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Disclaimer

Certain commercial equipment, instruments, or materials are identified in

this report for the purpose of providing a complete description of the

work performed. The experiments reported do not constitute a complete
evaluation of the performance characteristics of the products so identi-
fied. In no case does such identification imply recommendation or en-

dorsement by the National Bureau of Standards, nor does it imply that the

material or equipment identified is necessarily the best available for
the purpose.
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SemiaonduGtov Measurement Teohnology:

An Automated Photovoltaic System for the Measurement of

Resistivity Variations in High-Resistivity
Circular Silicon Slices

ABSTRACT

This report describes an automated photovoltaic system for non-
destructive measurement of resistivity variations of high-
resistivity circular silicon slices. The computer-based system
for making the measurements is described, detailed construction
diagrams are given to facilitate reproduction of the system, and
a listing of the computer program for controlling the system is

given. Comparisons between resistivity profiles determined us-
ing the automated photovoltaic system and the four-probe tech-
nique indicate that the photovoltaic system is adequate for pro-
duction screening and incoming inspection of high-resistivity
float-zoned silicon slices.

Key Words: Automation; bulk, photovoltaic effect; computer con-
trol; homogeneity; measurement method; nondestructive testing;
photoconductivity; power devices; resistivity variation.

1 . INTRODUCTION

The overall objective of this task was to evaluate the feasibility of the

photovoltaic method [1,2 J as a rapid, nondestructive technique for char-
acterizing the resistivity uniformity of high-resistivity, large-diameter
silicon slices intended for fabrication of high-power devices. In the

photovoltaic technique, a light spot is scanned along a slice diameter.
The photovoltage and photoinduced change in specimen resistance are mea-
sured as a function of position along the slice diameter. From these two

measurements, the variation in resistivity along the diameter can be com-

puted.

Most of the results of this work have already been published [3-6 J. A
copy of reference [3] which contains a brief description of the theory of

the bulk photovoltaic effect, a description of the measurement procedure
and the apparatus employed, and a discussion of the results obtained for

float-zoned (FZ) silicon is included as Appendix A to this report. Dis-
cussion of the characterization of the photovoltaic system, the illumina-
tion wavelength, surface finish, measurement time, theoretical analysis,
experimental results, and extension to neutron transmutation doped (NTD)

silicon is given elsewhere [6]. A more detailed description of the

mathematical analysis has been prepared for separate publication [7j.

This report provides the details necessary to replicate and use the mea-

surement system. In the next section, the computer-based system for mak-
ing the measurement is described, and detailed construction diagrams are
given to facilitate reproduction of the system. Procedures for using the

1



system are outlined in section 3. The complete listing of the computer

program for controlling the system is given in Appendix B.

2. SYSTEM CONSTRUCTION

A picture and diagram of the completed photovoltaic system are shown in

figure 1. A simplified block diagram can be found in Appendix A, figure

3.

In table 1 are listed the major components of the system which were com-

mercially purchased. The multiprogrammer is an integral part of the

computer/controller system.

A diagram of the electrical switching circuitry employed for the measure-

ments is shown in figure 2. The digital input boards (Hewlett Packard
Model 69431A) and relay boards (Hewlett Packard Model 69433A) are physi-
cally located within the multiprogrammer. The digital panel meter is used
to measure the current in the specimen during the measurement of the pho-

toinduced change in specimen resistance, AR, as well as to measure the

current and voltages for the measurement of the van der Pauw average slice
resistivity

.

A diagram of the circuitry to control the stepping motor is shown in fig-

ure 3. Both the relay board and motor control card (Hewlett Packard Mod-
el 6y335A) are physically located in the multiprogrammer.

The mechanical layout of the laser support (constructed at NBS), light
chopper (commercial), x-y stage (commercial), and mirror assembly (con-
structed at NBS) is shown in figure 4. The support metal is 1/2-in.

(12.7-mm) thick aluminum. The light chopper frequency was adjusted to a

nominally 4U0-Hz chopping rate and the lock-in amplifier tuned to that

frequency

.

A drawing of a pneumatic probe-lowering assembly (constructed at NBS) is

shown in figure 5. The system has four such assemblies. Each probe as-
sembly contains two side-by-side spring-loaded probes (one is to carry
the current for the photoinduced change in resistance measurement, the

other to measure voltage). The pneumatic system assures that all eight
probes are lowered simultaneously onto the surface of the slice. The en-
tire pedestal assembly can move left or right in the figure. All four
pedestals are equidistant from the center of the slice support and move in
unison via a worm gear controlled by the system user. This permits auto-
matic centering of the slice for measurement.

Drawings of the specimen holder (constructed at NBS) and its constituent
parts including the pneumatic probe-lowering assembly are shown in figure
6. Except where noted, all parts are constructed of brass and the dimen-
sions are given in inches.

Figure 6a is a composite drawing top view and side view of the specimen
holder. The front probe assembly has been removed for clarity in the

side view. The circled numbers in the side view refer to the various
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Figure 5. A pneumatic probe-lowering assembly.
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Figure 6a. Composite drawing
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of specimen holder.



Figure 6b. Details of parts 1, 2, and 3 of the specimen holder.
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components for which detailed drawings follow. Figure 6b shows the de-
tails of parts 1, 2, and 3. Figure 6c shows details of parts 4 through
11. A drawing of part 12 is shown in figure 6d. The circled numbers 1

through 5 on this drawing refer to the various components of the assembly
in this figure. In figure 6e, a further detailing of part 5 is shown.

The circled numbers on this drawing also refer to the items of the assem-
bly on the figure. The details of the worm, pinon, and rack arrangement
for centering the slice are shown in figure 6f. Finally, the details of

the air distribution valve which controls the air supplied to the pneu-
matic probe- lowering system (part 12) are shown in figure 6g.

3. SYSTEM OPERATION

The sequence of events for making a measurement of the resistivity gradi-
ent using the photovoltaic system is as follows:

1. The operator places the slice onto the specimen holder, turns

the screw thread to bring in the probe assembly in unison to

center the slice, and lowers the probes pneumatically onto the

slice

.

2. The operator loads the program to control the measurement (see
Appendix B) into the memory of the computer.

3. The operator instructs the computer to start the measurement by

depressing the start key on the computer.

4. The computer displays a series of messages asking for the fol-
lowing information:

- specimen identification
- date of measurement
- time of measurement
- specimen type {n or p)
- slice diameter (cm)
- slice thickness (cm)
- slice average resistivity* (f^.*cm)

- number of measurement points
- distance between measurement points (cm)
- lock-in amplifier time constant (s)
- request if user desires to make a series of measurements on

the slice center (where the light probe is located at the

beginning) to assure that the proper time constant and
sensitivity of the lock-amplifier is being used.

The operator supplies all of the above information by typing the

appropriate responses on the calculator keyboard. For produc-

*See below for a procedure to obtain this quantity.
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tion measurements, most of these responses could be stored in
the computer memory before the measurement begins.

5. After the last response, the computer instructs the motor trans-
lator to move the specimen stage so that the light probe is at
the end of the specimen diameter where the measurement is to be-
gin.

6. The stage moves to the beginning point and the printer-plotter
prints out the information on specimen identification, date,
etc.

