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. 
SECTION I 

R E P O R T  COVERAGE 

This semi-annual  repor t  covers the period f r o m  December 5, 1964 

to  June 5, 1965. 
ope rat ion.  

This r e s e a r c h  program is current ly  i n  i t s  third yea r  of 

1 



SECTION I1 

OBJECTIVES AND STATUS OF RESEARCH 

This r e s e a r c h  program is proceeding in  a threefold manner  as 

outlined in  the l a s t  Semi-annual Status Report  (Report No. EE-4012- 

103-65U for  the period 6-5-64 t o  12-5-64). Specifically: 

( 1 )  Theoret ical  and analytical r e s e a r c h  on the effects of 

sur face  s t a t e s  and grain boundaries upon the f r e e  

c a r r i e r  concentration, mobility, and mean-f r ee-  path 

of the charge  c a r r i e r s  in thin films. 

the preceding s ta tus  report ,  two papers  a r e  in  

preparat ion:  

(a) 

As mentioned in  

The development of a suitable theoret ical  

expression f o r  c u r r e n t  density in thin, 

polycrystalline, semiconducting f i lms.  The 

tentative resu l t s  of this  study a r e  presented 

in  Section I11 and will be submitted for  

publication in  s e v e r a l  weeks.  

The extension of the theor ies  of Schrieffer,  

Kingston, Greene, and others  on the ro le  

of sur face  s ta tes  in  controlling the sur face  

conductivity of semiconductors.  We a r e  

applying these theor ies  to thin films where  

the boundary conditions of bulk semi -  

conductors do not exist .  This work will 

probably be completed within the next two 

months.  

r e s e a r c h  appears  in Section IV.  

Research  in  laboratory methods has  proceeded to the 

point where  we have excellent control  over the physical 

and electronic  propert ies  of the films which we deposit .  

On April  2, 1965 we were granted a Notification of 

Determination and License (NASA Case  No. 4614) by the 

(b) 

A brief outline of this  phase of the 

(4 
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U .  S. Government on a method f o r  depositing germanium 

films of controlled hole mobility’ . 
design of a boat for  the  evaporation of insulating films, 

such as SiO, has  been perfected in  our laboratory and is 

descr ibed in  Section V. 

Experimental  r e s e a r c h  in the design and fabricat ion of 

thin f i lm electronic devices.  We a r e  now in a position 

,to capitalize on our  ability to produce thin films of con- 

t rol led cha rac t e r i s t i c s  for u se  in  the fabricat ion of 

devices.  

field. 

Section VI.  

t r a n s i s t o r s  and electron tunneling devices .  

A new concept in the 

(3) 

An intensive effort has  been launched in  this  

The f i r s t  phase of th is  p rog ram is outlined in 

This includes the fabricat ion of field effect 

REFERENCE 

1. See  the Semiannual Status Report (Report  No. EE-4012-103-65U9 

6-5-64 to 12-5-64) f o r  a discussion of this method. 
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SECTION I11 

A THEORETICAL EXPRESSION FOR 

CURRENT DENSITY IN POLYCRYSTALLINE FILMS 

The introduction of the concept of an  effective mean- f r ee  path to 

the model  of a polycrystall ine semiconductor provides an  interest ing 

foundation for  the derivation of an expression for  the cu r ren t  density in  a 
semiconducting film as a function of the applied potential, f i lm 

t empera tu re ,  and the physical pa rame te r s  which cha rac t e r i ze  the film. 

The model  employed has  been used to r ep resen t  bulk polycrystall ine 

m a t e r i a l  and bicrystals  by Mueller" ', Waxman et  a l .  3,  Pet r i tz4 ,  Berger5,  

Volger6 and others .  

of the polycrystall ine film is assumed to  consis t  of a s e r i e s  of c rys ta l l i t es  

separa ted  by potential b a r r i e r s .  

channels.  

d i scuss ion  is l imited to  films wherein essent ia l ly  all conduction is by holes .  

Thus,  in the energy d iagram shown i n  F igure  l b  the in te rcrys ta l l i t e  

boundaries a r e  assumed to contain a la rge  number of t r a p s  for  e lectrons.  

The resu l tan t  band bending at these boundaries gives r i s e  to  p'otential wells 

f o r  holes  at the top of the  valence band. 

