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ABSTRACT 

A simple method of measuring the conductivity of semiconductor 

materials is studied both analytically and experimentally. The basic 

method utilizes two pairs of coils, operating as transformers, and 

excited with a source of sinusoidal voltage. The two primary coils are 

connected in series, so that they have the same current flowing through 

them; the secondary coils are connected in series, in such a manner 

that the induced voltages tend to cancel. An approximate null in the 

secondary circuit is produced by positioning of the coils. A sample 

(usually small) of semiconductor material is placed between one pair 

of coils. A voltage proportional to the bulk conductivity of the 

sample is induced in the secondary winding for that pair, disturbing 

the voltage balance in the secondary circuit. Because this voltage 

is 90 degrees out of phase with the original voltage, it may be 

detected by methods that take account of the phase relations. In the 

preliminary experimental studies reported in this thesis, the out-of- 

phase voltage component was determined by simple trigonometric relations. 

A practical laboratory instrument would use a phase sensitive detector 

excited in such a manner that it responds to the desired component. 

The experimental study verified the essential correctness of the 

theoretical analysis and demonstrated the potential usefulness of a 

practical instrument based upon the principles utilized. Certain re¬ 

finements and simplifications of design for a practical instrument are 

indicated. 
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1. INTRODUCTION 

1-1. Description. 

During the past several years, interest in the measurement of semi¬ 

conductor resistivity has been increasing, and several methods are in use. 

1-2 
Among these are the four-point probe method , a method using microwave 

techniques*’-***, the Q-meter method**"*^ at the megacycle frequencies, and 

H*“12 
the method of strong electric field11* 

The measurement of semiconductors with the microwave techniques has 

heen of particular interest. These methods have both advantages and 

disadvantages. The measuring procedure is not simple; and they impose 

limitations on the size, the thickness of the samples, and the region of 

low and high resistivity at gigacycles. The four-point probe method 

essentially has limitations because of contact potentials and surface 

effects. An important measurement In the manufacture of semiconductor 

materials is the volume resistivity of the material. At present, this 

is measured by an ohmic contact method, but the difficulty in this method 

is encountered in maintaining the correct probe shape and spacing, the 

degree of accuracy being low over the high resistivity range. 

Volume resistivity (volume conductivity) may be measured precisely 

with sensitive equipment by the method described in this project. The 

equipment contains an impedance bridge made from coaxial coil systems 

in the primary and secondary circuits. This new method is entirely 

different from the methods mentioned above; also it has essentially no 

limitations on size and thickness of samples, since the conduction vol¬ 

tage due to the conductivity of a sample is exactly proportional to the 

volume conductivity in the sample (V^ — ko) when the semiconductor 
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material to be measured is placed between a coaxial coil pair in the 

equipment, 

In the low and high resistivity range of semiconductor material, 

a high degree of accuracy is obtained by this method. The measurement 

is simple and rapid. This method represents a new approach to the 

measurement of.volume resistivity of semiconductor, as compared with 

conventional methods. The advantages in this method are as follows: 

(1) A high degree of accuracy is obtained in the measurement 

of semiconductor material from low resistivity to high 

resistivity. 

(2) There are essentially no limitations on size and shape of 

the sample to be tested. 

(3) The measurements are made directly, rapidly, and simply, 

as compared with other methods. 

(4) Sheet resistivities of diffused layer may be measured by 

this method. 
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2. PRINCIPLES AND TECHNIQUES FOR MEASURING THE 7011]!® CONDUCTIVITY OF 

SEMICONDUCTORS. 

2-1. Configuration of the Electrical Circuits. 

The circuit configuration consists of a pair of primary coils, 

often called the transmitter coils, and a pair of secondary coilss 

called the receiver coils. The circuit of this instrument is essen¬ 

tially a mutual impedance bridge circuit as sham in Fig. 1. 

The primary circuit, consisting of two series-connected primary 

coils, is energised by an oscillator; and the second circuit, con¬ 

sisting of tarn bucking series-connected secondary coils, is connected 

to an amplifier system having a voltmeter at its output. We suppose 

the currents and voltages vary sinusoidally with time. The current 

in either primary coil sets up a magnetic field which induces a voltage, 

referred to as the mutual inductance voltage, in the corresponding 

receiver coil. When a sample of semiconductor material is placed in 

the region between one of the primary coils and its secondary coil, 

the flux field for that pair is modified to induce a new component of 

voltage in the secondary coil. The analysis of Section 2-3 indicates 

that for small conductivity of the sample (high resistivity) there is 

a component of voltage proportional in magnitude to the product of 

the conductivity of the sample and the number of ampere turns in the 

primary coil. This voltage is 90° out of phase with the mutual 

voltage induced whether or not a sample is present. 