7. At the first measurement point, the computer instructs the stage
to wait lU lock-in amplifier time constants. After this time
has passed, the lock-in amplifier is instructed to make a mea-
surement and display the photovoltage measured at that point and
to relay the value for storage in the computer.

y. The motors are instructed to move the stage to the next measure-
ment point and wait 10 time constants. The lock-in amplifier is

again instructed to display and relay its measurement. This se-
quence is repeated until all the specified number of measure-
ments has been made.

9. When the light probe has reached the other end of the specimen
diameter from which the measurement begins, the photovoltage
scan is completed. The user is instructed by a display to turn

on the constant current supply and to adjust it to the desired
value (typically 1.0 mA for 10 <^ P <^ bO ^'cm and 0.1 raA for 60 <_

p <_ 200 9.' cm),

10. The operator is asked by a displayed message if a one-time volt-

age sampling is again desired to assure the proper lock-in am-
plifier sensitivity is being used. Usually, the sensitivity is

reduced by one to two orders of magnitude from that used for the

photovoltage measurement to make the measurement of photoinduced
change in specimen resistance.

11. After the proper sensitivity is selected, the measurement can

begin. By depressing the continue key, the operator instructs

the computer to begin the measurement. The measurements of the

photoinduced change in specimen resistance are made at the same

locations as were the photovoltage measurements, but the stage

is traveling in the opposite direction. The motors are in-

structed to wait 10 time constants at each measurement position
before a measurement is made.

12. When the light probe reaches the last point of the measurement,

the computer begins calculating the resistivity variations at

each point and performing the summation as described in section

3 of Appendix A. These results are listed by the printer-

plotter. The resistivity is computed by adding a constant to
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Table 2. Steps for the Measurement of Average Resistivity.

Step Number
Current

Between Probes
Quantity Measured Symbol

1 'J 0 _
4- L.urrenc ^12

2
1 1

i+, / — Voltage between V34
terminals 3 and

if 9-1- Current I2I
4

.
1-, 2+ Voltage between ^43

terminals 3 and 4

5 2+, 3- Current ^23
0 2+, 3- Voltage between ^41

terminals 4 and 1

7 2-, 3+ Current ^23
QO 2-, 3+ Voltage between Vl4

terminals 4 and 1

p = 1.1331 • t •

V + V
34 43

[
'21

V + V
'

41 14

I
23

»

where t is the wafer thickness in cm.

Figure 7. Slice geometry used for van der
Pauw average-resistivity measurement.

16



each computer value so their average equals the van der Pauw
average resistivity,

13. The computer then asks the operator via the display if a plot of

resistivity versus position is desired. If so, the user changes
paper and the plot is generated by the printer-plotter.

The system has also been programmed to measure the average specimen re-
sistivity using the van der Pauw technique. If required, this measure-
ment is performed between steps 1 and 2 above. The measurement sequence
is

:

1. The operator loads the van der Pauw measurement program into the

memory of the computer.

2. The computer asks, via the display, what the specimen thickness

(in cm) is. The answer is typed in by the user on the computer
keyboard.

3. The computer tells the user, via the display, to turn on the

constant current source and adjust it to the desiied value,
which is typically 0.1 mA.

4. The user instructs the computer to begin the measurement by

pressing the start button. The measurement sequence is listed
in table 2; the probes are identified by number in figure 7.

5. The computer calculates the average resistivity using the equa-

tion at the bottom of table 2.
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Photovoltaic Technique for Measuring Resistivity Variations of

High Resistivity Silicon Slices'^

D. L. Blackburn

Institute for Applied Technology, National Bureau of Standards, Washington, D.C. 20234

January 13, 1978

A description of an automated, photovoltaic system for measuring the resistivity variation of high resistivity,

large diameter sihcon wafers is given. The photovohaic technique utilizes a scanning light spot to induce a bulk

photovoltage and a change in resistance from which is calculated the local variation in resistivity. This

nondestructive technique requires no contacts to the useful fabrication area of the wafer, and measured resuhs
have good correlation with the results of the four-probe technique. Specific examples of measured resistivity

gradients are presented along with a discussion of the tlieory, measurement conditions and limitations, and
description of a calculator-based automated system to perform the measurements.

Key Words: Automation; computer control; homogeneity; measurement method; photovoltage, bulk; power
semiconductor materials; resistivity; semiconductors; silicon; ihyristors; transistors, power.

1 . Introduction

The radial variation of resistivity is one of the principal

characteristics specified in the procurement of silicon for the

manufacture of high power semiconductor devices. Resistiv-

ity variations result from an inhomogeneous doping density

in the starting silicon and both the solid state diffusion and
alloying steps used in the fabrication of high power devices

are affected by such inhomogeneities.

Gross variations in resistivity can cause wide variations in

device characteristics and contribute to poor device yields.

Poor junction geometry and nonunifortn current distributions

are frequent problems in devices fabricated froin inhoinoge-

neous material. Failures due to hot spots or thermal runaway

may result. Also, localized low resistivity regions of a wafer

limit operating voltage of a device fabricated from that wafer

to values lower than those expected from the remainder of

the wafer.

The method commonly used for determining the resistivity

variations of starting silicon wafers is the four-probe tech-

nique. There are a number of difficulties and limitations with

this method. A basic limitation in the application of this

method to the measurement of resistivity variations is the

relatively large sampling region of the probe [1].' Because of

this, it has been recommended that to obtain better spatial

resolution, a two-probe measurement be made along a narrow

bar cut from along the measurement diameter of interest [2].

There can also be large errors introduced into the four-probe

measurement due to slight mislocations of the probes,

particularly near the wafer edge [1, 3]. The spreading

resistance technique has none of these difficulties, but it can

be very slow and time consuming. Perhaps the greatest

limitation of any probing method such as spreading resistance

or four-probe is the placement of probes onto the wafer

surface in precisely those areas where diffusions and other

* This work was conducted as part of the NBS program on Semiconductor Measurement
Technology and was funded principally by the Energy Research and Development Administration.

Divisions of Administration and Electrical Energy Systems, trhough ERDA Task Order A021-EES.
' Figures in brackets indicate literature references at the end of this paper.

processing steps are to occur. The damage caused bv the

probes may itself be detrimental to the reliability and yield of

devices fabricated in these slices.

The photovoltaic- technique offers an alternative for mea-
suring resistivity variations along the diameter of circular

wafers. The technique, which is based upon the theory of

Tauc [4], requires no contact with the wafer surface in the

area where a finished device or devices are to be fabricated.

The validity of a modified photovoltaic theory for circular

wafers was demonstrated several years ago [5]. The present

work has established the feasibility of automating the photo-

voltaic technique for the rapid measurement of radial resis-

tivity variations in high-resistivity, large-diaineter, power
grade silicon.

2. Theory of the Photovoltaic Effect

The underlying theory of the bulk photovoltaic effect was
derived and its physical aspects discussed by Tauc [4]. The
bulk photovoltaic effect is a phenomenon which occurs when
electron-hole pairs are photogenerated in a region of an

impurity-density gradient (or, equivalently, a resistivity gra-

dient). In such a region, an internal electric field exists in

the semiconductor. This is much like the situation at a pn

junction, except that the field is much smaller than for a

junction. When excess electron-hole pairs are generated in

this region, they are separated by the internal electric field,

and the steady-state distribution of the separated carriers is

such that the magnitude of the net internal field is reduced.