With re ference  to F igu re  1 ,  ' the two dimensional model 

Within these  b a r r i e r s  l i e  conducting 

Because of the p-type nature of many thin films, the following 

In the actual  film the potential b a r r i e r  which sur rounds  each 

boundary establ ishes  a channel wherein charge  c a r r i e r s  (both holes and 

electrons)  may  move and give r i s e  to a component of film c u r r e n t  which has  

been observed to be essent ia l ly  independent of tempera ture .  

the film cur ren t  a t  room t empera tu re  cons is t s  of holes which posses s  

sufficient energy to  escape f r o m  the wells and t r a v e r s e  both wells and 

crys ta l l i t es . .  An effective mean-free-path may be defined far these  holes in  

the following manner .  Consider a group of holes which s t a r t  i n  the potential 

wel l  of a channel a t  point x = 0. It is assumed that any hole which posses ses  

sufficient energy t o  surmount  the b a r r i e r  presented by the first well will 

a l s o  p o s s e s s  sufficient energy t o  c ros s  all succeeding b a r r i e r s .  

effective m. f :  p. is found by computing the weighted mean  path for  all holes 

The bulk of 

The 

4 
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FIGURE 1 

A polycrystalline f i lm which consis ts  of c rys ta l l ies  (11) 
and intercrystal l i te  transit ion regions (I). 
t r aps  within Region I produce potential' wells for  holes 
in  the valence band. 
shown in  (C). 

Electron 

The effect of an  applied field i s  
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which can  c l ea r  the b a r r i e r  andwhose f r e e  paths te rmina te  in  la t t ice  

, collisions either in  o r  beyond the channel (the f i r s t  two terms of Equation (1)) 

plus the weighted mean  path of those holes which collide with the b a r r i e r  and 

therebyt rave l  only a channel width, 6 

- x h  -q(+ - VB)/kT 
E dx 0 dx t It* x E  0 

dx  0 

’0 

where  A 

height in vol ts ,  and VB is the applied b a r r i e r  bias  i n  volts.  

fo r  a hole to  c l ea r  the b a r r i e r  is exp [-q($ - VB)/k?] and of cour se  the 

probabili ty of colliding with the ba r r i e r  is  1- exp [-q($ - V,)/kT]. 

completing the indicated integration we obtain for  the effective m. f .  p. 

is the m. f .  p. i n  bulk, single c r y s t a l  ma te r i a l ,  $ is the b a r r i e r  
0 

The probability 

Upon 

Note that  the bulk m. f .  p.  is a function of t empera tu re .  

The expression f o r  the current  density o r  the cu r ren t  in a sample  

of semiconductor m a t e r i a l  may be approached by s ta r t ing  with the genera l  

express ion  for  mobility: 

6 



I 

where  p is the hole mobility, q is the electronic charge ,  7 is the relaxation 

t ime,  and m is the effective m a s s  of the charge  c a r r i e r .  At this  point the 

discussion will be narrowed t o  apply to thin films. 

m. f .  p . ,  x 
c r y s t a l  films. Surface scat ter ing reduces the m. f .  p. in  thin films. F u r t h e r ,  

the derivation of Xeff in  Equation (2) was limited to  one degree  of f reedom; 

theref o r  e 

- 
The single c rys t a l  bulk 

is replaced by 1, which represents  the m. f .  p. i n  thin single 
0’ 

where<-V,> is the average  velocity of the charge  c a r r i e r  when r e s t r i c t ed  to  

one degree  of f reedom. 

yield an  expression f o r  the effective mobility in  the thin fi lm 

Equation (4) may be combined with Equation (3) t o  

o r  

The cu r ren t  density in  the fi lm is given by 

J = U E  

where  w is the film width, a is the film thickness ,  and p is the hole density. . 
An expression fo r  the f i lm  cur ren t  in t e r m s  of the effective m.f. p. 

may  be obtained f r o m  Equations (5) and (7): 

7 



Substitute Equation (2) in  (8). 

