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ABSTRACT 

The performance of point-contact mixers utilizing ion bombarded 

crystals has been investigated at 94 GHz. Calculations were made to 

evaluate the effects of parasitic impedances on the conversion loss of 

mixers utilizing p-type silicon and n-type gallium arsenide. These calcu- 

lations have shown that a non-homogeneous crystal consisting of a high 

resistivity surface layer on a low resistivity chip can be employed to 

minimize the conversion loss of a millimeter wave mixer. 

Ion bombardment was employed to form the low resistivity surface layer, 

and the conversion losses of mixers utilizing the non-homogeneous crystals were 

measured as a function of the ion bombardment parameters. It was found that a 

relative improvement of 5-15 dB in the conversion loss could be obtained for 

mixers formed on boron-doped silicon which had been annealed during the ion 

bombardment process. It was also found that rectifying junctions could only 

be formed on low carrier density aluminum- and boron-doped silicon which had 

been ion bombarded and annealed. 

obtained for mixers formed on the ion-bombarded gallium-arsenide cyrstals. 

No improvements in conversion loss were 

The measured changes in DC and RF performance of the mixers are discussed 

in terms of the ion bombardment process. 

on the measurements are considered, and recommendations for further investigations 

are given. 

Effects of crystal surface preparation 
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I. Introduction 

Although millimeter wave component technology has advanced significantly 

during the last twenty years, the performance of millimeter wave detectors 

continues to lag behind that of detectors designed for operation in the 

microwave region. Typically, the conversion loss of a good millimeter 

wave mixer is about 5-7 dB higher than its microwave counterpart, and its 

stability and shelf life are reduced because of the high doping levels 

required for low conversion loss at millimeter wavelengths. Stability and 

shelf life have been improved in hermetically sealed point-contact mixers, 

and in Schottky barrier diodes with small area junctions; however, the 

mixer continues to be a restraining factor in the choice of a millimeter 

wave system. 

152 

3 

The reasons for poor performance in the millimeter wave region center 

around the parasitic junction capacitance which is too large for proper 

impedance matching of the local oscillator when microwave mixer design 

criteria are employed. This limitation has been partially overcome by 

employing gallium arsenide, whose charge carrier mobility is large enough 

to compensate for the low doping level required for the proper junction 

capacitance. A suggestion for further improvement in mixer performance 

based on a two layer crystal structure has been advanced by Petit.4 

creation of a shallow layer of low carrier density on a highly doped crystal 

The 

substrate 

providing 

by ion bombardment has been employed by Petit as a means of 

the proper values of junction capacitance with reduced conversion 
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l o s s  i n  a s i l i c o n  mixer a t  70 GHz. 

t i on  f o r  the  empir ical  r e s u l t s  reported by Oh1 ’ ’ showing improved 

performance of harmonic generators  and video de tec to r s  fabr ica ted  with 

ion bombarded s i l i c o n .  

H i s  work provides a p l aus ib l e  explana- 

The exce l l en t  s t a b i l i t y  of po in t  de fec t s  created i n  a c r y s t a l  by 

ion  bombardment, and the inh ib i t i on  of surface oxide growth on the  higher  

r e s i s t i v i t y  surface l aye r  should r e s u l t  i n  a long she l f  l i f e  f o r  mixers 

fabr ica ted  from ion bombarded materials. The promise of low conversion 

l o s s  with increased l i f e t i m e  provides a s t rong r a t i o n a l e  fo r  a thorough 

inves t iga t ion  of ion bombardment techniques. 

The work reported here in  concerns the  inves t iga t ion  of ion  bombard- 

ment as a means of preparing mixer c r y s t a l s  with low conversion l o s s  and 

extended she l f  l i f e  a t  the  m i l l i m e t e r  wavelengths. Included i n  the i n v e s t i -  

ga t ion  was  the preparat ion of mixer c r y s t a l s  by ion  bombardment, the  f a b r i -  

ca t ion  of point-contact  mixers u t i l i z i n g  the  ion bombarded c r y s t a l s ,  and 

the  measurement of t h e i r  conversion lo s ses  a t  94 GHz. This work i s  the  

extension of an earlier research program performed under Research Grant 

NGR-11-002-065, which was  concerned with the  performance of mixers f a b r i -  

cated wi th  ion bombarded c r y s t a l s  a t  35 GHz. 

8 

Although ca l cu la t ions  were made t o  determine the  ion  beam parameters 

necessary t o  produce the  optimum sur face  l aye r ,  the  r e s u l t s  are empir ical  

s ince  d iagnos t ic  equipment w a s  not  ava i l ab le  f o r  determining the  dens i ty  

p r o f i l e  of ions i n  the  implanted l aye r ,  o r  the r e s u l t i n g  c a r r i e r  densi ty .  

The bombarded c r y s t a l s  were, however, annealed i n  an attempt to  b e t t e r  

understand the r o l e  of subs t i t u t ion  and r ad ia t ion  damage i n  changing the  

bulk r e s i s t i v i t y  of semiconductors. 

2 



11. Design Consideration for Millimeter-Wave Mixers: Impedance 

Matching and Conversion Loss of Metal-Semiconductor Junctions 

formed on Ion Bombarded Silicon and Gallium-Arsenide 

A. The Effect of Junction Capacitance on Conversion Loss at 94 GHz 

The conversion loss of a mixer operating at frequencies higher 

than X-band is a monotonically increasing function of the product of the 

barrier capacitance and spreading resistance 

can be made to predominate by adjusting the local oscillator drive level. 

Bauer et al. 

9 (CbRs), although each 

10 have shown that the minimum conversion loss is given by 

where L is the conversion loss with zero spreading resistance, and the 

local oscillator drive level is adjusted so that the barrier resistance, 

. Thus, in general, it is desirable for WC R C 1 for minimum Ro =q- b s  
loss in a given mixer junction. 