The behavior of this instrument depends on the frequency applied by 

the oscillator. The mutual inductance voltage, for a given current, 

increases with frequency. On the other hand, for a fixed driving 
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voltage, the primary current decreases with increasing frequency. When 

the sample of semiconductor material is placed between one pair of coils, 

a voltage proportional to the conductivity is induced in the secondary 

coil of this pair, changing the balance condition. 

This voltage, for sinusoidal operation, is very nearly 90° out of 

phase with the mutual inductance voltage. This voltage is determined 

from the voltage V (mutual inductance voltage in the balanced condition) 

and the voltage V produced when the sample is placed in position. The 
s 

voltage Va due to the conductivity may be determined by the relationship 

V 3 = vc
2 - V 3 asm 

It is necessary to maintain good balance — that is small Vm -- so that 

the amplifier-detector will not be overloaded and so that it is not 

necessary to take small differences of large quantities when determining 

. If an amplifier is used, its gain must be known in determining the 

voltage and Vg . The conductivity a may be determined from the 

relation 

a = K Va 

= K A/V y - V “ 
s m 

where IC “ proportionality constant called the instrument constant. 

The instrument constant may be expressed in the form 

„ f3u,3sseff Ip rr 
D 

where f = frequency in cycle/sec. 

-7 
|A » magnetic permeability of free space (4rr X 10 henry/meter) 

Seff sa effective area of coil in square meters 

Ip =s current in the primary circuit in amperes 
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D t= coil space of two coaxial coils in meters 

V «= conduction voltage in volts 

The factors determining this constant are discussed further in the nest 

section. 

A direct measurement of V may be made with a phase-sensitive 

detector-amplifier arranged to respond to the quadrature component of 

V0 . This method was not used in this investigation of the feasibility 

of the basic method, although it should be used in a practical instrument. 

The conduction voltage , as discussed above, is exactly proportional 

to the volume conductivity. Samples having a wide range of conductivity 

-4 
above 10 mho/cm may easily be determined by direct measurement. Samples 

-4 
having a conductivity below 10 mho/cm may be determined by refund 

measuring techniques. 

The mutual inductange voltage is an important factor in this in¬ 

strument. The characteristics of this voltage may be seen clearly by 

comparison of experimental values and theoretical calculation. 

Since the two coaxial coil pairs are located at such a distance 

that these coil pairs do not affect each other, the mutual inductances 

may be determined for each pair independently. By Neuman’s formula, 

mutual inductance M is given by 
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V 

where 

al* a2 = ^ie radii of the loops 

d ts the distance between the plances of the coils 

r = the distance between current elements 

r^ = the projection of this distance 

then 

r = -/d3 +.r^a , rj3 sa a^2 -{- a23 - 2a, a2 cos 9 

ds, ds2 = a^agd 9 d# cos 9 

The integration with respect to 9 is given by 

M= JT 

putting 9 » 2a, r is given by 

^ * 3,1 * 2* * 2 a, az -4 2,3i cost). (3, + g2 fyj/ - // CCS 

where _ f- g> ^ 

v d* * c3, t 

Consequently, as K1 always, /~T~n  
3* 32   K l/ at a 2  

n 

2 v^- K2 ces 2c* 

Hence ^ 
/ - lc CoS* 

But 
KC0S2* = K (2coU-i) = -|- (jt'cos7*-/)+ -1- _ K 

■fr- bCcasa A _ ~ X 2_ 
//-/fWd 1/ /-K'cafudl K k7cos2<t 

Furthermore ^ jr 

2 JD \// - K^c-os** ^ 
db 

cU 



% 
otJ«C3--'0K(*>- -|-E(«) 

dr 
K<«)= 

r 

/-K'Sirff 

E(K)= fyjT^y Jf 

K = id.* at-) 

(. d> * dt )*+a7 
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K(lc) is called the complete elliptic integral of the first kind. 

E(k) is called the complete elliptic integral of the second kind. 