Observe that  i f  6 << 4 Equation (10) reduces to the diode equation under 

conditions of forward bias (which is the only possible bias  €or the c a s e  under 

consideration) as used by Waxman, et al. 

i n  vacuum deposited CdS films. 

in  their  t rea tment  of the c u r r e n t  

The t empera tu re  dependence of 1, may be ascer ta ined  by first 

expressing X1 in  t e r m s  of the s ingle  c rys ta l  thin film mobility. 

w h e r e < v 3 >  is the average  velocity in  the c a s e  of t h ree  dimensional space 

and hence bulk mater ia l .  

bulk mobili ty,  po, is known f r o m  the work of Ham and Mathis* and is 

plotted i n  F igu re  2. Let 

The relationship between pl and the  single c r y s t a l  

EL1 = K1vo 

Equations (10) and (11) yield 

The ave rage  velocity’ 

1L 

Also a n  explicit expression for  the tempera ture  dependence of hole mobility 

8 
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Mobility Ratio as a Function of Film Thickness 
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in germanium is available" ,l1 3 l 2  

m e t e r s  squared per  volt second. 

.(14) a n  explicit t empera ture  dependence for  A, i s  available. 

Therefore,  by u s e  of Equations (12) and 

where m 

mass of 1/4 is used then the thin film m. f .  p. at 300°K would be  540 K, 

angs t rom units. F o r  a film thickness of 2400 angs t roms the coefficient 

K, = 0.675 f r o m  F igure  2 and the calculated m. f .  p. for  the holes is 363 

a n i s  t I oms. 

= 9. 11 X 10'"kg. If a ratio of effective hole mass to  e lectron 
0 

The final expression for  the film cur ren t  takes  the f o r m  

As the tempera ture  of the f i l x  approaches z e r o  the holes a r e  trapped in  the 

channels defined by the potential wells between crystal l i tes .  

through the film is then car r ied  only by holes and electrons whose movement is 

confined to the channels. 

essentially independent of temperature .  ' In Equation (16), let  T approach ze ro :  

The cu r ren t  

This channel cu r ren t  has  been observed to be 

which is the channel cur ren t .  

If the channel cur ren t  is to be essent ia l ly  tempera ture  independent 

then the product 

p(T) T - g  = constant 

10 



o r ,  the hole density 

This is a weak tempera turb  dependence which does not differ 

significantly f r o m  experimental  observations" . 

Application of Theory t o  Experimental  Data 

In view of Equations (17) and (18), the expression for  film cur ren t  

(Equation (16)) may be wri t ten 

where  

(20) 
- %  K = 6.  71 X wa EK, p(T) T 

and may  be shown to be independent of t empera tu re  by the substitution of 

Equation (1 8) .  

Measured film cur ren t  as a function of t empera tu re  is l is ted in 

Equation (16) o r  (18) Table I. 

m a y  be  placed in the form:  

Consider two t empera tu res ,  T1 and T2. 

This  is a t ranscendental  equation. By use  of the f i r s t  two data en t r ies  in  

Table  I it is possible to  es tabl ish the following bounds on the pa rame te r s  

11 



TABLE I 

OBSERVATION 

1 
2 

l 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
14 
15 
16 
1 7  
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

TEMPERATURE 
o w  

97 
145 
1 7 1  
182 
195 
207 
217 
222 
225 
229 
233 
247 
250 
251 
260 
269 
27 2 
275 
281.5 
288 
295.9 
300.5 
302 
308.5 
3 6  
328 
339 
347 

CURRENT 

FILM THICKNESS= 2 4 0 0 i  
APPLIED POTENTIAL= L: VOLTS 



in  Equation (21) 

5 < 2 . 2 4  X m e t e r s  

A V  = (+ - V,)> 9 .  5 X volts 

At this point it was necessa ry  to employ a Burroughs B5500 digital 

computer .  

function of assumed values of AV was made.  This p rocess  was repeated 

f o r  t empera tu re  T,, Tq, and T,, T, and s o  for th  until all the data en t r ies  

in  Table I had been used.  

Nine of these  curves  have intersections in  the  region 

With data  f r o m  the f i r s t  two en t r ies  of Table I a plot of 5 as a 

Four teen  curves of ((AV) were  plotted (F igure  3).  

8 < 5 < 11 angs t roms 

0. 08 < A V  < 0.  10 volts 

In this  manner  the possible ranges for both channel width, 5 ,  and net b a r r i e r  

potential, A V ,  have been established. 

