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It makes the mapped leaky devices highly visible, it is
free from the drawbacks associated with the anodic
method, it is nondestructive, and it lends itself to re-
peated use on the same sample. It keeps the voltage
drop across the devices constant, thus leading to relia-
ble and interpretable results. It makes for clear dis-
tinction between leaky and nonleaky devices, probably
because overpotential is reduced once a thin film of
nickel has been plated; this effect is in direct contrast
with .the effect of the insulating anodic oxide film
formed in the anodic method.

After mentioning all these virtues of the cathodic
method, we must conclude by mentioning its limitation,
which is essentially complementary to that of the an-
odic method. Specifically, it cannot be applied to n-p-n
transistors that are completely isolated from the sub-
strate. In modern integrated circuits, many transistors
are so isolated. In such cases, the cathodic method
would be useful in mapping, for example, leakage in
the isolation itself. Another of the numerous possible
applications would be the mapping of n-channel FET
integrated circuits.
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Four-Point Sheet Resistance Measurements of
Semiconductor Doping Uniformity

David S. Perloff, Frederick E. Wahl, and James Conragan
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ABSTRACT

A system is described for automatically measuring the sheet resistance of
doped semiconductor wafers using either a conventional four-point probe or
microelectronic van der Pauw resistors. Graphic display formats useful for
conveying information about doping uniformity are discussed, and the tendency
of random measurement error to degrade equivalue contour maps is illustrated.
Excellent agreement is observed for sheet resistance data obtained from van
der Pauw resistors which differ in area by more than three orders of magnitude.
It is shown experimentally that the four-point probe and van der Pauw re-
sistors may be used interchangeably for doping uniformity measurements.

The spatial uniformity of the processes employed in
semiconductor microcircuit fabrication is an important
determinant of the matching of components and of the
yield of functional circuits. Even a highly controlled
doping process such as ion implantation may be sub-
ject to intrinsic sources of variability which can ad-
versely affect component matching (1,2).

Parameters such as sheet resistance and film thick-
ness have been shown to vary systematically over the
surface of a processed silicon wafer (3,4). The equi-
value contour maps (topographs), which were used in
Ref. (4) for exhibiting spatial variations, summarize a
great deal of information in a compact and easily com-
prehended format. This method of display is, how-
ever, extremely sensitive to random measurement
. error, particularly when such error becomes com-
parable to the difference in parametric values at ad-
jacent test sites.

In this paper, four-point sheet resistance measure-
ment techniques are described which provide data
sufficiently free of random error to justify the use of
equivalue contour maps. It will be shown that the
four-point probe (FPP) (5,6) and van der Pauw re-
sistors (7), although sampling areas of the wafer which

Key words: four-point probe, resistor, silicon.

differ by as much as five orders of magnitude, never-
theless provide comparable information about the
spatial distribution of impurities.

Data Acquisition System

A general-purpose system for the acqusition of four-
point sheet resistance data is shown schematically in
Fig. 1. This system consists of a standard X-Y probing
apparatus, data terminal, recording devices, prober
control, and sequencing and interface modules. Two
of the four sample probes carry current supplied by a
Keithley Model 225 constant (+0.005% stability) cur-
rent supply; potential differences! are measured across
the remaining two probes with a resolution of 10 uV
by a Nonlinear Systems Corporation Model MX-1 digi-
tal voltmeter. The magnitude of the measurement cur-
rent is adjusted to achieve a potential difference in the
range of 30 = 10 mV for both FPP and van der Pauw
resistor measurements.

A rectangular array of up to 99 rows and 99 columns
is employed for one-dimensional profiling as well as
two-dimensional mapping of wafers. The wafer probe

1The polarity of the current supply is reversed and readings of
the potential difference averaged to eliminate small offset volt-

fgttias associated either with thermoelectric effects or instrumen-
ation.
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Fig. 1. Data acquisition system

. step-and-repeat distances AX and AY may be varied
between 10 and 999 mil in increments of 1 mil along
both the X and Y axes of movement. At each test site,
an analog multiplexer is used to switch analog signals.
For each analog channel, a digital multiplexer and its
associated digital channel sequencer select up to nine
channels for transfer by the interface system to the
recording device (paper tape punch or incremental
magnetic tape recorder).

Data are analyzed off-line by a Digital Equipment
Corporation Model PDP 11/40 minicomputer with as-
sociated system and program disk drives, tape reader,
and terminal. Conventional disk management and pro-
gram overlay techniques make it possible to handle an
extensive data base. The hard copy output device (Ver-
satec Incorporated “Matrix”) may be operated as a
conventional line printer or as a high resolution plotter,
In the latter mode, images are built up and stored on
disk until the analysis has been completed, then printed
continuously.

Presentation of Data

There are a number of alternatives for displaying the
spatial variation of sheet resistance data. These include
one-dimensional profiles, two-dimensional maps (1, 4,
6, 8-10), and three-dimensional perspective drawings
(3, 9, 10). Discussion in this section is restricted to the
one- and two-dimensional formats, since these are con-
sidered by the authors to be more easily interpreted
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Fig. 2. One-dimensional FPP sheet resistance profiles for a

phosphorus-diffused wafer (;s = 946 Q/sq and o*(%) =

2.47%).

than perspective drawings, particularly for smoothly
varying data.

