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TEST METHOD FOR SHEET RESISTANCE UNIFORMITY EVALUATION
BY IN-LINE FOUR-POINT PROBE WITH THE DUAL-CONFIGURATION
PROCEDURE

This Standard was technically approved by the Silicon Wafer Global Technical Committee. This edition was
approved for publication by the global Audits and Reviews Subcommittee on August 27, 2010. Available at
www.semi.org in November 2010; originally published by ASTM International as ASTM F1529-94;
previously published November 2004.

1 Purpose

1.1 The sheet resistance of epitaxial, implanted, diffused or deposited films is an important materials acceptance and
process control parameter. The uniformity across a wafer of the sheet resistance resulting from any of these processes
is important for the equivalence of performance of devices or circuits made from various regions of the wafer.

1.2 This Test Method uses a four-point probe in a manner different from that of other ASTM methods for the
measurement of the resistivity or sheet resistance of semiconductors. In this Test Method, two different ways
(configurations) of connecting the probe pins to the electronics that supply current and measure voltage are used at
each measurement location on the specimen. This use of a four-point probe is often referred to as ‘dual-configuration’
or as ‘configuration switched” measurements.

1.3 There are three benefits that result from the second measurement configuration at each location: (1) the probe no
longer needs to be in a high symmetry orientation on the specimen, that is, being perpendicular or parallel to the radius
on a circular wafer or to the length or width of a rectangular specimen, as long as it is a modest distance from the edge
of the wafer, (2) the lateral dimension(s) of the specimen, and the exact location of the probe on the specimen no
longer have to be known—the geometric scaling factor results directly from the two sets of electrical measurements
at each location, (3) the two sets of measurements self-correct for the actual separations between the probe pins in a
manner that has been shown to be more effective than measuring probe impressions made on a piece of polished
material. As a result, high precision measurements can be made with smaller probe separations than is possible with
single configuration use of a four-point probe, thus allowing higher spatial resolution of wafer sheet resistance
variations. !

1.4 This Test Method is intended primarily for assessing the uniformity of layers formed by diffusion, epitaxy, ion
implant and chemical vapor, or other deposition processes on a silicon substrate. The deposited film, which may be
single crystal, polycrystalline or amorphous silicon, or a metal film, must be electrically isolated from the substrate.
This can be accomplished if the layer is of opposite conductivity type from the substrate or is deposited over a dielectric
layer such as silicon dioxide. This Test Method is capable of measuring films as thin as 0.05 um, but particular care
is required for establishing reliable measurements for most films in the range below 0.2 pm. Films that have a thickness
up to half the probe separation can be measured without the use of a thickness-related correction factor. It may give
misleading results for films formed by silicon on insulator technologies because of charge or charge trapping in the
insulator.

1.5 This Test Method can be used to measure the sheet resistance uniformity of bulk substrates. However, the
thickness of the substrate must be known to be constant or must be measured at all positions where sheet resistance
values are measured in order to calculate relative variations in resistance reliably.

NOTE 1: The thickness correction factor for layers that are thicker than 0.5 times the probe spacing is known to vary more rapidly
than that for single-configuration four-probe measurements, but such a correction has not yet been published. Until such a correction
is published, resistivity values determined by the dual-configuration method will not be accurate for these thicker specimens;
however, if the wafer has uniform thickness, variations of resistivity can still be determined by this Test Method.

1.6 This Test Method is suitable for use in materials acceptance, equipment qualification, process control, research,
and development.

! Perloff, D. S., Gan, J. N., and Wahl, F. E. “Dose Accuracy and Doping Uniformity of Ion Implant Equipment.” Solid State Technology (1981):
pp. 112-120.
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2.1 This Test Method covers the direct measurement of the sheet resistance and its variation for all but the periphery
(amounting to three probe separations) for circular conducting layers pertinent to silicon semiconductor technology.
These layers may be fabricated on substrates of any diameter that is capable of being securely mounted on a prober
stage.