It is the reduction in magitude of the internal field which

results in the photovoltage which can be measured at contacts

made to the specimen. It is possible to relate this measured
photovoltage to the resistivity gradient in the region where
the excess electron-hole pairs are distributed.

The physics of the photovoltaic effect in one dimension is

described graphically in figure 1. Figure la is a representa-

tion of a typical radial resisitivity profile found in high-

resistivity Czochralski-grown silicon. Figure lb shows the

band structure for such a resistivity variation and illustrates
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ILLUMINATED REGION

POSITION

Figure 1. ,4 representation of (a) a typical resistivity

profile, (b) the associated energy hand structure, (c)

photovoltage, and (d) integrated photovoltage for an n-

type specimen.

For circular specimens, where a small light spot falls on a

wafer diameter and the photovoltage is measured at the ends

of that diameter, the measured voltage also depends upon
the position of the light spot on the diameter. The equation

relating the resistivity variation to the photovoltage and
photoinduced change in specimen resistance for a circular

semiconductor wafer is:

1 + 1^

V{x)df^ ^ _9
dx TvhT 1 - {x/bf bt AR{x)

where b and x are shown in figure 2 and

— = resistivity gradient (11 • cm/cm)

(1)

dx

</

k

T

Ma/

p

V{.x)

Mi

majority carrier charge (C)

Boltzmann's Constant (J/K)

temperature (K)

majority carrier mobility (cm^/V • s)

minority carrier mobility (cm^/V • s)

average resistivity (H-cm)
thickness (cm)

photovoltage (V)

photoinduced change in resistance (fl)

Equation (1) differs from the equation for dp/dx derived

previously [5] by a multiplicative factor of 4/3. In the course

of this work, a more exact analysis of the effect of the circular

geometry upon the measured photovoltage and photoinduced

change in specimen resistance has shown that eq (1) is a

better approximation for dp/dx than that presented previ-

ously.

how the internal field (as manifested by the variation with

position of the conduction and valence band edges) causes

the photogenerated electron-hole pairs to be physically

separated. Thus, a local voltage dipole is created. This

results in a voltage measurable at the ends of the specimen.

If the light is scanned along the specimen, a voltage profile

can be determined, as shown in figure Ic. If this voltage is

integrated over position, assuming that the steady-state

excess density of photogenerated carriers is independent of

position, and then multiplied by a constant dependent only

upon known material parameters, one obtains the profile in

figure Id. This profile is identical to the variation in

resistivity, as shown in figure la. Because the entire profile

in figure Id is shifted by an unknown integration constant,

this method determines the variation in resistivity and not

the absolute resistivity at each position. It will be shown later

that a measurement of a weighted average specimen resistiv-

ity using the van der Pauw technique [6] can be employed to

estimate the absolute resistivity at each position from the

photovoltaic resistivity variation profile.

For most specimens, the excess density of steady-state

photogenerated carriers is not constant with position. This is

principally because the effective lifetime of the material is

not constant but varies with position. This effect is accounted

for in this measurement technique by also measuring the

photoinduced change in specimen resistance as a function of

position.

Figure 2. The wafer geometry upon which

eq ( 1 ) is based.

3. Measurement Procedure

To measure the resistivity gradient using the photovoltaic

technique, the circuit shown in simplified form in figure 3 is

used. First, the photovoltage, V{x), is measured as a function
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'

AUTOMATIC

PRINT-OUT

Figure 3. Simplified version of the measurement system.

BCD INPUT

STEPPINB MOTOR CONTROLLER

PROGRAMMABLE RELAYS

WAFER HOLDER

MOTOR DRIVEN LINEAR STASE

H MIRROR

P PROBES

R MOTOR DRIVEN ROTART STA6E

W WAFER UNDER TEST

CALCULATOR/CONTROLLER

NOTE 1: THE PROBES ARE ACTUALLY PERPENDICULAR TO THE SURFACE OF THE WAFER UNDER TEST.

Figure 4. Schematic of automated measurement system.

of position. This is done by having the switch S open,

stepping the wafer beneath the Hght probe in constant

increments. Ax, and measuring V(x) at each position.

Next, the photoinduced change in specimen resistance,

A/? (a:), is measured. This is accomphshed by closing switch

S and again stepping the wafer beneath the hght probes in

increments of Ax such that each A/?(x) is measured at the

same positions as V (x). Because a constant current. /. exists

in the specimen with the switch closed, a decrease in the

voltage across the specimen occurs as the light sweeps along
the diameter. This is because the total specimen resistance

is decreased due to the localized decrease in resistivitv

caused by the excess electron-hole pairs generated by the

light. If the change in voltage is AV(a:), then:
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A«W = ^. (2,

The quantities V(x) and Mt(x) are then inserted in eq (1) to

compute the gradient, dp/dx, at each position, x. To deter-

mine the variation in p, the plot of dp/dx is numerically

summed (Pm(x) = 2 i^i {dp/dx)i^). Thus, a plot of the

variation in resistivity is obtained. As mentioned, an absolute

determination of resistivity is not obtained, but each Pm{x)

above differs from the absolute value by a constant, po, the

value of the resistivity at the position the summation was

begun. To estimate the value of po, the average of all the

Pmixfs (PmAVG = ^/^ Sm=i Pm(^)) is subtracted from the

measured van der Pauw average resistivity, p [6]. This value

for Po is then added to each Pm{x) to determine the absolute

resistivity profile. The van der Pauw average resistivity

measurement has been automated and is an intrinsic part of

the measurement system.

4. Apparatus

A schematic of the automated photovoltaic measurement

system is shown in figure 4. The entire measurement system

is under the control of a computer/controller. The results of

the measurements are furnished in hard copy by the printer/

plotter.

He Ne Laser — A. laser, operating at 0.6328-p,m wave-

length, is used as the source for generating the electron-hole

pairs in the silicon. The laser used in this work has about a

15-mW power output at 0.6328 pm. The laser can also be

operated at 1.152 pm with >2 mW of power output. It has

been found, however, that the internal reflections within the

silicon at this longer, very penetrating, wavelength can

induce a barrier photovoltage at the measurement contacts

which masks the bulk photovoltage generated at the light

spot position. The 0.638-/xm radiation is all absorbed very

near the silicon surface and so is not reflected internally to

the contact region. The laser is used because of the high

energy density easily obtained within a small spot about 1

mm in diameter.

Lock-in Amplifier — The magnitude of the photovoltage is

usually very small. In this work, for specimens with resistiv-

ity between 50 and 200 fl- cm, the voltage is of the order of

± 1 p\ . For specimens with resistivity between 10 and 50
fl'cm, the photovoltage is of the order of ±0.01 pV. To
allow measurement of these small signals, the laser radiation

is chopped mechanically with a light chopper and a lock-in

amplifier used to measure the voltage. The chopping fre-

quency is nominally 400 Hz. The frequency should be as

high as possible while assuring the radiation stays on the

specimen long enough during each cycle for the photovoltage

to reach a steady-state value.

Motor Driven Stage — The specimen is held in a specimen
holder (see next paragraph) which rests on a stepper-motor

driven stage. The stepper motors are under control of the

computer and are typically stepped so that measurements are

made at 1-mm intervals.