One-dimensional profiles.—Figure 2 illustrates the
variation in sheet resistance from top edge to bottom
edge of a 3 in. diameter p-type silicon wafer doped
with phosphorus from a phosphine diffusion source.
Three parallel profiles (AX = 444 mil, AY = 30 mil)
have been obtained using an in-line FPP (11) oriented
perpendicular to the direction of travel. The solid line
(9.46 Q/sq) represents the mean sheet resistance as
determined by averaging data from 118 sites on the
wafer, as described below. The scale on the right side
of the figure represents the fractional deviation from
the wafer mean and permits comparison with the equi-
value contour map discussed below.

One-dimensional profiles provide detailed informa-
tion concerning the point-to-point variation in doping
across the surface of a semiconductor wafer. They are
particularly useful for exhibiting rapid local fluctua-
tions such as are known to occur in ion-implanted
wafers (1).

Two-dimensional maps.—The method of mapping
sheet resistance variations employed by the authors
involves measurements at 118 standard test sites lo-
cated on the square grid shown in Fig. 3a. The distance
between grid points is L = 222 mil for a 3 in. diameter
wafer. The mean sheet resistance ps and standard devi-
ation ¢ are given by the expressions

118

— 1
ps = T {___21 (ps)1 [1]
and
1 118
= D [(pe)i— P12 2]

117 =1

For an ideal gaussian distribution, ~95% of the data
fall within two standard deviations of the mean. For
this reason, the authors employ as a quantitative mea-
sure of the doping uniformity = 2+* X 100%, where
the relative standard deviation o* is defined by the
relation

[31

2 a

After evaluating ps and ¢, the 118 sheet resistance
values are displayed in one of the three formats which
will now be described.

Deviation maps.—Figure 3b is an example of a devia-
tion map for the same wafer for which one-dimensional

profiles are plotted in Fig. 2. Deviations from ;s are
computed according to the formula

Ai(%) = [(ps)i/ps — 11 X 100% [4]
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Fig. 3. Methods of displaying spatial sheet resistance variations
(c) histograph; (d) equivalue contour map. The data were obtained

rounded to the nearest integer value and plotted at the
appropriate test site locations.

This display format requires the least amount of
computation and can be implemented with a standard
line printer. The underlying pattern of variation (Fig.
3c and 3d) may be observed by drawing smooth con-
tour lines which enclose equal values of Ai(%). (These
contours may be drawn automatically using the graphic
display techniques described in this paper.)

Histographs.—It is common practice to employ histo-
grams to summarize the distribution of data over a
range of values. Figure 3c is a histograph (two-dimen-
sional histogram) which associates each measured
value, and the interpolated values discussed below,
with one of seven intervals into which the full range of
experimental data has been divided. These intervals,
each of which contains an equal number of values, are
identified by circles of various line thicknesses and the
symbols 4, -, and —. Unlike the deviation map, for
which the 4 (—) sign identifies values which are above
(below) the wafer mean, this method of display iden-
tifies values which are above (below) the wafer
median.

The histograph succeeds in revealing the underlying
pattern of variation by separating the data into seven
bands of alternating character density.2 In order to ob-

2 A similar approach is employed in Ref. (10), in which the
magnitude of a parameter is indicated by the darkness of the
position characters.
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: (a) standard 118 test site configuration; (b) percent deviation map;
from FPP measurements of the wafer of Fig. 2.

tain continuous bands, it was necessary to first sub-
divide the initial network (Fig. 3a) by employing an
interpolation scheme (described below) which results
in a fourfold increase in the density of grid points. The
distance between subgrid points for a 3 in. diameter
wafer is 111 mil.

Equivalue contour maps.—Figure 3d shows an equi-
value 1%-contour map obtained from the same data
used for Fig. 3b and 3c. The heavy contour represents

the mean sheet resistance 75, computeg using Eq. [1],
while the lighter contours differ from ps in increments
of 0.01 ps. The symbols + (—) identify experimental

values which are greater (less) than ps. A curve repre-
senting the variation of ps along any particular direc-
tion (as in Fig. 2) may be constructed by determining
the points of intersection with the equivalue contours.

As in the case of the histographs discussed above,
ihterpolation has been used to increase the density of
grid points. This procedure assures that the contours,
which are constructed from discrete line segments, will
appear smoothly varying to the eye. In addition, a
linear extrapolation scheme is utilized which allows
contours to extend to the edge of the map.? These re-
finements help, in the opinion of the authors, to make

3 The contours drawn near the edge of the map may not be
quantitatively correct since resistance values may change more
rapidly near the edge of the wafer than over its interior. The
extrapolation procedure is justified, however, as an aid to achiev-

ing a qualitative appreciation of the spatial variation of the
parameter.
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Fig. 4. Interpolation and extrapolation of data in the lower
right quadrant of the wafer. The principal directions along which
extrapolation is carried out are shown at the lower right.

equivalue contour maps the most effective means of
displaying the patterns of spatial variation which are
characteristic of semiconductor doping processes.