In order to demonstrate the dependence of instrument operation 

on frequency, curves of primary current and secondary voltage for 

given primary voltage are shown in Fig. 2. Because of the high 

resistivity or low conductivity, the primary current changes by a 

negligible amount when the sample is inserted. Therefore, no 

correction is made for current changes. 
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F. Et. Er, Ir 

Kc/Sec. Volts Millivolts Milliamps 

100 18 a 6.36 2.8 86 30.7 

150 18 : 4.7 58 20.7 

200 18 7.58 44 15.7 

250 18 12.6 34 12.15 

300 18 17.8 28 10.00 

350 18 26.2 24 8.57 

400 18 36.5 21 7.5 

450 18 52.0 18 6.43 

500 18 66.5 16 5.70 

550 18 75.0 14 5.0 

600 18 80.2 13 4.64 

650 18 83.1 12 4.29 
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2-2. Configuration of the Measuring Instrument. 

In mechanical design, the following points must be taken into 

account in the design of the instrument. All the,material in the 

supporting structure of the instrument must be insulators with very 

small dissipation factors over the frequency range of interest. It is 

especially necessary in the technical mechanical design to consider 

the magnetic shielding and coaxial coil systems, since this instrument 

is a sensitive electronic device. Input wave forms in such a sensitive 

electronic device are often altered by stray fields resulting from 

extraneous fields and leakage flint of neighboring components, such as 

a transformer, a choke, or a transmitter-receiver operating near by. 

The proper positioning of the components is necessary to minimise inter¬ 

action between the two coil systems. Since the magnitude of the stray 

fields is generally very small, these affects may be removed by applying 

good shielding. The shielding efficiency should be tested over the 

surrounding equipment with a current probe or magnetometer. Thus the 

shielding percentage represents the reduction of the voltage induced by 

stray fields. A further consideration in the mechanical design of an 

experimental instrument is the provision for precision adjustment of 

the position of various points of the instrument. 

In calculating the effective area of coil, it is useful to modify 

the conventional formula for calculating the effective area. Since the 

measurement of flux density with a fluxmeter or ballistic galvanometer 

depends on the effective area of the coil, precision calculation of 

effective area of coil is very important. A coil constant is the 

product of the number of turns N by its effective area Seff, so that 
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in a round coil with an evenly distributed winding, the area may be 
5 

determined by the modified formula 

NS«« =f'SMJN =fr;*r7-FT7^Jr 

Sef-f = -y-(V +Y:Ye + Yi ) 

xjhere r is the external radius of the coil, and e 

r. is its internal radius of the coil. i 

The calculation of effective area of coil in the coaxial coil system 

may be determined by the following: 

Saff — C S,~ S,) + ( $2 - ) + ( S3 - S* ) ■* • • • (ST,- Sn-t ) 

s. = n2 IT - -    

57 = KK+YS)  

S-* = y- ( r. K * K2 )  

5, « f- ( Y3*r,Y*+Y?)- - ■ 

i fiiti'Sl ¥3 Jr OS 

y.= ;n te mil taJi os 
- • Yr — external yaaiUS 

y = internal raaius 
y;= ext&rnai raj', us 

_ . _ internal rajios 
>9= -externa! r2J',(/$ 

5" = f CYZ + r»r»,+r«-.)- 
W»= internal raJli/S 
Y-H = external VaJlvS 

Seif - -Y[^(tf+Y.Y, + rt)-3r.’} + {(r^KY'+Y2)- CY,*+Y.Y,+Y? ) \ 

+ |c £ + Yi r* ) - ( Ka+ K K +Y? ) | 

+ { n&*+ YttYn* + K« ; - c &?, + ^ ) n 



Y. = (To + J ) 

K = C K+J;= fc + 2^ 
(Ji + JJ=K 

Ytf —' f W J ) = iTu + 

YT = / wi-;3J raj;us 

d = diawetdr 0-f £*'f 

Ti— TW m ktr *f ~t urns &/ Co/j 
s 

/ \ 

- Yotr 

- te/T 
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The coil used in the experimental instrument had the following dimensions: 

d = 0.017 inches 

rQ 5= 0.25 inches 

n = 68 turns 

n-1 = 67 turns 

The effective area is thus 

3* *■ (6QX0.0/7 + ('jxa.a +6 g 

-h ( 6 J x 0.0 / y )2 ^ 

= £•*?362i"2£ }r7efyz / / /^at9= cm2 

— 3 

— 3Q'2<} mm ct** 

Saif = 3.&2f$x/a4m* 
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In considering the electrical properties of materials, an examin- 

ation of the properties of several possible materials showed that poly¬ 

ethylene and polystyrene had the most desirable properties. The most 

important characteristics for purposes of the investigation are shown 

in the following table. 