Specimen Holder — A picture of the specimen holder is

shown in figure 5. The holder is constructed so that measure-

ment contact is made to the specimen on the top surface

within about 1 mm of the rim. Contact is made at four

locations at 90-deg increments around the wafer (on perpen-

dicular diameters) in a van der Pauw arrangement [6]. At

each contact location, two probes (similar to those used for

spreading resistance or four-probe measurements) make
contact with the wafer and are separated by about 1.5 mm.

The loading of each of the probes has been approximately

1.0 to 1.5 N in this work. During measurement of the bulk

photovoltage, one of the probes at each end of the diameter

being scanned is used to measure the voltage. During the

measurement of the photoinduced change in specimen resist-

ance, the other two probes (one at each end) are used to

carry the constant current, and the change in potential across

the specimen is measured with the same two probes as were

used to measure the bulk photovoltage. Contact is made on
perpendicular diameters to permit the measurement of the

average specimen resistivity (p) by the van der Pauw tech-

nique.

Figure 5. Future of specimen holder.

5. Results

Two comparisons between the resistivity profiles as deter-

mined by the photovoltaic technique and by the four-probe

method will be given to show the qualitative agreement that

can be obtained. The comparisons are for high resistivity

(~150 CI- cm) and lower resistivity (~10 O- cm) specimens.

The surfaces of the wafers were lapped with 12-p,m alumina.

Measurements have been made on polished surfaces, but

these measurements were not as reproducible as those made
on lapped surfaces.

In figure 6 is shown a comparison between the respective

resistivity profiles as determined for a nominal 150 fl-cm ,
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Figure 6. Comparison of resistivity profiles as determined by the four-probe technique and
the photovoltaic technique for a nominal ISOCl-cm n-type silicon wafer.

rt-type silicon wafer. The total time required to determine the

photovoltaic resistivity profde on the 5-cm diameter wafer

was 2 to 3 min. The total time required for measurement
depends upon the magnitude of the photovoltage, which was
between — 1 /xV to 1 /xY in this instance. The lock-in

amplifier time constant was set to 100 ms and the light

remained at each measurement point for about 20 time

constants (i.e., ~2 s). Generally, for p > 50 fl-cm, the

100-ms time constant has been found satisfactory.

For lower resistivity specimens, the signal level is usually

smaller because of a decrease in dp/dx, and also perhaps

because of a decrease in minority carrier life-time. Thus, the

lock-in amplifier time constant must be increased and the

measurement time increased. A comparison of photovoltaic

and four-probe resistivity profiles for a nominal 10 CI - cm n-

type silicon wafer is shown in figure 7. The photovoltage for

this specimen was usually in the range —0.01 /LtV to +0.01
/LtV. A 300-ms lock-in amplifier time constant was used and

the total measurement time was about 8 min.

An indication of the reproducibility of the photovoltaic

technique is given in figure 8. In this figure are shown the

data for six resistivity profiles as determined by the photovol-

taic technique along the same diameter of an n-type 135

O'cm silicon wafer. The measurements were made six

different times over a period of several days. The wafer was
removed and then reinserted into 'the specimen holder

between measurements.

Detailed measurements to determine the spatial resolution

of the photovoltaic technique have yet to be made. This will

be done by comparing photovoltaic and spreading resistance

resistivity profiles along the same wafer diameter. It is

expected that the resolution will be one or two carrier

diffusion lengths. In most high resistivity material, the

diffusion length will be on the order of 0.5 to 1 mm. Thus, a

spatial resolution of no better than 1 to 2 mm may be

expected, regardless of light probe size.

The minimum resistivity gradient which can be measured
depends upon a number of parameters. The more electron-

hole pairs that are generated, the larger the signal for a given

gradient and thus the smaller the minimum gradient measur-

able. Thus, the more intense the radiation source, the better

the resistivity gradient resolution. Also, the longer the carrier

lifetime, the better the resistivity gradient resolution (but the

poorer the spatial resolution). In this work, the minimum
gradient measurable has usually been of the order of 1.0

fl- cm/cm (a 0.1 fi-cm gradient over the 1-mm diameter

light probe).
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Figure 7. Comparison of resistivity profiles as determined by the four-probe technique and
the photovoltaic technique for a nominal lOCl-cm n-type silicon wafer.

Several photovoltaic resistivity measurements have been

made on neutron transmutation doped (NTD) silicon. Be-

cause of the low resistivity gradients and the low lifetime

usually present in this material, the bulk photovoltage has

been extremely small; less than 0.01 /xV. In addition, the

presence of a front-to-back surface photovoltage interferes

with the bulk photovoltage to such an extent that meaningful

measurements on NTD material have not usually been
possible. The front-to-back surface photovoltage is present

on all specimens, but is only a problem when it is of the

same order of magnitude as the bulk-photovoltage. This has

been observed to be the case only in NTD silicon.

6. Conclusion

An automated system based upon the bulk photovoltaic

effect for measuring the resistivity variations of high-resistiv-

ity power grade silicon has been described. A brief descrip-

tion of the theory of the photovoltaic effect was given.

Comparisons between the resistivity profiles as determined

using the new system and as determined by the four-probe

technique have been given as well as an indication of the

reproducibility of the photovoltaic technique. In the work

described, the measurement of variations of about 0. 1 O • cm
for a 1-mm light probe diameter was possible. The spatial

resolution of the technique is expected to be about 1 to 2

minority carrier diffusion lengths. The time of measurements

is about 2 to .3 min for p > .50 H- cm and 8 to 10 min for 10
< p < 50 n-cm.

The author gratefully acknowledges the contributions of

R.D. Larrabee, G. J. Rogers and F. F. Oettinger to the

results of this paper.
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type silicon wafer.
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APPENDIX B

Typical Calculator/ Controller Program for Measuring, Recording, and

Plotting the Data Needed to Determine the Resistivity Variation of a

Silicon Slice by the Photovoltaic Technique.

0: dim A$ [ 1 ] ,B$ [ 1] , C$ [ 8 ] ,D$ [ 4 ] ,E $ [ 12 ] ,F$ [ 1] ,G$ [ 3] , H$ [ 32

]

1: ent "Date ", C$ , "Time ", D$
2: ent "Wafer number", E$
3: ent "Wafer type [P or N]",F$
4: ent "Wafer diameter [cm]",D
5: ent "VJafer thickness [mm] " ,rl
6: ent "Vvafer mean resistivity [ohm cra]",r2
7: ent "Label diameter ( 1-2 , 2-1 , 3-4 , 4- 3

)

" ,G$
8: ent "Length of step [mm]",L
9: ent "Number of steps [even]",S
10: ent "How many readings to be aver aged?" , r

3

11: ent "Amplifier time constant [msec]",T
12: ent "Store data in file number?", rl2
13: 6*r0 ; 0-»I->-M->-Q*X-<-Y-«-Z-*rB->-r9 ; 1-*N;1000* J ; 10 0*L-A
14: if G$="l-2" ;4402*rl0; 3000*rll
15: if G$ ="2-l" ; 3002-rlO; 3000-«-rll
16: if G$="3-4" ;222-rl0;4400*rll
17: if G$="4-3" ;142H.rlO; 4400*rll
18: ent "Plot 4-point probe data? (Y/N)",A$
19: if A$="N";jmp 14
20: dsp "INSEPT DATA CARTRI DGE" ; beep ; s tp
21: ent "Number of data points", r8
22 : dim G[r 8+1] ,L [r8 + l]