In a point-contact mixer junction, the parasitic impedance elements 

0 

are related to the semiconductor characteristics and contact radius by 

and 

1 - 
Rs - rcaNeb 9 

3 



where 
a = contac t  r ad ius  (cm), 

N = carrier dens i ty  ( ~ m ' ~ ) ,  

e = e l e c t r o n i c  charge (1.6 x 

b = carrier mobi l i ty  (cm - v o l t  -sec ), 

s = d i e l e c t r i c  constant  (farad-an-') , 
i = junc t ion  p o t e n t i a l  b a r r i e r  ( v o l t s ) ,  

coulomb), 

2 -1 -1 

0 

V = junc t ion  vol tage  

I t  should be noted t h a t ,  as a r u l e ,  some of  the  area under the  whisker 

po in t  does not  conduct, and hence equat ions (1) and (2) represent  lower and 

upper l i m i t s  r e spec t ive ly  on Rs and Cb. 

Multiplying equations (1) and (2), the  product CbRs becomes, i n  terms 

of the junc t ion  parameters, 

% c ( 4 )  

For operat ion a t  a frequency where the  reactance of C, can be ignored, - 
b the  minimum conversion l o s s  i s  found f o r  the  maximum value of ;E; 

however, i n  applying t h i s  c r i t e r i o n ,  one must remember t h a t  chance of 

burnout increases  and mechanical s t r eng th  of the  junc t ion  decreases  as 

Since the  width, W, of the  r e c t i f y i n g  junct ion i s  given by (a) decreases.  

4 



an upper l i m i t  on N i s  a l s o  determined f o r  t h a t  value of  W f o r  which 

tunneling r e s u l t s  i n  l o s s  of r e c t i f i c a t i o n .  Within these bounds, the 

minimum conversion l o s s  may be determined f o r  any semiconductor whose 

physical  p rope r t i e s  are known. 

As the  operat ing frequency i s  increased i n t o  the  m i l l i m e t e r  wave- 

length region,  the  reactance of C,, can no longer be ignored, and the  

c r i t e r i o n  of  minimizing the  product C R 

c a r e f u l l y  appl ied.  

determined by the  generator  impedance, which from equation (3) a l s o  

determines the maximum value of  carrier dens i ty  N. 

r ad ius ,  the  upper l i m i t  on N sets a lower l i m i t  on Rs, and hence the  conver- 

s ion  l o s s  i s  e s s e n t i a l l y  determined by the  carrier mobi l i ty  and d i e l e c t r i c  

constant  of  the  semiconductor. From equat ions (2) and ( 3 ) ,  i t  can be seen 

t h a t  a low value of d i e l e c t r i c  cons tan t  and a high value of c a r r i e r  mobil i ty  

are des i r ab le  p rope r t i e s  

f o r  low conversion l o s s  must be 

For RF matching purposes, the  maximum value of  Cb i s  

b s  

For a given contac t  

f o r  a mixer c r y s t a l .  

The e f f e c t  of impedance matching requirements on m i l l i m e t e r  wave mixer 

design can be shown by ca l cu la t ing  X 

f o r  var ious doping l e v e l s  i n  the  commonly used mixer c r y s t a l s ,  s i l i c o n  and 

gall ium arsenide.  These ca l cu la t ions  are presented graphica l ly  f o r  p-type 

s i l i c o n  and n-type gall ium arsenide  i n  Figures 1 and 2. I f  we r equ i r e ,  f o r  

example, a minimum generator  impedance of 400 ohms f o r  e f f i c i e n t  l o c a l  

o s c i l l a t o r  d r ive ,  the  r e s u l t i n g  values  of RS can be found from the  i n t e r -  

s ec t ion  of the  v e r t i c a l  l i n e s  drawn from the 400 ohm poin t  on the  Xc curves 

= - and R a t  a frequency of 94 GHz c WCb S 

5 
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f o r  corresponding values  of  N. 

diameter,  2a, are compiled i n  Table I. 

The values  of Rs, Cb, wCbRs, and the  contac t  

Although the  dependence of conversion l o s s  on R and Cb i s  complicated 
S 

by terms involving R a lone  and o ther  involving the  product R C f o r  a 

given value of C 

wCbRs, and i n  general ,  from equation ( l ) ,  low values  of conversion l o s s  

requi re  t h a t  WC R < 1. I f  there  were no r e s t r i c t i o n s  on the  contac t  

diameter of the  whisker, i t  can be seen from Table I t h a t  the  c r i t e r i o n  of 

19 wCbRs C 1 i s  achieved f o r  N > 10 

arsenide.  Since the  onse t  of tunnel ing i n  p-type s i l i c o n  occurs a t  

N = 5 x 10l8,  and the  minimum contac t  diameter i s  about 4 x 10 

adequate burnout pro tec t ion ,  i t  i s  hard t o  envis ion good mixer performance 

on s i l i c o n  a t  94 GHz. On the o the r  hand, the  ca l cu la t ions  show t h a t  good 

performance should be poss ib le  with gall ium arsenide,  although some degree 

of burnout pro tec t ion  would be s a c r i f i c e d  f o r  increased performance wi th  

highly doped c r y s t a l s .  

S s b’ 

the  lo s ses  always decrease with decreasing values  of b 

b s  

i n  s i l i c o n ,  and N > 1017 i n  gall ium 

-4  em f o r  

11 
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Table I. 