Name of Materials Composition  

Polyethylene Dielectric strength [VPM-60 cps} 

Dielectric constant 

i) 60 cps at 23° C 

ii) 106 cps at 23°C 

Dissipation factor (tan a) 

i) 60 cps at 23° C 

ii) 10^ cps at 23° C 

Polystyrene Dielectric constant 

i) 60 cps at 25° C 

ii) 10^ cps at 25° C 

Dissipation factor 

i) 60 cps at 25° C 

ii) 106 cps at 25° C 

Polytetrafluoro- Dielectric strength {VPM-60 cps} 
ethylene 

Dielectric constant 

i) 60 cps at 25° C 

ii) 10^ cps at 25° C 

Dissipation factor 

i) 60 cps at 25° C 

ii) 106 CpS at 250 c 

 Dimension 

400-500 

2.28-2.32 

2.28-2.32 

-4 
1 - 5 x 10 4 

1 - 5 x 10~4 

2.45-2,50 

2.50-2.60 

10-54 x 10"4 

10-54 x 10~4 

400-500 

2- 2.2 

2-2.2 

2 s 10 - 3 x 10 ^ 

2 x 10-4 - 3 x 10~4 
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These characteristic curves of the electrical properties are shown by 

Figs. 3 and 4. These materials, as shown in the figure, are but little 

affected by the frequency below several megacycles. Thus we can say 

that the dielectric constants and dissipations of the materials used 

in the experimental instrument are constant at all frequencies of 

interest below one megacycle. 
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2-3. Theoretical Considerations 

The fundamental equation to be considered in measuring the con¬ 

ductivity of semiconductors may be derived from Maxwell's equation 

VXD *» p (1) 

7XB =0 (2) 

J = oE (3) 

An exact analysis of the voltages induced in the secondary coil 

when the sample is placed between the primary and the secondary coils 

is a very difficult problem. In order to understand the behavior, we 

consider a related case whose solution has been carried out [ ] . We 

suppose the coils are immersed in a homogeneous medium which has a 

small conductivity a as well as permeability p, and permittivity e . 

The analysis shows that the voltage induced in the secondary consists 

of a term 90° out of phase with the primary coil current plus a term 

proportional to the conductivity which is in phase with the primary 

coil current. It is this second component which is used to determine 

the conductivity. Physical reasoning and experimental evidence indicate 

that quite similar behavior is obtained in the case of a small sample 

injected into the space between a pair of coils. Various geometrical 

factors are modified, but the general nature of the solution should be 

unchanged. 

as follows: 
M 

7 X I + 3t a 0 

where 

B =» pH 

D a EE 



2-3-2 

Considering the condition of the time dependence and substituting 

the Eq. 3 into Eq. 1 and Eq. 2, we have 

V X E - i touil <= 0 where V X E = p/E (4) 

V X H - (cr - i c»E)E = 0 where V X H = 0 (5) 

tie may assume that there is no buildup of a charge anywhere as the 

current loop formed between too coil systems, since the conductivity 

medium is the same along all parts of the current loop and the lines 

of current flow are very close. Then accordingly 

V X f = 0 (6) 

to conditions such that V X H « 0, V X E = 0, it may be written in 

the form 

where 

(7) 

(8) 

(9) 

H = V X A 

E - i iupA 

Substituting these equations into Eq. 4, we have/ 

V X V X A - (cr-icuE) itupA = 0 

This Eq. 9 may be reduced in the simple form since V X A = 0 

according to vector identity. 

v~A ) ~ V* A - (X“ * Ui£ ") A A - O 

V7 A + A ~ 0 

't).2 = A CO^U(<T-A OO £) 

= A tOM (T + 

p, = 4TT X 10 ' henries/meter, the magnetic permeability of free space. 

-12 
c as 8.854 X 10 farads/meter, the permittivity of free space. 

The second term of Eq. 11 can be neglected since it is of small value. 

c/3 = i cupcr 

(10) 

(11) 

.-7 



2-3-3 

Hence 

if' r ?f' 1Z* 
4A , I It llL = O 

(13) 

Since the surrounding medium is homogeneous and all the sources 

of vector potential are included in the current density vector J , 
s 

the particular solution of this equation may be given by the following 

39-41 
form "Reference ' " “ " 

A = vector potential at a point p(P,Z, 9) 

9 (p*, a1, 9*) = the source current density at the 

point (p*, s', 9') 

R = the distance from the current density component to the 

point p 

-CYR 
e = the phase shift and attenuation in the electromagnetic 

wave when it travels from the source to the point p 

P(p,z,9) = arbitrary point with cylindrical coordinates 

between two coil pairs 

of a propagation constant (o'3 = io^o when displacement current 

can be neglected) 