2 Scope

NOTE 2: The equation used to calculate the sheet resistance data from measurements is not perfectly accurate out to the edge of
the wafer for probes oriented at an arbitrary angle with respect to a wafer radius. Further, automatic instruments on which this Test
Method will be performed may not have perfect centering of the wafer on the measurement stage. These factors require that the
periphery of the layer being measured be excluded. Also, many thin film processes use wafer clamps that preclude forming layers
out to the edge of the substrate. The edge exclusion in this Test Method applies to the film that is being measured, rather than to
the substrate. The equation used is based on mathematics developed for layers of circular shape. It is expected to work well for
layers of other shapes such as rectangular, if edge exclusion requirements are met; however, the accuracy near the edge of other
shapes has not been demonstrated.?

2.2 This Test Method can be used to measure sheet resistance values from below 10 mQ for metal films, to over
25000 Q for thin silicon films. However, for films at the upper end of this resistance range, and for films toward the
low end of the thickness range, the interpretation of the sheet resistance values may not be straightforward due to
various semiconductor effects.>*>

NOTE 3: The principles of this Test Method are also applicable to other semiconductor materials, but the appropriate conditions
and the expected precision have not been established.

2.3 This Test Method uses two different electrical configurations of the four-point probe at each measurement location.
It does not require measurement of probe location on the wafer, or probe separations, or of wafer diameter (except to
determine edge exclusion for measurement-site selection) as do other four-point probe methods such as Test Methods
SEMI MF81, SEMI MF84 and SEMI MF374. By use of electrical data from the two different configurations at each
location, the method is self-calibrating with respect to the geometrical parameters.'

2.4 This Test Method is intended to be used on automated wafer testing systems that use R-theta or X-Y stage
positioning for the measurements. The rapid calculations for sheet resistance used in this Test Method are based on
more extensive calculations, and are within 0.1% of the results of those more extensive calculations, even if the probes
are not oriented parallel or perpendicular to a wafer radius, providing that the probes are more than 3-probe spacings
from the edge of the layer being measured’? (see Note 1).

2.5 Use of two electrical configurations at each measurement site eliminates the need for measurement of geometric
separation of the probe tips in order to analyze the data. As a result, even for referee measurements, any probe spacing
that is agreed upon between the parties to the test and demonstrates sufficiently low data scatter may be used for this
Test Method.

2.6 The values stated in ST units are to be regarded as the standard. The values given in parentheses are for information
only.

NOTICE: SEMI Standards and Safety Guidelines do not purport to address all safety issues associated with their use.
It is the responsibility of the users of the Documents to establish appropriate safety and health practices, and determine
the applicability of regulatory or other limitations prior to use.

3 Limitations

3.1 Photoconductive and photovoltaic effects can seriously influence the measured sheet resistance, particularly with
high resistivity layers or those with very shallow junctions. Therefore, all measurements should be made in a darkened
enclosure unless experience shows that the material of interest is insensitive to ambient illumination.

2 Perloff, D. S., Gan, J. N., and Wahl, F. E.,“Dose Accuracy and Doping Uniformity of Ion Implant Equipment.” Solid State Technology (1981):
pp. 112-120.

3 Huang, R. S., and Ladbrooke, P. H., “The Use of a Four-Point Probe for Profiling SubMicron Layers.” Solid State Electronics (1978): pp. 1123~
1128.

4 Eranna, G., and Kakati, D., “Limitations on the Range of Measurements of Sheet Resistivity of Shallow Diffused Layers for Profiling by the
Four-Point Probe Technique.” Solid State Electronics (1982): pp. 611-614.

5 Kramer, P., and vanRuyven, L. J., “Space Charge Influence on Resistivity Measurements.” Solid State Electronics (1977): pp. 1011-1019.
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3.2 Spurious currents can be induced in the test circuit when the equipment is located near high-frequency generators.
If such a location is unavoidable, adequate shielding must be provided.

3.3 Minority carrier injection during the measurement can occur due to the electric field in the specimen. With
material possessing a long minority-carrier lifetime and moderate to high resistivity, such injection can result in a
lowering of the resistivity (sheet resistance) for a distance of several centimeters from the point of injection. Carrier
injection can be detected by repeating the measurements at lower current. In the absence of injection, no increase in
resistivity should be observed at the lower current. The current level recommended, (see Table 1) should reduce the
probability of difficulty from this interference to a minimum, but in cases of doubt the measurements should be
repeated at a lower current level. If the proper current is being used, doubling or halving its value should result in a
change of sheet resistance that is less than 0.5%.