Crystal 

Silicon 

Gallium 
Arsenide 

Calculated Values of Rs, Cb, and wCbRs for a 

Fixed Reactance X 
Silicon and Gallium Arsenide Mixers a t  94 GHz 

= 406L in Point-Contact 
C 

N (cm-3> 

10l6 

10l8 

10l6 

10l8 

cb(fd*> 

4.2 10-l~ 6,200 

500 

178 

56 

190 

36 

12.c 

4. f 

‘bRs 

15.5 

1.25 

0.45 

0.14 

0.48 

0.09 

0.03 

0.01 

2a (cm) 

3.1 

1.9 

1.0 

0.6 

3.1 

1.7 

1.0 

.6 
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B. The Conversion Loss of Non-Homogeneous Crystal  Mixers a t  94 GHz 

4 
P e t i t  has  shown t h a t  conversion lo s ses  of 9 t o  12 dB can be obtained 

with a poin t  contact  mixer fabr ica ted  on non-homogeneous s i l i c o n  a t  75 GHz. 

H i s  mixer u t i l i z e s  a s i l i c o n  wafer wi th  a high value of bulk c a r r i e r  dens i ty  

N (- 10 c m  ) and a low value of sur face  carrier dens i ty  NS (- 10 cm ), 

which i s  created by ion  bombardment of the surface with low energy helium 

ions.  For low conversion l o s s  with the  two l aye r  c r y s t a l ,  P e t i t  app l i e s  

the  c r i t e r i o n  

19 -3 17 -3 
B 

wCbRd C 1 

PB + -  2 4a ' where 
rra 

ps = sur face  r e s i s t i v i t y  (ohm-cm), 

= bulk r e s i s t i v i t y  (ohm-cm), PB 

and W i s  given by equation (5). The t o t a l  series re s i s t ance  i n  equation (7) 

cons i s t s  of a c y l i n d r i c a l  term wi th in  the surface layer ,  and a spreading 

term wi th in  the highly doped zone. 

i s  l imited t o  the  surface region, the  b a r r i e r  capacitance may be expressed 

as 

I f  w e  have assumed t h a t  the space charge 

.-I 

( 8 )  
eraL Cb = - W Y 

and using equations (5) ,  (7) ,  and ( 8 ) ,  the  product wCbRd becomes 

where bs i s  the mobil i ty  of the  sur face  layer .  

10 



The s igni f icance  of equation (9) i s  t h a t  the  c rea t ion  of a higher  

r e s i s t i v i t y  sur face  l aye r  on a low r e s i s t i v i t y  c r y s t a l  r e s u l t s  i n  a 

minimum i n  WC R 

and the c r y s t a l  parameters. The sur face  l aye r  i s  used t o  e s t a b l i s h  the 

proper value of Cb f o r  matching i n t o  the  l o c a l  o s c i l l a t o r  while the h ighly  

doped bulk regions tends t o  keep the  series r e s i s t a n c e  low. The contac t  

rad ius  a 

f o r  a value of the  contac t  r ad ius  which depends on Cb b d  

which r e s u l t s  i n  a minimum fo r  wCbRd i s  found by d i f f e r e n t i a t i n g  min 

equation ( 8 )  t o  be: 

- - a min 

The depth of  the  sur face  l aye r  i s  then ca lcu la ted  from 

2 
enamin 

4cb 
W =  ¶ 

and the carrier dens i ty  of the  s u b s t r a t e  i s  determined by applying equation (5) 

with the  r e s u l t  : 

2 
- 4cb 

m2a4 e Ns - 
min 

¶ 

where (G - V) has been set equal  t o  u n i t y  f o r  t h i s  ca lcu la t ion .  
0 

Calculated parameters f o r  non-homogeneous point-contact  mixers are 

presented i n  Table 2. 

a t  94 GHz, show t h a t  the  required reactance i s  achieved i n  the  sur face  layer  

These ca l cu la t ions ,  which were performed f o r  Xc = 400.11 

11 
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with a s i g n i f i c a n t l y  l a r g e r  contac t  diameter than i s  poss ib le  f o r  the 

homogeneous geometry, and hence the productwCbRd i s  smaller f o r  the same 

doping level. It would appear from these ca l cu la t ions  t h a t  reasonably 

low loss mixers could be formed on s i l i c o n  with doping levels between 10 

and 10l8, while i t  should be poss ib le  t o  form very low l o s s  mixers on 

gallium arsenide  i n  the same doping range. 

17 

It should be noted, however, t h a t  the thickness  of the sur face  l aye r  

could r e s u l t  i n  e l e c t r i c a l  breakdown with high l o c a l  o s c i l l a t o r  d r ive  leve ls .  

Assuming a d i e l e c t r i c  s t rength  of 20 x 10 

down vol tage,  Vc, i s  shown fo r  each doping l e v e l  i n  Table 2. 

vol tage of about 2V would be j u s t  s u f f i c i e n t  t o  withstand l o c a l  o s c i l l a t o r  

d r ive  levels up t o  10 mW, and hence an adequate margin of s a f e t y  might 

r equ i r e  operat ion a t  a thickness o ther  than t h a t  which gives  the  minimum 

value of  the productwCbRd i n  s i l i con .  

6 V/m for  both c r y s t a l s ,  the  break- 

An inverse 

Determination of the  ion beam parameters f o r  c r ea t ion  of t h e  des i red  

surface l aye r  i s  not  as simple as f o r  the preceding ca lcu la t ions .  The depth 

of pene t ra t ion  of the ion  i s  dependent on the  type of material, i t s  or ien ta-  

t i o n  and sur face  state, the energy of the ion,  and the  ion species.  Gibbons 

has  shown t h a t  the depth of pene t ra t ion  i s  s i g n i f i c a n t l y  increased i f  the  

c r y s t a l  i s  or iented so t h a t  t he  ion beam impinges along a c r y s t a l  axis .  

example, d a t a  from Gibbon's experiments have been p lo t t ed  i n  Figure 3 and 

show t h a t  the projected range fo r  l i g h t  ions begins to  show much g rea t e r  

pene t ra t ion  i n  the  channeled d i r ec t ion .  

da t a  i s  mass number 10, however, there  i s  considerable uncer ta in ty  involved 

i n  extending the curves t o  determine the  depth of pene t ra t ion  f o r  helium. 