Since the source current and vector potential A have the single 

components under the condition of cylindrical symmetry, J and A 
s 

are functions of R and Z. Thus the vector potential may be expressed 

K 
(14) 

K = {c 2- 2,;2+/>3+2 ff>coscr-f')) 7 
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in the following form 

A if>‘2)=- jT$js (r>2')c'scr-r;) 
S JtA 
K (15) 

In fact, the current source consists of the transmitter coil and 

it is the circular current in the coaxial coils with N turns. Ex¬ 

panding the exponential factor and denominator in powers of a cos (cp-cp*), 

we have 

A - 
7I l 7Tax)  f -(l-i-w)c 

-ckfi 
(16) A ir lO 

If A is recognized as the vector potential due to a magnetic dipole 

moment M, then M = T I (TT a3) 

This eq. 16 may be found by the Laplace transform directly from 

2 
electromagnetic wave eq. 13, and also found by integral equation . 

When potential A is located between the transmitter coil and 

the receiver coil, E = iiwpA. Thus the induced voltage V in the 

receiver coil 

V= 2TraK E(a,J)= 2 Ca.J) 

w_ 71 (-no3) ZUaKAUJM f / 
v" 4? ' J* J 

_ j 2 If. 5t COM 

AW J3 

\/ - / 2S7X LOUA C/+*tU **J  _ _ _ ( !*n 
A 7T J3 ' 

■fer P = ** / 

y 5, = 7ra'T - - T*a'R ~S 

Bicj>2nd;ny w; ih i# we hdve 

V— / u<s*u)i f, c±ii3. c±h3_ L*J)*, , in-nc^J) c-0 
* 2 TTJJ k' 2 3 g n! 

To study the solution, we consider the first two terms of the 

expansion, neglecting higher order terms. 
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V =J a*s
xu> i 

2TT J
3 

o 

 J4S100 I f, . (AJIMZJ
2 N 

2,J’ Lc 2 

-) 

U>yU<T J ' 

MluOls‘x , ,/l (Aj’UicJ2 > JAs'tOi 
~xm—<r+* <■'—T 2 7T J* 

For an 0 

\?= Vm = v (,- JUkHJlj) ^<S'U>I 
2 77 J’ 

The term VCT must be 

w = ■ * 
-4 

which is 90° out of phase with V 
m 

The second term in parenthesis ufued2 
is usually neglected as very 

small compared to unity. 

In order to take account of the fact that the sample occupies 

only a small part of the region surrounding the coils, we must use a 

sample factor. We thus suppose 

* = 1 r 
I 

If we assume the field is constant throughout the sample, then the sample 

factor must vary directly with sample volume v. This has been verified 

experimentally 

K = K 1 v 
s s 

Substituting in the above equation and solving for a we obtain 

<f= ;f31VKs# 
— Ky- V(T 
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where 

a = (A
2 rrs2 

v « sample volume 

d = separator of coils 

f ~ frequency of the sinusoidal variations 

I = primary coil current 

Ks' = sample factor which depends upon the shape of the sample. 

K_' must be determined experimentally in the absence of a detailed 

analysis. 

In Eq. 18, if a = 0, a =* (DIACT, 

\/ _ / 2 j’x UOU* Vm — J  —— r-;  (19) 

This equation 19 represents the mutual-inductance voltage induced in the 

receiver coil by direct induction from the current in the transmitter coil. 

This voltage has a phase angle 90° relative to the transmitter current. 

When cr increases, the voltage V , the component 90° out of phase with 
A 

I, will decrease while the voltage Vr in the real part to have com¬ 

ponent in phase with I will begin to grow. This behavior can be seen 

more clearly by separating the two parts, expanding in power of ard , and 

writing the results as follows: 

VK = K<T 

V,= SK<rg(i- f -fi-) 

where K = 
wit*7*'1 

4 iT 
i 

/ 

--) (20) 

(21) 

(22) 
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P is sometimes represented in skin depth, giving the order of 

magnitude of the penetration depth of the electromagnetic field into 

a conductor. K is also represented as the instrument constant, de¬ 

pended on frequency applied under the condition of constant spacing 

between too coil pairs. When the conductivity a increases, the 

terms below second term in Eq. 20, repl part, and Eq. 21, imaginary 

part, can be neglected. Then the first term will remain in eqch 

equation, namely, the terms of the conductive voltage and mutual 

inductance voltage may remain. 