23: ent "Data file number", r9
24: if r8=17;l*rl3
25: if r 8=33; 4 0-«.rl3

26: if r8=35;62*rl3
27: if r8=37;50*rl3
28: if r8=41;63*rl3
29: Idf rl3,L[*];ldf r9,G[*];l*N
30: if G[N1] >M;G[N]*M
31: if G[N] <J ;G [N]*J
32: if (N+1--N) <r8 + l; jmp -2

33: dsp "WAFEF CENTERED? LINEAR STAGE? "; beep ; s tp
34: dim A [S + 2] ,B [S + 2] ,C [S + 2] ,D [0 :S + 2] ,E [S + 2] ,F [0 :S + 2]

35: dim J [ S + 2 ] ,K [ S + 2 ] , M [ r 3+1 ] , P [0 : S + 2

]

36: fmt 1 , c, f 4 . 0 , c, z ;wr t 7 2 3 . 1 ,
" 01 6 OTI?" , r 11 + 31 ,

" T04 OT"
37: ent "Calibrate? (Y/N)",A$
38: if A$="Y";gsb "calibrate"
39: if A$="N";jmp 3

40: ent "Continue calibration? (Y/N)",B$
41: if B$="Y"

;
jmp -3

42: 1-N; (N-l-S/2) *L-»-P [N] ;dsp "BEAM MOVING TO 'START' POSITION"
43: 100*L* (S/2+l)*B; if B<4096;jmo 2

44: B-4095-«-B;7777-Y
45: dtoB+Z;fmt 1 , c , z ; wr t 7 2 3. 1

, "O160TG0002TO40T" ;g sb "motor"
46: fmt I,c5,cl0;wrt 6 . 1

,
" Date :

" ,C$
47: fmt 1 , c5 , c7 , c27 ; wr t 6. 1 ," Time :", D$

, "WAFER"
48: fmt 2 , c25 , cll , cl 3 , c3 ; wr t 6.2, "Number :",E$,"Type :",F$
49: fmt 3 , c25 , f 6 . 2 , c3 , cl5 , f 7 . 3 ,c3
*31690
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0: reserves memory space for identifying data (date, slice number, etc.)
1-12: asks operator to enter slice identification and characteristics and conditions of

test

13: assigns initial values to variables
14-17: selects current and voltage relays to correspond with diameter chosen in 7

18-32: provides for copying four-probe data from tape cassette

33: reminds the operator to center the slice and energize linear stage
34-35: reserves memory space for data

36: connects lock-in amplifier to diameter to be scanned
37-41: if the response is YES (Y in 37), triggers the meter at one-half second intervals

for 15 seconds to permit selection of optimum meter range

42-45: moves stage to starting position

46-58: prints slice identification and characteristics and conditions of test
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50: wrt 6 . 3
,
" Diarae ter :

" , D
, "cm "

,
" Th ickness :

" , r 1
, "mm"

51: fmt 4 ,c40, f 8,3 ,c7 ;wr t 6. 4, "Average resistivity :", r2 , "ohm cm"
52: wrt 6

53: fmt 4 , c41 , c5 ; wr t 6 . 4 ," Diameter :",G$
54: fmt 5 ,c41, f 6 . 2 ,c3 ; wr t 6. 5, "Length of step :",L,"mm"
55: fmt 6 , c41 , f 6 . 0 ; wr t 6. 6, "Number of steps:",

S

56: fmt 6 ,c41 , f 6 . 0 , c3 ; wr t 6. 6, "Time constant :",T,"ms"
57: fmt 7 , c58 , f 2 , 0 ; wr t 6 . 7

,
" Locat ion of data file: Track 1, file, ",rl2

58: wrt 6;wrt 6

59: fmt 7 , cll , c9 , c21 , clO , c6 , cl4 , cll
60: fmt 8,cl4 ,cll,cl5,cl0,c9,cll,cl0
61: wrt 6.7," Locat ion "

,
" I =0

"
, "d R (x

)

"
,
" Sum ( Rd x

)

"
,
" r ho "

, "d R '
( x

)

"
,
" sum (

R
' dx )

"

62: wrt 6.8," [mm fm center 1" , "Volts" , "Ohms" , "Ohm-cm" , "Ohm-cm" , "Ohms" , "Ohm-cm"
63: wrt 6

64: if F$="N" ; 12. 2427*3. 6*r2*r2/( . 05*D*rl) *r4
65: if F$="P" ;-12. 2427*1. 36*r2*r2/( .05*D*rl) *r4
56: fmt 1 , c, z ; wr t 7 2 3. 1

, "016 OTGOOO 1TO40T" ;gsb "step"
67: fxd l;dsp "BEAM IS",P[N],"mm FROM CENTER" ;gsb "meter"
68: if J[N]=99;fmt 1 , 4 x , f 6 . 2 ,4 x , c8 ; wr t 6 . 1 , P [N] ," OVERLOAD" ; jmp 2

69: fmt 2 ,4x , f 6 . 2 , 5x , f 6 . 3 ; wr t 6. 2 ,P [N] ,A[N]
70: P [N] +L-«-P [N + 1] ; if (N+1* N ) <S + 2 ; jmp -4
71: dsp "TURN CURRENT SUPPLY ON";beep;stp
72: fmt 1 , c, f 4 . 0 , c , z ; wr t 7 2 3. 1

, "016 OTG" , r 10 ,
" T04 OT"

73: wrt 7 2 3. 1
,
" Ol60T@ 002 1T04 OT"

74: dsp "ADJUST CURRENT" ; beep ; s tp
75: wtb 6 ,27 , 10; J [S/2] *r5;P [N] -L-P [N] ;N-l>N;ent "Current [mA]",Q
76: fmt 1 , c, f 4 . 0 , c , z ; wr t 7 2 3. 1

, "016 0T@" , r 11+2 1
, "T04 OT"

77: ent "Calibrate? (Y/N)",A$
78: if A$="Y";gsb "calibrate"
79: if A$="N";jmp 5

80: ent "Continue calibration? (Y/N)",B$
81: if B$="Y";jmp -3

82: jmp 2

83: gsb "step"
84: fxd l;dsp "BEAM IS",P[N],"mm FROM CENTER" ;gsb "meter"
85: if J[N]=99;fmt 1 , 2 2x , c8 ; wr t 6. 1 , "OVERLOAD" ; jmp 2

86: fmt 2 ,2 3x, f 6 . 3 ; wr t 6.2,B[N]
87: wtb 6 ,27 , 10,27 , 10; P [N] -L-P [N-1] ; if ( N- 1-N) >=1

;
jmp -

4

88: fmt 3 , 16x , "xlO" , f 2. 0 , 3x ,
" xlO " , f 2 .

