses also indicate that the variance
is reasonably constant when expressed as a percent of overall
mean value for each ingot.

A2.4 An average of the medians for all orientations,
positions, and two or three laboratories, as appropriate, was
taken for each ingot. This is called the grand average and is
shown in Column 3 of Table A2.1. Estimates of the multilabo-
ratory variability for each ingot were based on the range of

TABLE A1.2 Alternative Values of Current, for 1-cm Nominal Probe Spacing, mA

Diameter 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

2.50 4.91 4.95 4.99 5.03 5.07 5.11 5.15 5.19 5.23 5.27
2.60 5.31 5.35 5.39 5.43 5.47 5.52 5.56 5.60 5.64 5.68
2.70 5.73 5.77 5.81 5.85 5.90 5.94 5.98 6.03 6.07 6.11
2.80 6.16 6.20 6.25 6.29 6.33 6.38 6.42 6.47 6.51 6.56
2.90 6.61 6.65 6.70 6.74 6.79 6.83 6.88 6.93 6.97 7.02
3.00 7.07 7.12 7.16 7.21 7.26 7.31 7.35 7.40 7.45 7.50
3.10 7.55 7.60 7.65 7.69 7.74 7.79 7.84 7.89 7.94 7.99
3.20 8.04 8.09 8.14 8.19 8.24 8.30 8.35 8.40 8.45 8.50
3.30 8.55 8.60 8.66 8.71 8.76 8.81 8.87 8.92 8.97 9.03
3.40 9.08 9.13 9.19 9.24 9.29 9.35 9.40 9.46 9.51 9.57
3.50 9.62 9.68 9.73 9.79 9.84 9.90 9.95 10.01 10.07 10.12
3.60 10.18 10.24 10.29 10.35 10.41 10.46 10.52 10.58 10.64 10.69
3.70 10.75 10.81 10.87 10.93 10.99 11.04 11.10 11.16 11.22 11.28
3.80 11.34 11.40 11.46 11.52 11.58 11.64 11.70 11.76 11.82 11.88
3.90 11.95 12.01 12.07 12.13 12.19 12.25 12.32 12.38 12.44 12.50
4.00 12.57 12.63 12.69 12.76 12.82 12.88 12.95 13.01 13.07 13.14
4.10 13.20 13.27 13.33 13.40 13.46 13.53 13.59 13.66 13.72 13.79
4.20 13.85 13.92 13.99 14.05 14.12 14.19 14.25 14.32 14.39 14.45
4.30 14.52 14.59 14.66 14.73 14.79 14.86 14.93 15.00 15.07 15.14
4.40 15.21 15.27 15.34 15.41 15.48 15.55 15.62 15.69 15.76 15.83
4.50 15.90 15.98 16.05 16.12 16.19 16.26 16.33 16.40 16.47 16.55
4.60 16.62 16.69 16.76 16.84 16.91 16.98 17.06 17.13 17.20 17.28
4.70 17.35 17.42 17.50 17.57 17.65 17.72 17.80 17.87 17.95 18.02
4.80 18.10 18.17 18.25 18.32 18.40 18.47 18.55 18.63 18.70 18.78
4.90 18.86 18.93 19.01 19.09 19.17 19.24 19.32 19.40 19.48 19.56

TABLE A2.1 Round-Robin Analysis

Ingot
Grand Average

Resistivity, V·cm

Difference (%) of Laboratory Average from Grand Average Range A of
Laboratory
Averages

(percentage
points)

Difference (%) from Grand
Average B

1 2 3 4 C
of Lowest
Position
Average

of Highest
Position
Average

1 0.000929 –0.23 +0.23 ... –0.5 0.46 –3.4 +6.2
2 0.0163 +0.15 –0.15 ... +0.9 0.3 –2.5 +3.6
3 0.128 –0.20 +0.20 ... +7 0.4 –3.8 +2.8
4 1.55 –0.07 –0.6 +0.67 +7 1.3 –1.4 +1.45
5 11.7 –0.57 –0.65 +1.22 +3.5 1.9 –1.9 +4.5
6 155.0 +0.40 –0.65 +0.25 +4 1.05 –2 +1.05
7 1007 –0.20 +0.70 –0.50 +5 1.2 –12 +31
8 3190 +3.05 +3.85 –6.9 +4 10.8 –3.2 +5.1

A Difference between highest laboratory average and lowest laboratory average, excluding Laboratory 4, for each ingot (see Columns 3, 4, and 5 as appropriate).
B These values indicate the lengthwise range of resistivity values for each ingot.
C Not used for further calculation; shown for comparison only.
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single laboratory averages over position and orientation on that
ingot (see Columns 3 to 5, Table A2.1). The ranges are shown
in Column 7 of the table. The values for range can be converted
to estimates of standard deviation using the factors 0.86 and
0.59 for two- and three-laboratory data, respectively. These
range and standard deviation values are based on laboratory
averages of medians each of which has 22 component mea-
surements (two orientations times eleven lengthwise posi-
tions). An estimate of the standard deviation for the individual
medians of five measurements can then be derived by multi-
plying the estimates of standard deviation, already calculated,
by =22 . The resulting estimates of standard deviations of
medians are 1.8 % for Ingots 1 to 3, 3.8 % for Ingots 4 to 7, and
30 % for Ingot 8. Further analysis of Ingot 8 indicates a
probable systematic bias for Laboratory 3. If this bias is
estimated and removed, the estimate of standard deviation for
this ingot is reduced to 10 %.

A2.4.1 Because of the limited number of laboratories, these

estimates of standard deviation were calculated based on
medians of five measurements, whereas this method requires
calculation of the standard deviation of means. An estimate of
this latter quantity could be calculated from, and would be
slightly less than, the estimated standard deviation of medians
given above. However, due to many assumptions required to
analyze this round robin, the estimated standard deviation of
medians as given will be simply taken as slightly conservative
estimates of the standard deviation of means.

A2.5 At each lengthwise position of each ingot the average
of medians for both orientations and all laboratories was taken.
The lowest and highest such average values were found for
each ingot and are shown in Columns 8 and 9 of Table A2.1,
expressed as a percent of multilaboratory (grand) average value
for that ingot. These values are shown for comparison purposes
only to show typical variations with position for each ingot.
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