From Eq. 20 and 21 

V* ♦ V* = Mr + Vm 

^nos*i 
A -n J’ (23) 

Since the conductivity is proportional to only conduction voltage, 

Eq. 23 may be in the form V = KCT (24) 

If we consider the geometric factor, the Eq. 24 may be given the 

form 

V a KGo- (25) 

Where G =» geometric factor 

= JJ* g d f d r (26) 

It is very convenient to write instrument constant in the reversed form, 

such that IC^ «= 1/K (27) 

For example 
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— Ky Ar V<r fnh a j we-iy 

Where ^y — p x ; 7. 2 7 -7/4: 

&C — *?• f 5" TT I 2 cce>yj i ni -to expey;msrrt3/ 
v yese/lts 

1= Cuyren-i — - - - Ampayt 

"V— £,»;/ spacing me-tey 

V<r — C0 n2uct!0n V0Jt3jj.£ \/oi-ts 

-f — -f r&ju-e-nty cycupec 

Poy 300 Xc Ky - >'2?r}*j* 3t 

J-f V<r - 2* \/oH$ 

~ -r *r 
g = /. 2 31? x 2 x/,?*/.*> x / 

<f ~ 2-A £>* 6 Mh0/w 
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3. EXPERIMENTAL CONSIDERATION 

The characteristics of main parameters (V^, V , K and M) in the 

theory of this measuring system may be seen clearly by the comparison 

with the experimental results of these parameters. These characteristics 

may, however, be determined by considering the following relations: 

1. The characteristics of mutual inductance voltage V and 
m 

frequencies (Fig. 5, 6) 

2. The characteristics of instrument constant K and frequencies 

(Fig. 7) 

3. The characteristics of conduction voltage V and frequencies 

(Fig. 8,9) 

The mutual inductance voltage may be represented in the following 

form, as discussed in the previous section. 

Vj7> = M 00 i 

M 
_ U£_ 
4 7T 

"T Yt Cosq?J<P  

M - r ft (&) 
where « 

(~ZT\ J <f>  

K (.&) )s t/ 

E L&]~ / > 
4Y% 

4Y7* P2 

where r = radius of coaxial coil system and D = distance between its 

coil. 

The mutual inductance has been calculated numerically with results 

given in the following table (Table 1). The mutual inductance voltage 

V is a function of distance D and radius cr under the constant 
in 
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frequency. Since the radius is essentially a constant in the instrument, 

the mutual inductance voltage V is a function of the distant D 
m 

between coil pair in the primary and secondary circuits. This relation 

is represented by Fig. 5. If the distance D is fixed as a constant, 

the mutual inductance voltage Vm is proportional to the product of 

frequency and current in the primary circuit, this current being 90° 

out of phase with V . This relation has been represented by Fig. 6 

and Table 2. The curves of Fig. 5 and Fig. 6 will aid in designing 

a coaxial coil system. 

It is convenient to write instrument constant IC as the reversed 

form 1/K in calculating a conductivity. From previous sections, we 

have 

V<r = K(T Dr <f = -£- V<r = KrV<r 

If the sample fills the Tfhole space 

w L_ _  1? -  2  Ar “ K “ e 
where a » constant = |j,sS3rr » 7.2767 X lO-3 , 

S = effective area of coaxial coil system. 

Since the current Ifc depends on frequency, if the frequency and 

distance D is fixed the instrument constant IC is constant. For 

example, if D = 5 cm, f = 300 ICC, then = 1.2313 X 10^, namely 

]/" —  ^*~ x /£> = /. 2 jV/x st? Ve/if- 
I'Y' L3 P x £2 */0~* x. x'o 

This relationship between IC^ and f are represented in Fig. 7 and 

Table 3. 
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The equation above for K is valid only if the sample fills the 

whole space. In the case of small samples, such as those used in these 

experiments, a factor'depending upon shape and volume must be included. 

Table 4 gives experimental evidence of the proportionality of to 

volume. To determine the sample factor analytically, one might utilize 

15 
the method of Doll , with suitable changes in the region of integration, 

to obtain a good approximation to the required factor. In practice, 

one would calibrate the instrument by using sample of known dimensions 

and conductivity. 

The conductivity is proportional to conduction voltage, the conduc¬ 

tion voltage being proportional to the frequencies under the constant 

distance between coil pair in the primary and secondary circuits, so 

that the characteristics of these relations are represented by the 

Fig. 8, 9 and Table 5. 