0

89: J [S/2]+r6;wr t 6.3,r5,r6
90: if r6<-5;wtb 6,27,10;fmt 3 , c4 1 , c29 ; wr t 6. 3

, "xlO-3" ,"xl0-3"
91: wtb 6,27,10,27,10,27,10;fmt 4 ,2 2x ,

" I=" , f 5 . 3
, "mA" ; wr t 6 . 4 ,Q

92: wtb 6,27 ,77 ,10,10;l-N;0->-r7
93: fmt 1 , c, z ; wr t 7 2 3 . 1 , "016 0T(a002lTO40T"
94: dsp "CHECK CURRENT" ; beep ; beep ; beep ; wa i t 5000
95: -l*abs( ( B [ S/2 + 1 ]

*10'^ r 6-A [S/2+1 ] *10'^r5)/( .001*Q) )*C[S/2;i-l]

96: -l*abs((B[N] *10'r6-A(N] *1
0
" r 5 ) / ( . 00 1*Q ) )*C[N]

97: 1/(1-(P[N]/(5*D) )^2)*J[N]
98: C[N1/J [N]~2*K[N]
99: L/10*r4*J [N] *A[N] * 10" r 5/C [N ] [N

]
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59-63: prints heading for data

64,65: calculates constants for n- and p-type material,

66-70: steps the stage through the number of positions prescribed in steps 8 and 9 of
section 3 of this report, reads the meter at each position, and prints the position
of the stage and photovoltage in two columns. If the meter overloads, prints the
position of the stage and the word OVERLOAD.

71: instructs the operator to turn on the current supply
72-76: connects current supply to the diameter to be scanned, reads the current with the

digital panel meter, instructs operator to adjust the current and enter the value,
and connects the lock-in amplifier to the diameter to be scanned

77-82: if the response is YES (Y in 77), triggers the meter at one-half second intervals
for 15 seconds to permit selection of optimum meter range

83-87: steps the stage through the same positions covered in 66-70 but in the reverse
direction (the motor reversal was included in the value of rll in 76), reads the
meter at each position, and prints the photoinduced change in voltage in a third
column, starting at the bottom of the column and moving up. If the meter overloads,
prints the word OVERLOAD.

88-91: prints the multipliers for the photovoltage and photoinduced change in voltage
columns and the value of the current

92: moves the printer to the first row of data and sets counter

93,94: disconnects the lock-in amplifier and directs the operator to read the current
again

95-112: calculates the photoinduced change in specimen resistance and the change in

resistivity for both the actual and idealized cases and prints these values in the

next five columns
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100: D [N] +D [N-1] *D [N]

101: if P [rJ] > = -16 ; if P [N] < = 16 ; D [N] +r 7-* r7 ; R+l-«-R

10 2 : L/10*r4*l/J [N ] *A[lsl] * 10 r 5/C [ S/2 + 1] -^F [N]

103: F [N] +F [N-ll-F [N]

104: if {N+1*N) <S+2;gto 96
105: r 2-r7/R*r7;D[S/2+l] +r7-E [S/2+1] ; l-N
10 6: D[N]+r7*E[N]
10 7: K[N] *(E [S/2 +l]/E [N]

)

^2-K[N]
108: if r6<-5;1000*C[N]-C[N] ;1000*K[N]-K[N]
109: fmt I,32x,3f9.3,3x,f9.4,f9.3;wrt 6. 1 ,C [N ] , D [N ] ,E [N] ,K [N] , F [N]

110: if E [N] >M; E [N]->-M

111: if E [N] <J;E [N]*

J

112: if {N+1*N) <S+2; jmp -6
113: wrt 723.1,"O160T@003lTO40T"
114: fmt l,c,z;wrt 7 2 3. 1

, "O160TG0001TO40T"
115: dsp "BEAM RETUPNING TO WAFER CEiMTER"
116: 100*L*S/2->C; 0*X*Y-*Z; if C<4096;jmD 2

117: C-4095-C; 7777*Y
118: dtoC-«-Z ;f mt l,c,z;wrt 7 2 3 . 1 ,

" 016 OTG 000 1T04 OT" ; g sb "motor"
119: dsp "To plot, change paper in pr inter beep ; s tp
120: if r8>0;ent "PLOT FOUR-POINT PROBE DATA? (Y/N)",F$
121: fxd 2;dsp " Rmin = "

, J , "Rjna x=" ,M ,
" Ym in=? "

; ent "",J
122: fxd 2;dsp " Rm in=" , J

,
" Rma x=" , M

,
" Yma x=?

" ; ent "",M
123: oil 'form' (9.5 ,13 ,13)
124: ell 'psiz ' ( 9 . 7 5 , 8 , 3 , . 5

)

125: cll 'scl' (-26,25, J-(M-J)/5,M+(M-J)/10)
126: cll 'move' (-25, J- (M-J)/10) ;wait 1000
127: cll 'xaxis' (J-(M-J)/10,5,-25,25)
128: cll 'move' (0 , J) ;wait 1000
129: cll 'yaxis' (0, (M-J)/10, J,M)
130: -25*I;fmt f3.0,z
131: cll 'move' (I ,J- (M-J)/10) ;cll ' space '(- 1) ; cll 'skip'(l)
132: wrt 6,I;if ( I +5+ I ) <-5

;
jmp -1

133: cll 'move' (I ,J-(M-J)/10) ;cll ' space '(- 1) ; cll 'skip'(l)
134: fmt f2.0,z;wrt 6,I;if (I +5*1 ) < = 25 ; jmp -1
135: cll 'space' (-32) ;cll 'sk ip ' ( 1) ; wr t 6, "DISTANCE FROM CENTER OF WAFER-mm"
136: J-«-I;if r2<10;fmt l,f5.2,z;jmp 3

137: if r2<100;fmt l,f6.1,z;jmp 2

138: if r2>=100;fmt l,f4.0,z
139: cll 'move' (0 , 1 ) ; wr t 6.1,I;jmp (I + ( M-J ) /5->-I ) >M
140: cll 'move' (-1 . 5 ,M) ;cll 'skip '

( -1) ; wr t 6, "OHM-CM"
141: cll 'move' (P [1] ,E [1] ) ; l->-N;cll ' char '

( 46 , 5 , 3 )

142: cll 'fplt' (P [N] ,E [N] , 111) ; jmp (N+l-«-N ) >S + 1

143: 25-N
144: cll 'pit' (N, r2 ,45) ;

jmp (N-l*N)=-25
145: cll 'move' (-25, r2) ,-cll ' sk ip '

( -1) ; wr t 6, "MEAN RESISTIVITY"
146: cll ' skip' (1) ;fmt 1, 7x , f 6 . 2 ,c7 , z ; wr t 6 . 1 , r2 , "ohm-cm

"

147: 1-^N

148: if F$="Y";cll ' pi t ' ( L [N ] ,G (N ] , 4 2 ) ; jmp (N+l*N)>r8
149: cll 'move' (-26 , J) ; wr t 6

, "o PHOTOVOLTAIC MEASUREMENT"
*31005
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113-114:

115-118:

119-122:

123-129:

130-135:

136-140:

141,142:

143-146:

147-148:

149,150:

shorts current supply and reverses direction of stepping motor

returns laser beam to center of slice

determines if plots of resistivity and four-probe data are desired and requests
operator to set abscissa limits

locates plot on page and draws x- and y-axes

scales and labels x-axis

scales and labels y-axis

plots resistivity, E(N) , versus position, P(N)
,
using the symbol o to locate the

data points
plots the mean resistivity specified in 6 as a dashed line

plots four-probe data, G(N), versus position, L(N), using the symbol * to locate
the data points
prints legend for plots
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150: if F$="Y";cll 'move '
( -26 , J ) ; cll ' sk ip