Again resor t ing  to the computer and using the experimental  values 

f r o m  Table I, Equation (19) was solved f o r  K as a function of selected 

values  fo r  5 and A V .  

of K w e r e  computed a t  different tempera tures .  

independent; therefore  a n  inspection of each computed s e t  of values for  K 

indicated that  only for  

F o r  each selected pa i r  5 and AV,  twenty-eight values 

Now K should be t empera tu re  

5 = 10 angs t roms 

AV = 0. 085 volts 

was it possible  to  achieve a value for K which was essentially independent 

of t empera tu re .  The mean value for K was 591. A comparison between 

13 
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FIGURE 3 

T r i a l  Solutions f o r  Effective Bar r i e r  Width as a Function of A T  
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the observed f i lm cu r ren t  and Equation (16) o r  (19) appea r s  in F igu re  4, 

Results 

If i t  is assumed that mos t  of the voltage drop,  in  the f i lm,  occurs  

a c r o s s  the b a r r i e r s  as bias voltage, VB, then 

v g =  (;) v 

where  6 is  the mean gra in  s i z e  and V is the potential d rop  a c r o s s  a length, 

L, of the film. Electron microscope  observations indicated a gra in  s i ze  of 

approximately 1000 angs t roms.  F r o m  the data of Table I the b a r r i e r  bias 

voltage would be 

VB = 0.000125 

volts which means  that the b a r r i e r  potential 

$ = 0.  0851 

volts.  

f o r  CdS films. 

consis tent  with the ohmic character is t ic  of the film. 

This is in  agreement  with the value 0.095 observed by Waxman3 

The weak dependence of the exponential t e r m  on V is B 

15 
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SECTION IV 

SPACE CHARGE EFFECTS IN THIN FILMS 

Space charge  effects i n  germanium m a y  extend as far as c m .  

into the sample  f r o m  the  sur face . '  

(less than 5000A) depends s t rongly on the space  charge  in  the sample .  

su r f ace  s t a t e s  modify the potential distribution inside the ,film to  such a n  

extent that  the excess  c a r r i e r s  generated by the band-bending a r e  much m o r e  

numerous than the no rma l  bulk mater ia l  c a r r i e r  concentration. 

Thus ,  conduction in  ve ry  thin films 
0 

The 

See F igu re  5. 

Calculations a r e  in  p rogres s  to find the number of excess  c a r r i e r s  

generated by band-bending and the  potential distribution inside the f i lm  for 

typical values  of su r face  charge  densit ies.  These  calculations follow, in  

general ,  the  work of Kingston and Neustadter' as modified by Goldberg. 

Because  of the relat ion of the  expressions fo r  potential and c a r r i e r  density 

to  the other  var iab les  in  this  problem the calculations will  be c a r r i e d  out 

with the a id  of a Burroughs B5500 digital computer .  

c a r r i e r  density is known, i t  will  be compared with c a r r i e r  densi t ies  ob- 

tained experimental ly .  

exper imenta l  and theoret ical  data ,  the theore t ica l  work will  continue along 

the l ine followed by Greene4, in  the calculation of charge  c a r r i e r  mobili ty 

by solution of the one dimensional Boltzmann equation. 

When the theoret ical  

Once agreement  has been attained between the 

. 

Fie ld  plate measu remen t s  based upon pulse  techniques a r e  being used 

t o  m e a s u r e  the extent of the band-bending a t  the  su r faces  of the thin semi -  

conducting f i lms .  5 , 6 ,  7,8 A sketch of the pulse  technique bridge with the film 

and deposited f ie ld  plate a r e  shown in  F igu re  6. 
film is approximately 3/16 inch square with gold electrodes a t  each end. 

s i l icon monoxide film 3000 angs t roms thick insulates  the Ge film f r o m  a gold 

f ie ld  plate  which has  the s a m e  effective a r e a  as the Ge film. 

The effective germanium 

A 

18 



i= HOLES 
El TRAPPED ELECTRONS 
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Typical Energy Bands f o r  a n  Extrinsic Semiconductor Film - 
Note that the effect of any substrate  has  been neglected. 
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. SECTION V 

A NEW S i 0  SUBLIMATION SOURCE 

A new si l icon monoxide sublimation source  suitable for e lectron 

bombardment heating has been developed. 

is shown in  F igu re  7. 

and the heat shield a r e  a l so  shown. 

g rade  carbon. 

length and bore  a r e  selected t o  provide the  des i r ed  molecular  oven beam of 

S i 0  molecules.  