Table 1 Nominal Current Values for Measurement of Sheet Resistance

Sheet Resistance, Q Current™!
225 10 mA
20250 1 mA
200-2,500 100 pA
2,000-25,000 10 pA

#1 The current used should be from one-half to twice the nominal value and should be chosen to give
a measured voltage on the specimen that is between 7 and 15 mV when using Configuration A. Once
the current is selected for forward direction measurements at a given site, it must be kept constant to
0.01% for the remaining measurements at that site.

3.4 Semiconductors have a significant temperature coefficient of resistivity. Consequently, the measurement current
used should be small to avoid resistive heating. The current levels recommended should reduce the chances of this
problem. If resistive heating is suspected, it can be detected by a change in readings starting immediately after the
current is applied. If such a change is observed, repeat the electrical measurements at a lower current. In the absence
of Joule heating, the temperature of the water should be uniform if the wafer is mounted on a chuck having good
thermal conductivity and large thermal mass. Sheet resistance maps should not be distorted by temperature non-
uniformities in this case. Coefficients for the temperature variation of the sheet resistance of a particular layer type
will depend upon the specific dopant, or resistivity, profile of that layer type, and must be evaluated empirically for
the layer fabrication process being used if correction of data to a fixed reference temperature is desired.

3.5 Vibration of the probe may cause variations in contact resistance, which is often manifested as unstable readings.
If difficulty is encountered, the apparatus should be vibration isolated.

3.6 Penetration of either the current or voltage probes through the layer being measured to the substrate results in
erroneous readings. This can usually be checked by mounting the specimen directly on a metal support that is grounded
to the current supply and by then looking for a reduction in measured specimen voltage in at least one polarity as the
ground connection is removed and replaced. If this condition occurs, examine the probe tips microscopically for sharp
asperitiecs and remove these by polishing or otherwise conditioning the probe tip, or else reduce the probe force or use
a probe with blunter probe tips.

3.7 Use of the data from the two electrical configurations to calculate a factor for water diameter and for position of
the measurement site on the wafer is accurate to within 0.1% as long as the measurement site is away from the
perimeter of the wafer. To meet this requirement the site should be at least five-probe separations from the perimeter
for the case of probe alignment perpendicular to a wafer diameter, and at least three-probe separations from the
perimeter for the case of probe alignment parallel to a wafer diameter. For certain processes, such as ion implantation,
use of a wafer clamp during layer formation causes a p-n layer-to-substrate junction on the top surface of the wafer
interior to the mechanical edge of the wafer. In these cases, the probe separation values above refer to the location of
the measurement site with respect to such junctions.

3.8 In shallow or lightly-doped layers, an effect known as carrier redistribution causes the number of free carriers in
the layer to be different from the number of dopant atoms. As a result, sheet resistance values measured by this Test
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Method may be noticeably different from values calculated from models that imply the dopant and free-carrier depth
profiles to be equivalent.

3.9 Surface and near-surface effects, such as the formation of hydrogen complexes with acceptors, may occur during
or immediately after the fabrication of many thin films, particularly if lightly doped. They may also occur slowly with
storage. These effects may be uniformly or nonuniformly distributed across the wafer surface. The result is to modify,
generally by way of increasing, the measured sheet resistance. Two of the most prominent impacts of these effects are
to make the results of a given process step appear to be more non-uniform than is actually the case, and to shift the
absolute level of a reference wafer used to monitor the performance of the mapping tool so as to make the tool appear
to be out of control.

4 Referenced Standards and Documents

4.1 SEMI Standards and Safety Guidelines

SEMI C19 — Specification for Acetone

SEMI C23 — Specifications for Buffered Oxide Etchants

SEMI C41 — Specifications and Guidelines for 2-Propanol

SEMI M59 — Terminology for Silicon Technology

SEMI MF42 — Test Methods for Conductivity Type of Extrinsic Semiconducting Materials

SEMI MF81 — Test Method for Measuring Radial Resistivity Variation on Silicon Wafers

SEMI MF84 — Test Method for Measuring Resistivity of Silicon Wafers with an In-line Four-Point Probe

SEMI MF374 — Test Method for Sheet Resistance of Silicon Epitaxial, Diffused, Polysilicon, and Ion-Implanted
Layers Using an In-Line Four-Point Probe with the Single-Configuration Procedure

SEMI MF1618 — Practice for Determination of Uniformity of Thin Films on Silicon Wafers
4.2 ASTM Standard®
ASTM D5127 — Standard Guide for Ultra-Pure Water Used in the Electronics and Semiconductor Industries

NOTICE: Unless otherwise indicated, all documents cited shall be the latest published versions.