12 

For 

Since the  lower l i m i t  of Gibbon's 
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The ion energies  employed i n  t h i s  study were based on the empir ical  r e s u l t s  

of Ohl's7 experiments which, from the pro jec t ions  i n  Figure 1, would cover 

a range of approximately 500 - 13,000 8.  
The number of ions necessary to  create the  des i red  surface r e s i s t i v i t y  

i s  d i f f i c u l t  to  estimate. The dominant physical  mechanism responsible  f o r  the 

increase  i n  r e s i s t i v i t y  i s  the decrease i n  c a r r i e r  mobi l i ty  r e s u l t i n g  from 

s c a t t e r i n g b y  the damage sites which are caused by the implanted ions.  Although 

there  i s  a l s o  some c a r r i e r  neu t r a l i za t ion  caused by trapping of e l ec t rons  a t  

the i n t e r s t i t i a l  ion loca t ions ,  an order  of magnitude ca l cu la t ion  shows t h a t  t h i s  

e f f e c t  i s  small. For example, the number of charge c a r r i e r s  which must be 

removed from the surface l aye r  i s  given by (N 

the c a r r i e r  dens i ty  of the  sur face  l aye r  corresponding to  a r e s i s t i v i t y  p,, and 

V, i s  the product of the surface area under ion bombardment and the depth of 

- NS)Vs, where N represents  B S 

penet ra t ion  of the ions.  We s h a l l  assume t h a t  the p r o f i l e  of the  ion d i s t r i -  

but ion i n  the surface l aye r  i s  constant ,  and t h a t  each implanted ion  r e s u l t s  

i n  the removal of one charge carrier. The last  assumption depends on the 

temperature of the c r y s t a l  during bombardment s ince  i t  is  poss ib le  to  anneal 

most of the  damage sites above 300OC. 

the minimum number of ions  necessary t o  reduce the  carrier dens i ty  i n  gall ium 

arsenide from 10l8 t o  4.6 x 1015 i n  a surface l aye r  of 1702 f depth i s  

approximately 1013 which represents  a t o t a l  charge of 1 . 6 ~  coulombs. 

found, however, during the course of t h i s  research program t h a t  a t o t a l  charge 

severa l  o rders  of magnitude g rea t e r  than the  ca lcu la ted  values were required 

t o  produce any measurable changes i n  the RF o r  DC proper t ies  of the mixer. 

A s  a s p e c i f i c  example, from Table 2, 

It was 
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Thus the decrease i n  mobil i ty  caused by implantation si tes i s  e a s i l y  the 

l a rge r  e f f e c t .  

7 Oh1 has shown t h a t  the e f f e c t s  of ion  bombardment on the I-V junct ion 

c h a r a c t e r i s t i c  reach a sa tu ra t ion  poin t  when the ion  f l u x  i s  such t h a t  approxi- 

mately one ion  i s  inc iden t  on the sur face  f o r  each u n i t  cell. Using t h i s  

empir ical  r e s u l t  as an upper l i m i t ,  t he re  i s  a range of about two orders  of 

magnitude between the  threshold f o r  observable e f f e c t s  and sa tu ra t ion  of these 

e f f e c t s .  This range was experimentally inves t iga ted  during t h i s  study, and 

the des i red  improvements i n  conversion l o s s  were found t o  be obtained f o r  

values of ion  f l u x  near  the  sa tu ra t ion  point .  

16- 



111. DC Characteristics of Mixer Junctions Formed 
on Silicon and Gallium Arsenide 

A standard "run-in" mixer similar to that described by Wentworth, 
1 et al. was employed in fabrication of the test junctions. Experience 

gained in forming mixer junctions at 35 GHz has shown that a proper DC 

rectification characteristic is a necessary but not sufficient condition 

for good RF performance. The desirable properties of the DC characteristic 

are a low reverse current and large reverse breakdown, a sharp breakpoint or 

"knee" in the forward direction, and a low forward resistance. A transistor 

curve tracer is used to monitor the I - V  characteristic while the junction 

is being formed, with the desired characteristic serving as an indication 

of successful ohmic contact between the pointed whisker and the surface of 

the semiconductor chip. This method is not, however, foolproof. Since the 

spreading resistance is inversely proportional to the contact diameter, and 

the junction capacitance is proportional to the square of the contact diameter, 

mixer junctions with large contact diameters resulting in good I-V charac- 

teristics and very poor RF performance are easily formed. Typical I-V curves 

for tungsten on aluminum-doped silicon and gold-copper on tellurium-doped 

gallium arsenide are shown in Figure 4 .  These characteristics are compared 

with junctions formed on ion-bombarded silicon and gallium arsenide in 

Section V. 

A detailed description of the forming techniques for point contact 

junctions on silicon and gallium arsenide was presented in the final report 

on Research Grant NGR-11-002-065 (FR-I). Tungsten whiskers were employed 8 

17 



0.5 VIDiv. 

(a) Tungsten-Silicon Junction 

0.5 V/Div. 

(b) Gold-Copper-Gallium Arsenide Junction 

Figure 4 .  Typical I-V Characteristics of Silicon 
and Gallium Arsenide Mixer Junctions 

18 



with silicon while gold-copper alloy and phosphor bronze whiskers were used 

with gallium arsenide. The whiskers were pointed electrolytically, and a 

combination of mechanical and chemical techniques were employed to prepare 

the crystal surface. The semiconductor wafers were etched before ion bom- 

bardment and immediately before forming the point-contact junction to 

remove the surface oxidation and ion damaged layers. The chemicals used 

and the immersion times involved in the pointing and etching processes were 

given in reference 8 (hereafter referred to as FR-1). 