180 degree  turns  before reaching the chimney. 

par t ic les  is prevented. 

A sketch of the crucible  o r  boat 

The th ree  filaments f o r  e lectron bombardment heating 

The cruc ib le  is machined f r o m  reac to r  

The cover  of the crucible contains a chimney whose exact 

As may be seen  f r o m  the sketch, the gas  mus t  make  two 

In this  way, emiss ion  of S i 0  

The placement of the th ree  fi laments is extremely important  i f  S i0  

vapor is  to  be prevented f r o m  condensing on the cover and the bottom of the 

center  wel l  of the crucible.  

c ruc ib le  and a f i lament  is placed on each s ide  as shown. 

s i s t  of 10 turns  of 7 mil tungsten wire  wound in a self-supporting helix 

0.050 inches in  d iameter  and 0. 25 inches long. 

a t  approximately 4.3 a m p e r e s  each at  12,volts. 

(approximately 700 volts) is applied to the  two molybdenum wires  which sup- 

por t  the crucible.  

One filament is placed direct ly  under the 

The f i laments  con- 

The f i laments  a r e  operated 

The accelerat ing voltage 

The crucible  electron bombardment cu r ren t  is 300 ma. 

Silicon monoxide deposition rates  up to 14 angs t roms per  second have 

been obtained with a total  input power (fi laments plus accelerat ing)  of about 

365 wat ts .  Multiple beam interferometer  measu remen t s  of deposited film 

thickness  indicate that the deposition is uniform to within 2 percent  over a 

s q u a r e  a r e a  measur ing  0 .65  c m  on a side. 
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Silicon Monoxide Sublimation Source 
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SECTION VI  

DEVICE DESIGN AND FABRICATION 

Now that all the necessary  deposition and instrumentation i s  ready 

for  the fabrication of thin f i lm devices,  an extensive design, t e s t ,  and 

evaluation p rogram has been initiated. Current ly ,  f ive devices a r e  under 

study. They a r e :  

1 .  Microwave Bolometer ,  

2 .  Field Effect T r a n s i s t o r ,  

3 .  Metallic Whisker Tunneling Device, 

4. Electron Multiplier,  

5.  Magnetometer.  

The microwave bolometer r e sea rch  is cur ren t ly  based upon flat ,  

thin films of selected meta ls  and semiconductors.  

gained the  design will be optimized. Based upon the r e su l t s  of this thin f i lm 

bolometer  study, other  applications of thin films to  the microwave measu re -  

ment  and t ransmiss ion  a r t  m a y  be investigated. 

As m o r e  experience is 

F ie ld  effect t r ans i s to r s  a r e  being produced and a study aimed a t  the 

select ion of efficient semiconducting fi lms fo r  u s e  in these  devices has  been 

init iated.  

and other  meta ls  in  i n  p rogres s .  

At present  the possible doping of Ge films by codeposition of F e  

P rob lems  associated with the insulation of the gate  control e lectrode 

f r o m  the  source  and sink electrodes had delayed this  work.  

monoxide sublimation source  developed in  our lab and descr ibed  i n  Section V 

has  completely removed this problem. 

The sil icon 

Considerable effort at many laborator ies  has  been devoted to  the 

study of e lectron tunneling through thin insulating films. 

using th i s  phenomenon in  the design of t r ansduce r s  and act ive devices as 
wel l  as the fabrication of diodes has  received l imited attention. 

of combining the geometry of grown metall ic w i ske r s  with electron tunneling 

t o  f o r m  meta l l ic  whlsker tunneling devices looks promising.  

The possibility of 

The possibility 

Our basic idea 
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is to  construct  the usual  electrode-insulating f i lm-electrode s t ruc tu re  for  

e lectron tunneling experiments  with the additional fea ture  of growing metal l ic  

whiskers  on the electrode that is t o  be the cathode p r io r  to depositing the 

insulating f i lm.  

diode charac te r i s t ic  with a high forward to  r e v e r s e  cu r ren t  ra t io .  

theoret ical  aspec ts  of e lectron tunneling have been reviewed and a computed 

solution t o  the general  problem has been made .  

contained in  Section VI11 

' 

The enhanced emission f r o m  the whiskers  should resu l t  in a 

Certain 

The r e su l t s  of this work a r e  

We have had some  experience in the design, fabrication, and study 

These units w e r e  similar to  

The original units w e r e  built in  

of thin film magnetic e lectron mult ipl iers .  

those marke ted  by the Bendix Corporation. 