5 Terminology

5.1 Acronyms, terms, and symbols related to silicon technology, including those used in this Test Method, are listed
and defined in SEMI M59.

6 Summary of Test Method

6.1 An in-line four-point probe is used to determine the specimen sheet resistance at each desired measurement
location.

6.1.1 The number and positioning of measurement locations is determined by end-use needs, or by the parties to the
test in the case of referee measurements.

6.1.2 At each location, a direct current is passed into the specimen, using two of the probes, as specified, and the
potential difference is measured using the other two probes.

6.1.3 Current polarity is reversed and the potential difference is re-measured to allow elimination of thermoelectric
effects.

6.1.4 Before the probe is raised, the process is repeated using a different combination of probes, as specified. At each
location, the sheet resistance is obtained from the four ratios of potential difference to current.

¢ ASTM International, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959, USA; Telephone: +1.610.832.9585, Fax: +1.610.832.9555,
http://www.astm.org
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6.2 The adequacy of the probe is determined both by optical examination of probe indentations made in a polished
silicon surface, and by a performance test on a wafer of the type whose uniformity is to be checked.

6.3 The accuracy of the electronics is tested by means of an analog circuit emphasizing the performance and noise
immunity of the electronics in the presence of large contact resistances of the probe tips to the semiconductor surface.

7 Apparatus
7.1 Specimen Preparation

7.1.1 Chemical Laboratory Apparatus — Such as plastic beakers, graduated cylinders, and plastic coated tweezers
for use both with acids and with solvents. Proper facilities for handling and disposing of acids and their vapors are
essential.

7.1.2 Hot Plate — Large enough to heat wafer of interest to 200°C.
7.2 Probe Assembly

7.2.1 Four-Point Probe — Having conical probe tips of a durable material such as tungsten-carbide. The included
angle of the tips shall be in the nominal range 45° to 150°. The probe tips shall be in a straight line with nominally
equal separations in the range 250 pm (0.010 in.) to 1.59 mm (0.0625 in.). An isolation resistance between adjacent
probes, a factor of 10° larger than the sheet resistance of the film is required; a value of 10° Q, or greater, is
recommended for the widest general application. Recommended tip radii and probe force values are slightly different
depending upon whether the probe force is applied by springs, or deadweight, as follows:

7.2.1.1 Spring-Loaded Probes — Having tips that terminate in a radius in the nominal range 25 to 250 um or in a flat
circular truncation of the cone with a circle diameter in the range 50 to 125 um. A probe force per pin of 0.25 to 2.0 N
(approximately 25 to 200 gf) may be needed to cover the variety of films that are covered under the scope of this Test
Method.

7.2.1.2 Deadweight-Loaded Probes — Having probe tips that terminate in a radius of at least 19 um. A probe force
per pin of 0.1 to 1 N (approximately 10 to 100 gf) may be needed to cover the variety of films that are covered under
the scope of this Test Method.

NOTE 4: In general, the blunter the probe tip, the higher the probe force that is used to make good electrical contact to the layer.
Conversely, the sharper the probe tip, or the thinner the layer, the lighter the probe force that should be used. The upper end of the
allowed probe force range is generally used only for buried-peak conducting layers, such as MeV implants, or for high-resistivity,
thick epitaxial layers. General experience indicates that there is not a simple specification of one or two combinations of probe
radius and probe force that will cover all layers of interest. Experience with conditioning probe tips against materials such as a
sapphire or non-polished ceramic substrate, or even on a piece of lapped silicon, indicates that the microroughness of the probe tip
is a very important, but not-readily specifiable parameter for the proper probe type in a given application. The combination of probe
radius and force that is chosen affects both the likelihood of probe penetration and the quality of electrical contact, which in turn
affects the measurement noise and accuracy. A use test is given to aid in verifying appropriateness of a given probe for a specific
layer type. Controlled lowering of the probe pins so that contact is made without lateral scrubbing of the probes against the wafer
surface has been found to be very important.