Instead of attempting to correlate the measured conversion loss of the 

junction with the constants A and Q of the I-V characteristic as was done 

in the previous study, the I-V characteristics on the subject work were used 

primarily as a means of estimating the contact diameter of the formed junction. 

This approach was taken because of the questionable correlation of these 

parameters to conversion loss observed in the previous work at 35 GHz, and 

because of the increased sensitivity of the conversion loss to the junction 

capacitance at 94 GHz. 

A microscope with calibrated reticle and movable stage was used to 

examine the whisker and crystal surface before and after formation of the 

junction. 

tungsten-silicon and gold-copper-gallium arsenide junctions are shown in 

Figures 5 and 6 respectively. Using a high power objective and the cali- 

brated reticle, the radii of the whisker points were found to be 2.5 x 10 

and 1.5 x cm before, and 6 x and 6 x cm after contact, 

respectively, for silicon and gallium arsenide. 

A typical set of llbeforell and "after" photomicrographs for 

-4 
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(a) before  contac t  

(b) after contac t  

Figure 5. Photomicrographs of Tungs ten-Si l icon Junct ion 
Elements Before and After Contact.  
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( a )  before  contac t  

(b) a f t e r  contac t  

Figure 6 .  Photomicrographs of  Gold-Copper-Gallium Arsenide 
Junct ion E l e m e n t s  Before and Af ter  Contact. 
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Note t h a t  the  tungsten whisker appears t o  have more res idue  a t tached  to  

i t s  po in t  a f t e r  contac t  than the  gold-copper whisker, al though the  d is turbed  

spo t  on the  s i l i c o n  c r y s t a l  sur face  i s  smaller than t h a t  on the  gall ium 

arsenide  surface.  Viewed obl iquely,  very l i t t l e  d i f f e rence  was observed i n  

the  depth o f  the  d is turbed  spots  on e i t h e r  c r y s t a l  surface.  

spots  would appear t o  be very f i n e  scra tches  t h a t  could r e s u l t  from the  

pointed whisker t r ac ing  ou t  a p a t t e r n  while skidding across  the  c r y s t a l  

surface.  This hypothesis  i s  very reasonable fo r  the tungsten-si l icon mixer 

whose junc t ion  is  formed by advancing the c r y s t a l  sur face  aga ins t  the  whisker 

u n t i l  the  proper DC c h a r a c t e r i s t i c s  are obtained. 

exac t ly  perpendicular t o  the c r y s t a l  surface,  i t  i s  poss ib le  f o r  the  whisker 

po in t  to  sk id  along the  sur face  u n t i l  some i r r e g u l a r i t y  i n  the  sur face  

r e s u l t s  i n  penetrat ion.  This reasoning, however, would not  seem app l i cab le  

t o  the  gold-copper-gallium arsenide  mixer whose junc t ion  is  welded by applying 

a cu r ren t  pulse  i n  the  forward d i r e c t i o n  through the  junc t ion  as soon as ohmic 

contac t  i s  made. 

Instead,  the  

I f  the  whisker i s  not  

Many junct ions were examined, and good RF performance w a s  cons i s t en t ly  

assoc ia ted  with the  p a t t e r n  of sur face  dis turbance shown i n  Figure 5. Exami- 

na t ion  of  junc t ions  with good DC c h a r a c t e r i s t i c s  and poor RF performance 

almost always revealed a l a rge  contac t  rad ius  and, consequently, a l a rge  

junc t ion  capacitance,  while junc t ions  with poor DC c h a r a c t e r i s t i c  u sua l ly  

were a r e s u l t  of severe damage such as cracking o r  p i t t i n g  of the  c r y s t a l  

surface.  Occasionally, a tungsten whisker t i p  would bend o r  a gold-copper 

whisker t i p  would burn o f f  during the  formation of the  junct ion,  but  these 

occurrences were r e a d i l y  de tec ted  without  microscopic examination. 
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To remove sur face  oxides,  e tching of both the  c r y s t a l  surface and the 

whisker immediately before  forming the  junct ion w a s  found t o  be absolutely 

e s s e n t i a l  i n  c rea t ing  a good mixer. 

hydrofluoric  ac id  w a s  used t o  e t ch  the s i l i c o n  c r y s t a l  and the whiskers, 

An aqueous so lu t ion  of 50 percent  

while an aqueous so lu t ion  of 1 7  percent  hydrofluoric  plus  50 percent n i t r i c  

ac id  w a s  found t o  produce the b e s t  r e s u l t s  with gall ium arsenide.  Etching 

t i m e s  of 2 minutes f o r  s i l i c o n  and 30 seconds f o r  gall ium arsenide  produced 

good r e s u l t s  when followed with a thorough wash i n  water and methyl alcohol.  

The methyl a lcohol  i s  thought t o  be weakly bonded t o  the  c r y s t a l  thus 

i n h i b i t i n g  formation of oxides. 

It w a s  found t h a t  etched and polished c r y s t a l  surfaces  which had been 

exposed t o  a i r  f o r  a period of several .months required repol i sh ing  before 

a s a t i s f a c t o r y  junct ion could be formed. This e f f e c t  w a s  more not iceable  

i n '  the  highly doped c r y s t a l s  which tend t o  form surface oxides much quicker 

than do the  lower doped c r y s t a l s .  Both-whisker and c r y s t a l  should be 

s tored i n  an evacuated environment o r  i n  a dess i ca to r  cabinet ,  i f  possible ,  

t o  prevent rapid de t e r io ra t ion  of surfaces .  