Interpolation and extrapolation of data.—Figure 4
illustrates the manner in which interpolation is carried
out in the lower right quadrant of the wafer. A sub-
grid with cell parameter L/2 is obtained from the ini-
tial network of data points (@) in two stages. The first
stage involves averaging the four experimental data
points at the corners of the original grid cell to obtain
the values represented by the symbol (. This pro-
cedure results in a new grid rotated through 45° and

having a cell parameter L/\/Z The second stage in-
volves averaging the four values at the corners of each

L/~\/% grid cell to obtain new values identified by the
symbol .

At the periphery of the expanded data array, ex-
trapolation is used to obtain those subgrid values (%)
which cannot be generated by the four-corner averag-
ing technique described above. One estimate at an
empty subgrid site is obtained by employing a least
squares linear fit to a set of four nearby data points
lying along one of the principal directions shown in
Fig. 4. Using estimates obtained for the other two
principal directions, one computes an average value for
the sheet resistance at that point on the wafer, An ex-
ample of this treatment of the data is shown in Fig. 4
for the case of the empty site nearest the center of the
wafer. (In this instance, only three values are used
along two of the principal directions, since the fourth
value corresponds to an empty site.) This procedure is
carried out, one site at a time, always filling the empty
site nearest to the center of the wafer. Off-wafer sites
are also filled in order to allow equivalue contours to
extend to the wafer boundary, thereby significantly
improving the comprehensibility of the contour map.
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Measurement error.—The influence of random mea-
surement error on the one-dimensional profiles in Fig.
2 is revealed by the scattering of data points. In a two-
dimensional equivalue contour map, random error is
manifested by irregular, distorted, or—in extreme
cases—isolated contours. A technique for experimen-
tally determining random error and the effect of such
error on equivalue contour maps will now be discussed.

Experimental assessment.—The most direct way to as-
sess random error is to determine the variation among
a series of independent measurements of the sheet re-
sistance. The procedure employed by the authors is il-
lustrated in Table I, which summarizes a series of in-
dependent FPP (11) sheet resistance measurements
made at nine different locations in a 3 X 3 square array
(AX = AY = 120 mil) centered on the phosphorus-
diffused wafer for which data are presented in Fig. 2
and 3. After recording the first (j = 1) set of nine
readings (probes along the X axis), the FPP is re-
turned to its initial position, displaced 2 mils along the
X axis, and a second (j = 2) set of nine readings re-
corded. This procedure is repeated until five readings
have been obtained at each location. Each set of five
readings is in turn used to compute a local standard
deviation given by the expression

5
1 -
E=7 2 [y G [5]
z

where (;Ts)i, the local mean sheet resistance, is

5

— 1

(Ps)l =— 2 (Ps)ij [6]
5 j=1

These nine standard deviations are then used to com-

pute an average standard deviation of the measurement

error according to the formula

9
1
=2 2 (i (7.
9 i=1

When comparing values of s, for wafers of different
sheet resistance, it is convenient to employ the relative
standard deviation of the measurement error

oot = — (8]
T (e
where (,_:;)e is the average sheet resistance for the 45
measurements. The value ce*(%) = 0.136% obtained

from Table I is typical of the random measurement
error which the authors experience with a 256 mil FPP
assembly on layers having sheet resistance = 500 Q/sq.
Effect on contour maps.—The effect of measurement
error on a two-dimensional display format may be
simulated by systematically introducing randomness
into a set of data, P(_}_(, Y), whose relative standard
deviation is ep* = op/P. The influence of measurement

Table I. An example of the determination of FPP measurement error for the phosphorus-diffused

wafer of Fig. 2 and 3. According to Eq. [7], ce*(%) = 0.136%.
Frobe locagiont o0) (a¢*) (pe) (ps) (p1) (ps) (pe)
(ps)t g 1, 11 ps)is 13 ps) 14 ps)t

(mils) (mils) i (975q) (%) (@7s9) (&7sa) /5q) (&75q) (0/sq)
—-120 120 1 9.696 0.131 9.717 9.690 9.700 9.686 9.690
0 120 2 9.681 0.187 9 691 9.653 9.680 9.679 9.701

120 120 3 9.647 0.103 657 9.634 9.653 9.652 9.639
-120 0 4 9.707 0.095 9.691 9.711 9.706 9.714 9.711
0 0 5 9.698 0.168 9.685 9.693 9.685 9.702 9.724

120 0 6 9.675 0.100 9.663 9.686 9.667 9.677 9.680
-120 —120 7 9.719 0.123 9.709 9.724 9.705 733 9.725
0 —120 8 9.720 0.189 9.700 9.709 9.718 9.725 9.748

120 —120 9 9.703 0.071 9.699 9.714 9.700 9.705 9.696

t The location X =0, Y

= 0 represents the center of the wafer.