7.3 Microscope

7.3.1 The microscope for inspecting probe damage shall have a magnification of at least 600%, and an eyepiece
magnification no greater than 15%. The microscope shall be capable of dark-field, interference contrast, or oblique
illumination.

7.3.2 The microscope shall have a stage capable of moving the specimen in order to examine a number of adjacent
damage marks made by each of the four probe points.

7.4 Measurement Stage

7.4.1 Wafer Prober Stage — With a vacuum chuck or comparable means of holding the wafer securely during
measurement. This vacuum chuck should be of sufficient thermal mass to keep the wafer at a constant temperature,
within 1°C, during the time required for all measurements. The stage should be provided with stops, pins, engraved
circles, or other means for accurately and repeatedly positioning wafers. For measurements on wafers where the
deposited or fabricated film may extend over the edges of the substrate and make contact to the backside, a thin layer
of mica, or other electrical insulator must be used between the wafer and the chuck.
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7.4.2 Probe Assembly Support — That allows the probes to be lowered onto the wafer surface with no evidence of
lateral movement (probe skidding). This requirement can be verified by lowering and raising the probes a number of
times onto a polished silicon surface with steps of 50 to 100 um between these locations, and then observing the probe
damage marks for each of the probe points with the required microscope.

NOTE 5: For a probe with blunt tips or well-conditioned probe points, it is generally very difficult to view the probe damage with
bright field illumination; use of dark-field, Nomarski, or oblique illumination is recommended. To aid in locating the probe damage,
the formation of a grid of rectangles, by scribing, etching or other suitable process on a polished wafer surface, has been found
helpful. The rectangles should be large enough to allow all four probe points to be readily located within the boundaries and a
number of probe impressions to be made within the confines of a single rectangle.

7.4.3 Wafer Probe Stage — With a sufficient range of motion to allow probing all desired locations on the largest
wafers to be measured. Except for restrictions on the exclusion of three probe spacings at the perimeter of the layer
being measured, the accuracy of sheet resistance measurements using this Test Method do not require any particular
accuracy on the position coordinates.

NOTE 6: If this Test Method is used for referee measurements, uncertainty in position coordinates may produce accurate
measurements at the locations measured but may make comparison of data more difficult. It is recommended that the wafer be
centered on the stage with an accuracy of 1 mm, or better, and that all positions measured, have coordinates controlled with an
accuracy of 10 um, or better, with respect to the center of the stage.

7.4.4 The wafer stage shall be instrumented with a temperature monitor to be used for any application where the
average sheet resistance of the layer is a parameter to be reported. The temperature monitor may be of any convenient
type, but must be accurate to 0.3°C, or better.

7.5 Electrical Measuring Apparatus

7.5.1 The conceptual layout of the electronic circuitry is shown in Figure 1 for the case where a standard resistor is
used to monitor the applied current. The standard resistor can be omitted if the current value is set or known directly.

7.5.1.1 Constant DC-Current Source — Having sufficient compliance voltage to supply a constant current that results
in a measured voltage drop on the specimen that is between 5 and 20 mV. Currents between 107 and 102 A are

| required if the sheet resistance range 1 to 20,000 € is to be covered. The output current must be stable to 0.01%, or
better, during the time required to take all data at each location; ripple and other noise must be less than 0.1% of the
DC-current level. A compliance voltage in excess of 10 V is generally not needed unless measurements must be made
through a significant layer of oxide or other dielectric. A standard resistor (] 7.5.1.2) is needed to determine
measurement current unless the current supply is in calibration and known to output a dc-current that is within 0.1%
or better of the set-point value. A wet or dry battery may be used for the current source providing there is means for
regulating the output current.
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Figure 1

Schematic of Measurement Circuit Showing Use of a Standard Resistor
and a Probe Wired for Configuration A

NOTE 7: To semiconductor effects occurring at higher measurement currents are avoided. However, for certain applications of
interest, such as metal films and very heavily doped silicon substrates, it will generally be necessary to accept measurements with
fewer significant figures or else to use a current supply with an output above the common maximum of 100 mA, or else to use a
voltmeter with sub-microvolt resolution.
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