During the two-year program, several hundred mixer junct ions were 

formed, and while the y i e ld  of acceptable mixers was g rea t ly  improved, no 

uniform procedures could be found which guaranteed r e s u l t s .  

suggested by Oh1 t h a t  repeatable  junct ions can only be formed on surfaces  

It has been 
7 

where the  mechanical damage incurred i n  the  gr inding and pol ishing s t eps  

has been oxidized and removed by chemical etching. 

dis turbed layer  which i s  about loo& deep can be removed by a fif teen-minute 

"he mechanically 
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exposure to steam at 1000" C; however, the necessary equipment for performing 

this procedure was not available during this research program. Successive 

run-ins on the same crystal produced wide variations in RF performance; 

however, the minimum conversion loss for a particular whisker and crystal 

could be repeated if enough junctions were formed. Since the goal of this 

program was to obtain comparative performance for crystal materials which 

were altered by ion bombardment, the minimum conversion loss junction was 

chosen in each case as the basis of comparison. 
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I V .  Modification of the  Ion Bombardment Apparatus f o r  

Beam P u r i t y  and Annealing of the  Ion  Bombarded Crystals 

The ion  generator  and sample chamber employed i n  t h i s  program have been 

previously described i n  FR-1. Two major modif icat ions t o  the  ion bombard- 

ment apparatus  were undertaken f o r  the  present  work. The f i r s t  modif icat ion 

involved the  addi t ion  of a complementary beam p o r t  t o  provide f o r  mass 

s e l e c t i o n  of the des i red  He  ions ,  while  the second modification w a s  performed 

on the  sample holder  t o  provide f o r  annealing of the  sample during bombard- 

men t . 

+ 

A. Modified Ion Generator 

A diagram of the  modified ion  bombardment apparatus i l l u s t r a t i n g  the  

loca t ion  of the  complementary beam p o r t  and the  analyzer  po r t  i s  shown i n  

Figure 7. Note t h a t  the  axes o f  the  analyzer  po r t  and the  complementary 

p o r t  are a t  the  same angle  with r e spec t  t o  the  ion  generator  axis. The beam 

spectrum i s  measured a t  the  analyzer po r t ,  and the magnetic cu r ren t  corres-  

ponding t o  the  He+ i on  beam i s  es tab l i shed .  

the  magnet i s  then reversed,  and the  previously es tab l i shed  value of magnet 

cu r ren t  i s  employed t o  d i r e c t  the  He+ beam along the  axis of the  comple- 

men t a r y  p o r t  . 

The d i r e c t i o n  of cu r ren t  through 

The method used t o  cont ro l  the t o t a l  charge inc iden t  on the  sample 

during bombardment was a l s o  changed f o r  the present  work. Previously,  the  

t o t a l  charge was approximately determined by measuring the  ion cu r ren t  and 

manually con t ro l l i ng  the  t i m e  between opening and c los ing  of the  valve 

2.5 
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between the  sample chamber and ion beam port .  Since i t  takes  about 3 

seconds t o  open o r  c lose  the  valve,  and the exposure t i m e  f o r  t he  des i red  

cu r ren t  and t o t a l  charge i s  i n  the range of 20-25 seconds, an e r r o r  i n  

charge es t imat ion  of about 15 percent  can be expected using t h i s  technique. 

A vo l tage  t o  frequency converter  and a s c a l e r  p re se t  t o  the  des i red  

charge w a s  employed i n  the  present  work t o  i n t e g r a t e  the  ion  cu r ren t  f a l l i n g  

on the sample and c u t  the  ion generator  o f f  when the  p re se t  charge l e v e l  

was reached. Figure 8 shows a block diagram of the  modified system which 

measures the  ion  cu r ren t ,  t o t a l  charge, and elapsed t i m e  f o r  the  bombard- 

men t . 
B. Modified Sample Holder f o r  Annealing Studies  

The sample holder  used i n  the  previous work employed a t a r g e t  cup 

which would accept  the  pos t  mounted mixer c r y s t a l s  and permit simultaneous 

bombardment of four  pos ts .  

temperature con t ro l  of the  sample during bombardment. 

danger i n  d i f f u s i n g  some of the  bonding compound i n t o  the c r y s t a l  a t  t he  

annealing temperature, unmounted c r y s t a l  wafers were obtained f o r  the  sub jec t  

research program. 

It  d id  not ,  however, have any provis ions f o r  

Since t h e r e  w a s  

The t a r g e t  cup w a s  redesigned t o  permit hea t  t r a n s f e r  t o  the  c r y s t a l  

wafers of varying s i z e s  with minimum spu t t e r ing  from the  mounting block. 

A photograph of the  r e s u l t i n g  assembly i s  shown i n  Figure 9(a) .  The o r i g i n a l  

sample holder  with one of i t s  mounting p l a t e s  removed i s  shown f o r  comparison 

i n  Figure 9(b) .  

compared t o  the  post-mounted semiconductor chip i n  Figure 9(b) .  

Note the  s i z e  of the  semiconductor wafer i n  Figure 9(a)  as 

A s t a i n l e s s  
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(a) Modified Sample Holder with Heater 

(b) Original Sample Holder 

Figure 9. Photographs of Ion Beam Sample Holders. 
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steel cup w a s  employed as an oven with heat ing c o i l s  cons is t ing  of 14 turns  

of No. 32 Nichrome w i r e  wound on two %-inch diameter alumina rods s i t ua t ed  

i n  the  cup. A carbon block with a dove ta i l  c ross  sec t ion  "V" c u t  i n  the 

sur face  served as the  mounting block. 

varying diameters with good contact  between the  wafer and the  mounting 

block. 