' ( 1 ) ; wr t 6,"* FOUR POINT PPOBE DATA'
151: cll 'move' (0 , J) ;cll ' sk ip

' ( 8 ) ; cll 'space'(-13)
152: wrt 6

, "RESISTIVITY VERSUS POSITION"
153: cll 'move' (0 , J) ;cll ' skip ' ( 9) ;cll ' space '

( -1 0 ) ; f ra t c 8 , cl2 , 14 x , c8 , c8
154: wrt 6, "WAFER: ",E$,C"$,D$
155: cll 'move' (0 , J) ;cll ' sk ip

' ( 10 ) ; cll ' space ' (-6 ) ; f mt c 10 , c3
156: wrt 6, "DIAMETER " ,G$
157: cll 'move' (0 , J) ;cll ' sk ip

' ( 11 ) ; cll 'space' (-16)
15b: ent "Comment? (32 characters) " ,H$ ; fmt c32;wr t 6 ,H$
159: ent "Record data on cassette? (Y/N)",A$
160: if A$="Y";dsp "INSERT DATA CARTRIDGE" ; beep ; s tp
161: trk l;rcf rl2,E[*]
162: wtb 6,13;trk 0;dsp "END" ; beep;gto 119
163: "calibrate":
164: 0*1
165: wrt 7 2 3

, "O260TAT 240T" ; wait 500;jmp (I+500-I ) =15000
16 6: 0->-I;ret

16 7: "meter":
168: 1*I;0*P
169: fmt ;wait 10*T
170: wait 1*T
171: wrt 723, "O260TAT240TAT" ;red 723,

E

172: wrt 72 3
, "O240TCT" ; red 723,

F

173: if E> = 10000 ; E-IOOOO-E; otdE+E; E-6int (E/16) -60int (E/256)
174: if F>=100 ;F-100*int (F/100)-F
175: if F>=40;99-^J [N] ;gto 191
176: if F>=20 ;F-20*F;1*G; jmp 2

177: -1*G
178: if F> = 10;F-10->-F;l*K; jmp 2

179: 0*K
180: F-7->-J[N]

181: G* (K+E/1000)-«-M[I ]

182: M[I] +P-«-P;if ( I +1* I ) < =r 3 ; g to 170
183: if r 3=l;r3*r22;gto 189
184: P/r3*r20 ; l+I; 0-P
185: (M [I ] -r 20 ) (M [I ] -r20) +P-P; jmp (I + l-<-I)>r3

186: V(P/(r3-l) )*r21;l-I;0-P*r22
187: if M [ I ] > = r20-2r21; if M [ I ] < = r 20 + r 21 ; M [ I ] +P-»-P ; r 22 + l*r 22
188: if ( I+l-I) <=r 3; jmp -1

189: if Q=0;P/r22+A[N] ; jmp 2

190: P/r22*B[N]
191: ret
192: "motor":
193: fmt 3 , c, f 4 . 0 , c, z ; wr t 7 2 3. 3 , "016 OTK" , X

,
" T04 OT"

194: wrt 7 2 3 . 3
, "O160TK" , Y

,
" TO40T"

195: wrt 7 2 3 . 3 , "O160TK" , Z
,

" T04 OT"
196: ret
197: "step":
198: 0-«>X-«-Y;dtoA*Z;gsb "motor"
199: ret
*20643
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151-158: prints title of graph and allows one additional line to enter additional
information as a commeni:

159-161: provides for recording resistivity values on cassette if desired

162: end statement
163-166: "calibrate" subroutine triggers meter at one-half second intervals

166-191: "meter" subroutine

168-172: pauses and reads meter

173-181: converts BCD to decimal and separates overload and polarity information

182-186: takes r3 measurements, averages them, and determines the standard deviation

187,188: selects r22 measurements which are within two standard deviations of the mean

189,190: averages the measurements that are within two standard deviations of the mean and

records photovoltage (A[N]) or photoinduced change in specimen voltage (.B[NJ)

192-196: "motor" subroutine moves the linear stage X+Y+Z steps in the direction, and using

the values for X, Y, and Z, determined by the main program

197-199: "Step" subroutine converts the length of step selected by the operator to an

octal number and calls the "motor" subroutine
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200: "torm":
201: wtb r0,27,77
202: wtb r0,27,84
203: wtb r0,27 ,87 , int (120*pl/64) ,120*pl
204: wtb r0,27 ,76 , int (96*p2/64) ,96*p2
205: wtb r0,27 ,70, int(96*p3/64) ,96*p3
206: ret
207: "psiz":
20 8: pl-H;p2*W
209: wtb r0,27 ,79 ,int(p4*120/64) ,p4*120, int(p3*96/64) ,p3*96
210: ret
211: "scl":
212: 120W/(p2-pl) -^U

213: 96H/ (o4-p3) *V
214: pl-X; p3*Y
215: ret
216: "xaxis":
217: wtb 6,27,46,95,0,5,9
218: wtb 6,27,6 5, in t( (p3-X)U/64) , int ( (p3-X)U) ,int( (pl-Y)V/64) , int ( (pl-Y) V)
219: p3-p5;wtb 6,43;wtb 6,8
220: wtb 6,27,114 ,int(p2U/64) ,int{p2U) ,0,0;wtb 6,43,8;jmp (p5+p2+p5 ) >=p4
221: ret
222: "yaxis":
223: wtb 6,27,46,124,0,3,0
224: wtb 6 ,27 ,6 5, int { (pl-X)U/64) , int ( (pl-X)U) ,int( (p3-Y)V/64) ,int( (p3-Y)V)
225: p3-«-p5;wtb 6,43;wtb 6,8
226 : wtb 6 , 27 , 114 ,0 , 0 , int (p2V/64 ) , int (p2V) ; wtb 6,43,8;jmp (p5+p2->-p5 ) >=p4
227: ret
228 : "move" :

22 9: wtb 6 , 27 , 6 5 , in t( {pl-X)U/64) ,int( (pl-X)U) ,int( {p2-Y)V/64) , int ( (p2-Y)V)
230: ret
2 31: "space":
232: if pl<0;gto +2
233: wtb r0,32;jmp 2 ( (

pl-l-pl) =0

)

234: wtb r0,8;jmp (pl+l+pl) =0
235: ret
2 36: "skip":
237: if pl<0;gto +2
238: wtb rO,10;jmp 2 ( (

pl-l-pl) =0)
239: wtb r 0 , 27 , 10 ; jinp (pl+l-pl) =0
240: ret
241: "pit":
242: wtb r 0,27 ,6 5 , int ( (pl-X)U/64) , int ( (pl-X)U) , int ( (p2-Y)V/64) , int ( (p2-Y)V)
243: wtb r0,p3;wtb r0,8
244: ret
245: "fplt":
246: wtb 6 ,27 ,97 , int ( (pl-X)U/64) , int ( (pl-X)U) , int ( (p2-Y)V/6 4) , int ( (p2-Y)V)
247: wtb 6,p3;wtb 6,8
248: ret
249: "char":
250: if p2=0; 5*p2;0-^p3
251: wtb 6 ,27, 46 ,pl , int (p2/64) ,p2 ,p3
252: ret
*1722
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200-206: "form" subroutine sets dimensions of plotter page

206-210: "psiz" subroutine locates the graph on the page

211-215: "scl" subroutine scales the graph

216-221: "xaxis" subroutine draws the x-axis

222-227: "yaxis" subroutine draws the y-axis

228-230: "move" subroutine moves the plotter to position pl,p2

231-235: "space" subroutine moves the plotter horizontally

236-240: "skip" subroutine moves the plotter vertically

241-244: "pit" subroutine plots data points with no connecting lines

245-248: "fplt" subroutine plots data points and connects them by a line

249-252: "char" selects the character to be used to connect the data points
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variations of circular semiconductor slices. The software is used with an HP 9825A
cal culator/control ler , controls a system using the IEEE Standard 488-1975 interface

bus, and gives hardcopy output via a printer. The software requires about 9000 bytes

of storage and uses Hewlett Packard's version of BASIC.