1962 and employed semiconducting secondary electron emiss ion  sur faces  

which w e r e  chemically prepared .  

su r f aces  was very  difficult to  maintain and as a r e su l t  the r e s e a r c h  was 

te rmina ted .  It now appears  that  we a r e  in  a position to  p r e p a r e  vacuum 

deposited films for this purpose.  

f ab r i ca t e  s eve ra l  thin film electron multipliers.  

Quality control in the format ion  of these 

Hence, preparat ions a r e  being made  to  

Several  designs of thin f i lm magnetometers a r e  under investigation. 

TWO basic  design6 will be evaluated; 

effect and the other designed along the general  l ines of the flux gate  concept. 

one based upon the i so thermal  Hall 
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SECTION VI1 

ELECTRON TUNNELING CALCULATIONS 

The phenomenon of e lectron tunneling has  received considerable  

attention in  recent  years '  because of the possibility of designing electronic 

devices  fo r  amplification and as t ransducers  which re ly  upon this method 

of e lectron t ranspor t  in the i r  operation. 

able  to  es tabl ish mathematical  expressions fo r  the electron tunneling cu r ren t  

density which w e r e  appIicable to ve ry  low and ve ry  high voltage c a s e s .  Holm3 

extended the theory t o  include the intermediate  voltage range; however,  

cer ta in  anomalies  which appeared i n  h i s  work w e r e  later cor rec ted  by 

Simmons.  

Sommerfeld and Bethe2 w e r e  

4 

F r o m  these  works it is possible t o  obtain data t o  plot theoret ical  

current-vol tage relationships f o r  a tunnel junction. 

b a r r i e r  is assumed and the image  force is neglected then cu r ren t  density as 

a function of the  thickness,  s ,  of the insulating film and the metal- insulator  

b a r r i e r  height (work function), ($, may be computed. 

using a n  effective electron mass of 1/4 of the f r e e  electron mass. 

been suggested that this  will  produce a bet ter  cor re la t ion  between theoret ical  

and experimental  resul t  s5, 6 .  

If a rectangular  potential 

This has  been done 

It has  

Following the work of Simmons4, the following equations w e r e  employed. 

The c u r r e n t  density-voltage charac te r i s t ics  a r e  divided into th ree  regions 

according t o  the value of the applied voltage, V .  

used  in  the l i t e ra ture ,  the units a r e  expressed in  J [amperes/cm'],  ($[volts], 

and s [angs t rom units]. 

To a g r e e  with the notation 

(a) F o r  V N 0 

J =  [- S x 1 % )  V] exp'  [-(4Ts/h)(2me($) x ] 

x = 1.57 X 10" 4 %  ($1 exp [ -0 .  5125 s($ 1 
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This is the Sommerfeld-Bethe' resu l t  f o r  low voltages. 

(b) F o r  0 < V < + 

- [e+  +q) exp 

(2) 

which is due to  Holm with the exception of a n  omitted t e r m  which Simmons4 

showed was  a n  e r r o r .  

(c) F o r  v > 9 

I L 

I- 1 

= 3 . 3 8  X 10" $ { exp [ -0.3.45%] 

- ( 1  +?) exp [ - 0 . 3 4 5 ~  +3/2 ( 1  ty) '} 
(3) 

where  E = V / s  is the e lec t r ic  field strength in  the insulator.  

of Equation (3) is the  well-known Fowler-Nordheim equation? with the 

exception of a slight modification introduced by Simmons. 

i n t e re s t  the second term in this equation i s  negligible. 

The f i r s t  t e r m  

In the region of 
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i 

The accompanying se t  of curves  a r e  plots of the tunnel cu r ren t  

density as a function of the applied potential for  var ious b a r r i e r  heights,  

i $, and insulator  film thickness,  s .  The t rans i t ion  f r o m  one equation to 

I another is marked  on each curve by a sma l l  c i r c l e .  

these  curves  may  be used to  compare  experimental  to  theoret ical  data and 

in  this manner  the effective b a r r i e r  height may be est imated.  

insulator  thickness may  be accurately determined by use  of a multiple beam 

in t e r f e rame te r .  

It is proposed that 

The 
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