The rfVff c u t  allowed use of wafers of 

Heat t r ans fe r  w a s  accomplished by r ad ia t ion  and conduction t o  the 

carbon block and by conduction from the  carbon block to  the c r y s t a l  wafers. 

The mounting block w a s  coated with a l aye r  of s i l i c o n e  grease before  the  

wafer w a s  mounted t o  improve the  hea t  t r a n s f e r  and t o  reduce t i m e  required 

t o  achieve the  des i red  bombardment temperature. 

w a s  mounted on the  carbon block t o  monitor the temperature and t o  provide 

a means f o r  measuring the  t i m e  required f o r  the  wafer t o  a t t a i n  thermal 

equi l ibr ium a t  the  des i red  temperature. 

vol tage required t o  reach the anneal temperature of 30OoC. It w a s  found 

t h a t  a s t a b l e  operat ing poin t  a t  the anneal temperature could be reached 

i n  about one hour. 

A thermocouple junct ion 

Figure 10 shows the  AC heater  
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Figure 10. Temperature of the Sample Block as 
a Function of AC HYater Voltage. 
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V. Conversion Loss of Mixers Formed on Ion Bombarded S i l i con  

and G a l l i u m  Arsenide a t  94 GHz 

A v a r i e t y  of semiconductor materials of types which have been successfu l ly  

employed i n  microwave and m i l l i m e t e r  wave mixers were obtained i n  wafer form 

f o r  preparat ion by ion bombardment. 

bombarded c r y s t a l s ,  and t h e i r  conversion losses  measured a t  94 GHz as a func- 

t i on  of i o n  energy and temperature during bombardment. 

c r y s t a l s  and t h e i r  physical  p roper t ies  are presented i n  Table 3. 

t o  the  samples l i s t e d  i n  Table 3, a gall ium arsenide  c r y s t a l  with a carrier 

dens i ty  of  1018cm'3 was ordered from Wacker Chemical Corporation a t  the 

beginning of the program, but  w a s  never del ivered.  

Mixer junc t ions  were formed on the ion  

A l i s t  of the test 

I n  addi t ion  

A l l  t he  test  samples with the  exception of the  SA18 (IN53 diode chips) 

were obtained with the  o r i en ta t ion  ( l l l ) ,  and ground surfaces.  F ina l  pol ishing 

was accomplished with 600 g r i t  abras ive  and Linde-0.3 micron pol ishing com- 

pound. 

minutes t o  remove surface oxides,  Af t e r  the ion  bombardment w a s  completed, 

a f i n a l  e t ch  of 15 minutes was employed t o  remove the  shallow insu la t ing  layer  

created by the impinging ion  beam. 

at tached to  a brass  pos t  s u i t a b l e  fo r  mounting i n  the "run-in" mixer. This 

process,  which was  described i n  d e t a i l  i n  FR-1, was very tedious and required 

the  e f f o r t s  of a h ighly  s k i l l e d  technician.  

Immediately before  ion bombardment, the  wafers were etched f o r  2 

The wafer was then diced and the  chips  

* 
To prevent any p o s s i b i l i t y  of 

* 
A l l  c r y s t a l  pos ts  and whiskers used i n  the 35 and 94 GHz "run-in" mixers were 
fabr ica ted  by M r .  Emory Horvath, Custom Microwave Corporation, Longwood, Flor ida.  
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erroneous results from thermal migration of the implanted ions and damage 

sites, the semiconductor chips were not soldered to the brass post. 

a silver loaded epoxy with a very low impedance was employed. 

Instead, 

Immediately preceding formation of the mixer junction, both the semi- 

conductor surface and metal whisker were again etched and thoroughly washed 

in water and methyl alcohol, The silicon junctions were formed with a com- 

bination of mechanical pressure and reverse junction current in a process 

which was dubbed "reverse forming" and which was described in FR-1. 

gallium arsenide junctions were welded using a forward current pulse in the 

manner described by Wentworth, et al.' The I - V  characteristic was observed 

on an oscilloscope as the junction was formed, and served primarily as an 

indication of good ohmic contact on the first run-in. Several run-ins were 

sometimes required to achieve an acceptable junction; however, it was found 

that only two run-ins could be made on the silicon crystal without repointing 

the whisker, while the whisker employed in the gallium arsenide junction required 

inspection after each run-in because of the tendency for the whisker point to 

burn off during the welding process. 

The 

The effects of ion bombardment at room temperature on the I-V characteris- 

tics of the test crystals produced no surprises from the results reported in 

FR-1. For the same carrier density, the I-V characteristics of junctions formed 

on the alluminum- and boron-doped crystals were almost identical, while the 

gallium arsenide junctions showed practically no changes for the range of ion 

energies employed in the tests. 

an aluminum-doped silicon mixer with a carrier density of 10l8cm 

Figure 11 shows the oscillographs taken on 
-3  , and a 
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0.5 V / D i v .  
(a) SA18-24 'C-10  KeV 

0.5 V / D i v .  
(d) S B 1 9 - 2 4 ' C - 1 0  KeV 

0.5 V I D i v .  
(b) SA18-24 'C-20  K e V  

0.5 V l D i v .  
(e) SB19-24 'C-20  KeV 

0.5 V I D i v .  0.5 V I D i v .  
(c) SA18-24 'C-30  K e V  ( f )  SB19-24 'C-30  KeV 

F igure  11. I - V  C h a r a c t e r i s t i c s  of Ion B o m b a r d e d  S i l i c o n  M i x e r s .  
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19 -3  boron-doped silicon mixer with a carrier density of 10 cm . Qualitatively, 
the effect of increasing the energy of the ion beam is, in general, to reduce 

the forward resistance and sharpen the knee of the forward characteristic. 
17 Mixers formed on the ion bombarded silicon crystals with densities of 10 

and 10 cm showed an increase in reverse resistance; however, on the boron- 

doped crystal with a density of 10 cm , the reverse impedance was consistently 

18 -3 

19 -3  

reduced for an ion beam energy of 30 KeV. Quantitatively, the above effects 

were characterized in terms of the constants A and O! relating to the I - V  

characteristic equation for the aluminum-doped silicon mixers and presented 

in FR-1. 