14. Keywords

Automated measurement; nondestructive; resistivity variation; silicon slices.

15. Computer manuf'r and model

Hewlett Packard
9825A

16. Computer operating system

Photovol ta i c

17. Programing language(s)

Hewlett Packard

BASIC

18. Number of source program state-

ments
252

19. Computer memory requirements

9000 bytes
8 bits/byte

20. Tape drives

One - integral to

HP 9825A

21. Disk/Drum units

0

22. Terminals

One - integral to

HP 9825A

23. Other operational requirements

Printer/plotter (HP 9871A) , Mul ti programmer (HP SSkOB)

24. Software availability

Available Limited In-house only

m .

25. Documentation availability

Available Inadequate In-house onlyODD
26. FOR SUBMITTING ORGANIZATION USE
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NBS TECHNICAL PUBLICATIONS

PERIODICALS

JOURNAL OF RESEARCH—The Journal of Research of the

National Bureau of Standards reports NBS research and develop-

ment in those disciplines of the physical and engineering sciences in

which the Bureau is active. These include physics, chemistry,

engineering, mathematics, and computer sciences. Papers cover a

broad range of subjects, with major emphasis on measurement

methodology and the basic technology underlying standardization.

Also included from time to time are survey articles on topics

closely related to the Bureau's technical and scientific programs.

As a special service to subscribers each issue contains complete

citations to all recent Bureau publications in both NBS and non-

NBS media. Issued six times a year. Annual subscription; domestic

$17; foreign $21.25. Single copy, $3 domestic; $3.75 foreign.

NOTE; The Journal was formerly published in two sections; Sec-

tion A "Physics and Chemistry" and Section B "Mathematical

Sciences."

DIMENSIONS/NBS—This monthly magazine is published to in-

form scientists, engineers, business and industry leaders, teachers,

students, and consumers of the latest advances in science and

technology, with primary emphasis on work at NBS. The magazine

highlights and reviews such issues as energy research, lire protec-

tion, building technology, metric conversion, pollution abatement,

health and safety, and consumer product performance. In addi-

tion, it reports the results of Bureau programs in measurement

standards and techniques, properties of matter and materials,

engineering standards and services, instrumentation, and
automatic data processing. Annual subscription; domestic $11;

foreign S13.75.

NONPERIODICALS

Monographs—Major contributions to the technical literature on

various subjects related to the Bureau's scientific and technical ac-

tivities.

Handbooks—Recommended codes of engineering and industrial

practice (including safety codes) developed in cooperation with in-

terested industries, professional organizations, and regulatory

bodies.

Special Publications—Include proceedings of conferences spon-

sored by NBS, NBS annual reports, and other special publications

appropriate to this grouping such as wall charts, pocket cards, and
bibliographies.

Applied Mathematics Series— Mathematical tables, manuals, and
studies of special interest to physicists, engineers, chemists,

biologists, mathematicians, computer programmers, and others

engaged in scientific and technical work.

National Standard Reference Data Series—Provides quantitative

data on the physical and chemical properties of materials, com-
piled from the world's literature and critically evaluated.

Developed under a worldwide program coordinated by NBS under
the authority of the National Standard Data Act (Public Law
90-396).

NOTE; The principal publication outlet for the foregoing data is

the Journal of Physical and Chemical Reference Data (JPCRD)
published quarterly for NBS by the American Chemical Society

(ACS) and the American Institute of Physics (AIP). Subscriptions,

reprints, and supplements available from ACS, 1 155 Sixteenth St.,

NW, Washington, DC 20056.

Building Science Series— Disseminates technical information

developed ai the Bureau on building materials, components,

systems, and whole structures. The series presents research results,

test methods, and performance criteria related to the structural and
environmental functions and the durability and safety charac-

teristics of building elements and systems.

Technical Notes—Studies or reports which are complete in them-

selves but restrictive in their treatment of a subject. Analogous to

monographs but not so comprehensive in scope or definitive in

treatment of the subject area. Often serve as a vehicle for final

reports of work performed at NBS under the sponsorship of other

government agencies.

Voluntary Product Standards— Developed under procedures

published by the Department of Commerce in Part 10, Title 15, of

the Code of Federal Regulations. The standards establish

nationally recognized requirements for products, and provide all

concerned interests with a basis for common understanding of the

characteristics of the products. NBS administers this program as a

supplement to the activities of the private sector standardizing

organizations.

Consumer Information Series— Practical information, based on

NBS research and experience, covering areas of interest to the con-

sumer. Easily understandable language and illustrations provide

useful background knowledge for shopping in today's tech-

nological marketplace.

Order the above NBS publications front: Superintendent of Docu-

ments, Government Printing Office, Washington, DC 20402.

Order the following NBS publications—FIPS and NBSIR's—from
the National Technical Information Services, Springfield, VA 22161.

Federal Information Processing Standards Publications (FIPS

PUB)— Publications in this series collectively constitute the

Federal Information Processing Standards Register. The Register

serves as the official source of information in the Federal Govern-

ment regarding standards issued by NBS pursuant to the Federal

Property and Administrative Services Act of 1949 as amended.

Public Law 89-306 (79 Stat. 1127), and as implemented by Ex-

ecutive Order 11717(38 FR 12315, dated May 11, 1973)and Part 6

of Title 15 CFR (Code of Federal Regulations).

NBS Interagency Reports (NBSIR)—A special series of interim or

final reports on work performed by NBS lor outside sponsors

(both government and non-government). In general, initial dis-

tribution is handled by the sponsor; public distribution is by the

National Technical Information Services, Springfield, VA 22161,

in paper copy or microfiche form.

BIBLIOGRAPHIC SUBSCRIPTION SERVICES

The following current-awareness and literature-survey bibliographies

are issued periodically by the Bureau:

Cryogenic Data Center Current Awareness Service. A literature sur-

vey issued biweekly. Annual subscription; domestic $25; foreign

$30.

Liquefled Natural Gas. A literature survey issued quarterly. Annual
subscription; $20.

Superconducting Devices and Materials. A literature survey issued

quarterly. Annual subscription; $30. Please send subscription or-

ders and remittances for the preceding bibliographic services to the

National Bureau of Standards, Cryogenic Data Center (736)

Boulder, CO 80303.
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