The conduction voltage is directly proportional to the frequencies 

as shown in Fig . In the characteristics between conductivities and 

frequencies, the curve of high resistivity (200 cm) of semiconductor 

material is increased rapidly by frequency, the curve of very high 

resistivity (26,000 cm) of semiconductor material being increased slowly 

by the same frequency ranges. 

The Table 4 gives the ratio of conductivity and the ratio of volume 

for semiconductor materials; this table show that conduction voltage is 

proportional exactly to volume conductivity of semiconductor. 
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4. CONCLUSIONS 

It has been demonstrated both mathematically and experimentally 

that the mutual inductance voltage is independent of the conductance 

voltage V , and that these two are 90° out of phase. The magnitude 

of the conductance voltage Va is directly proportional to the 

conductivity acre? and the square of the frequency F. The mutual 

inductance voltage varies directly as square of the frequency. 

The mathematical determination was based on the assumption of a 

very large sample. The experimental results show that the same mathe¬ 

matical form holds for small samples. The evidence is summarized in 

Figs. 5 through 8 and in Tables 1 through 4. 

This system of measurement puts essentially no limitations on the 

size and shape of the sample of semiconductor material. Also the system 

measures conductivities over a wide range of values. This method of 

measurement may be used to determine the sheet resistivity of a 

diffused layer in a semiconductor sample. The method may be realized 

by a simple, practical instrument which is easy to use in the laboratory. 

The effects of external fields and conducting material may be 

minimized by the use of suitable mechanical design and electromagnetic 

shielding. The use of a phase sensitive detector to read the changes 

in the conductive voltage directly should further minimize such 

effects. 
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MUTUAL INDUCTANCE VOLTAGES AT CONSTANT FREQUENCY 

TABLE 1 

D M Ynl ^m2 

1 2.97 X 10“6 307.7 X io"5 240 

2 1.58 X 10“6 163.7 X 10“5 136 

3 9.44 X lO"6 97.8 X io-5 80 

4 5.97 X 10“7 61.9 X 10“5 50 

5 3.95 X io-7 40.9 X 10~5 34 

6 2.7 X io"7 28.0 X io"5 :’.26 

7 1.92 X 10“7 .19.9 X 10“5 21 

8 1.40 X io"7 14.5 X io“5 18 

9 1.05 X io-7 10.9 X io~5 15 

10 8.03 X io-8 8.3 X io~5 14 

11 6.26 X io-8 6.5 X IO-5 13 

12 4.97 X io-8 5.2 X io"5 12 

13 3.99 X io-8 4.1 X io-5 11 

14 3.26 X io-8 3.4 X io"5 10 

NOTE: V - is theoretical values 
ml 

*s measuring values 
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MUTUAL INDUCTANCE VOLTAGE VARIATION WITH FREQUENCY 

TABLE 2 

R F M  Vml Vm2 

3 100 3.95 x io"9 21.33 x 10"5V 

o
 

CM
 10"5V 

3 150 3.95 x 10~9 29.02 x 10"5V 

3 200 it 34.73 x 10"5V 34 x 10~5V 

3 250 tt 38.07 x 10"5V 

3 300 it 40.93 x 10"5V 43 x 10"5V 

3 350 it 43.41 x 10 *V 

3 400 it 44.64 x 10“5V 46 x 10-5V 

3 450 it 45.00 x 10 "V 

3 500 it 45.20 x 10“5V 47 x 5 x 10' 

3 550 it 45.2 x 10"5V 

3 600 it 45.2 x 10“5V 48 x 

>
 

in o
 

3 650 tt 46.3 x 10“5V 

R is radius of the coaxial coil 

^ml is theoretical values 

^vs2 is experimental values 
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VARIATION OF INSTRUMENT CONSTANT WITH FREQUENCY 

TABLE 3 

D li 

6 86 9.5872 x 105 95.8 x 104 

6 78 4.6978 x 105 46.9 x 104 

6 70 2.9446 x 10^ 29.4 x 104 

6 63 2.0939 x 105 20.9 x 104 

6 55 1.6656 x 105 16.7 x 104 

6 50 1.3461 x 105 13.5 x 104 

6 45 1.1451 x 105 11.5 x 104 

6 40 1.0179 x 105 10.8 x 104 

6 36 9.161 x 104 9.2 x 104 

6 33 8.2594 x 104 8.3 x 104 

6 30 7.6342 x 104 ■2.6 x 104 

6 28 7.0754 x 104 7.0 x 104 



TABLE 4 

Volume Conductivities* 

No. Grams Volts as Vcr Ratio of volume Ratio of Conductivity 

2 1.682 4.89 x 10~4 2 1.682 2 4.89 x 10~4 

2' 1.010 2' 
2.945 x 10~4 

2' 1.010 2.945 x 10”4 
£3 1.665 = 1.661 

7 1.810 6.10 x 10"4 7 1.810 7 *1 
o

 
«-{ 

V
O

 ! °
. 

1 
•!

>
 

V 1.656 V 
5.55 x 

1 o
 

H
 

V 1.656 5.55 x 10'4 
= 1.091 = 1.092 

10 1.107 7.58 x 10"5 10 1.107 10 _ 7.58 x 10'5 

10' 0.879 10' 
6.19 x 10”5 

10’ 0.879 6.19 x 10“5 
SS 1.25 = 1.23 

9 2.049 1.805 
10 
10' 

S3 
2.049 
35.455 

9 
9' 

1.805 
= 31.355 

9' 35.455 31.355 S3 17.32 a 17.42 

5 2.049 1.90 x 10”4 5 2.049 5 1.90 x 10"4 

5' 2.049 5* 39.8 x 

I O
 

r*
l 

5* 2.049 39.8 x 10”4 1 a 30.42 

* Notes: 

1. Each pair of samples except 5 and 5* are of silicon having 
the same resistivity 

2. Sample 5 is silicon before diffusion; sample 5' is silicon 
diffused with gold. 



VARIATION OF CONDUCTIVITY WITH FREQUENCY 

TABLE 5 

No. f V a 

8 100 4.30 x : io"5 V. 32.11 mho/m 

8 150 1.123 X io"5 V. 37.40 mho/m 

8 200 1.837 X io-5 V. 40.05 mho/m 

8 250 2.699 2: 10“5 V. 41.36 mho/m 

8 300 3.417 X io“5 V. 42.10 mho/m 

8 350 4.192 X io’5 V. 44.35 mho/m 

8 400 5.089 X io"5 V. 46.25 mho/m 

10 100 2.150 X io”5 V. 16.05 mho/m 

10 150 5.260 X io-5 V. 17.30 mho/m 

10 200 8.020 2C 10“5 V. 18.00 mho/r. 

10 250 1.130 X 10~4 v. 18.48 mho/m 

10 300 1.442 2C io“4 V. 19.00 mho/m 

10 350 1.762 X 10“4 V. 19.51 mho/m 

10 400 2.08 x 10~4 V. 19.98 mho/m 

No. is sample number 



I 

A = Coaxial Coil system in the primary circuits 

A'= Coaxial Coil system in the secondary circuits 

B = Holder for a sample 

C = Slider adjusting a distance between two coils 

E = Shielding coils 

= Sets for measuring the geometric factors D 
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Fig. 9. The relationships of conductivities as the function of 
frequencies between the resistivity and very high 
resistivity of semiconductor materials. 
a is conductivity of semiconductor 
No. 8 is high resistivity of semiconductor (200 cm) 
No. 10 is very high resistivity of semiconductor (26000 cm) 



Fig. 8. Relationshipships between the high resistivity and very high 
resistivity of conduction voltages as the function of frequencies. 



Fig. 7. The characteristics of instrumental constant as the frequencies 
for the constant coil spacing D (Kr = —) is the reversed 
instrumental constant. f i8 killocycles. 



Fig. 6. The characteristics of mutual inductance voltage having a 
function of the frequencies at constant distance D. V 
is mutual inductance voltage, f is frequency in killocycle. 

is Theoretical Curve 
* is experimental curve 



Fig. 5. The characteristics of mutual inductance voltage having a 
function of the coil spacingf D V is a mutual inductance 
voltage, D coil spacing between coaxial coil system at 
constant frequency. 

° Theoretical curve 
* Experimental curve 



FIG.4 
Voltage Frequency - cps 

1. Polytetrofluoroethylene 
2. Polyethylene 
3. Polystyrene 
4. Test temperature = 20° - 27° C. 
5. Tan 6 is dissipation factor 
6. Reference (41) 
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Fig. 2. Characteristics of the circuits in the phase sensitive device. 
is output voltage in the secondary coil system. is 

input current in the primary circuits at input voltage 
E^ = constant 
t ■ 



0 = Oscillator 

A = Amplifier 

S = Sample of Semiconductor Material 

D = Phase Sensitive Detector 

Li are coaxial coils in the primary circuits 

Z & V0 are coaxial coils in the secondary circuits 
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