The effect of crystal bombardment temperature was found to be relatively 

insensitive to both the dopant species and the carrier concentration, but highly 

dependent on the host crystal. Figure 12 shows the results of sample tempera- 

ture on the I - V  characteristics of boron-doped silicon and tellurium-doped 

gallium arsenide junctions. It can be seen that the forward characteristic 

of the gallium arsenide junction was virtually unaffected over the range of 

approximately 300° C, while the reverse breakdown point was progressively reduced 

as the temperature was increased. Both the forward and reverse impedance was 

reduced as the temperature of the silicon samples were increased. The aluminum- 

doped silicon junctions behaved in a similar manner, with results which in 

general were very close to those published by Ohl.7 Several interesting 

anomalies occurred in which junction characteristics radically different from 

those shown in Figures 11 and 12 were produced. Since these effects were not 

repeatable, RF testing of the anomalous junctions was not attempted. It was 
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0.5 V / D i v .  
(a) GT17-24 'C-20  K e V  

0.5 V / D i v .  
(d )  SB18-24 'C-20  KeV 

0.5 V / D i v .  
(b) GT17-20O0C-2O K e V  

0.5 V / D i v ,  
(c) G T 1 7 - 3 2 0 ° C - 2 0  K e V  

0.5 V / D i v .  
(e) S B 1 8 - 2 0 0 ° C - 2 0  KeV 

0.5 V / D i v .  
( f )  S B 1 8 - 3 2 0 ° C - 2 0  KeV 

F igure  1 2 .  I - V  C h a r a c t e r i s t i c s  o f  20 K e V  Ion  B o m b a r d e d  S i l i c o n  and 
G a l l i u m  A r s e n i d e  M i x e r s  Showing Effects of S a m p l e  
T e m p e r a t u r e  D u r i n g  B o m b a r d m e n t .  
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interesting to note, however, that rectifying junctions could not be formed 

on either the unbombarded aluminum- or boron-doped silicon with carrier density 

of 10 cm . A respectable junction characteristic could only be formed on the 

1018m-3 silicon which had been bombarded by 20 KeV ions. 

seem to be at odds with the theory which would predict a lower mobility for 

carriers near the surface, and hence no improvement in the I-V characteristics. 

There is the possibility, however, that the ion beam is being stopped at the 

surface by sputtering the surface oxide and damage layers thus resulting in 

a clean surface which would improve the junction contact. 

17 -3 

This result would 

The conversion losses of point-contact junctions formed on the test 

materials listed in Table 2 were measured at 94 GHz as a function of ion 

energy and total charge. 

doped silicon and compared with the results reported in FR-1 which were 

performed at 35 GHz on similar junctions. 

on unbombarded silicon (SA18) at 35 GHz was found to be 15 dB, whereas the 

minimum conversion loss on the same material at 94 GHz was found to be 18.6 dB. 

From equation (l), it can be shown that for wCbRs > 1, 

The initial measurements were performed on aluminum- 

The minimum conversion loss obtained 

and 
bb 

w 'b 
10 Log Lc(W'Cb1) 10 Log w' + 10 Log - + 10 Log LC(WCb) 

Thus, for identical mixer junctions (same values of Rs and Cb), equation (14) 

would predict a difference of 10 Log w' = 4.3 dB between operation at 35 and w 
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94 GHz.  

Figure 13 which show conversion losses taken from measurements of 35 and 

94 GHz on junctions with the same spreading resistance and different junction 

capacitance. 

(2)' and (3) and using the measured values of spreading resistance, carrier 

mobility, and carrier density. It should be noted that the junction capaci- 

tance, %, was the only calculated or measured parameter which could be 
reliably correlated with conversion loss. 

This calculation is in close agreement with data presented in 

The junction capacitances were calculated by combining equations 

Figures 14, 15, and 16 show the conversion loss of mixer junctions formed 

on ion bombarded silicon and gallium arsenide as a function of ion energy. 

Satisfactory junctions could not be formed on the aluminum-doped silicon 

with a density of 1017m-3 or the boron-doped silicon with densities of 
17 10 ~ m ' ~  and 1018m'3 although the I-V characteristics of all three samples 

were radically improved with ion bombardment. 

At a sample bombardment temperature of 24'C, no improvement in conversion 

and energy employed although 

Three crystal posts 

loss was obtained over the range of total charge 

some improvement in the I - V  characterstic were noted. 

were fabricated from each bombarded wafer, and a wide range of etching times 

were employed in an attempt to improve the junction performance. 

presented in Figures 14, 15, and 16 represent typical performance from 

mechanically acceptable junctions for each crystal. 

The results 

Following the initial ion bombardment experiments carried out at room 

temperature, the sample holder was modified to permit bombardment at temperatures 

up to about 300'C. At room temperature, lattice disorder increases with ion 
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Figure 13. Conversion Loss as a Function of Junction 
Capacitance for  S i l i c o n  Mixers a t  35 and 94 GHz. 
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Figure 14. Conversion Loss of a "Run-In" Mixer Employing 
Ion Bombarded Aluminum-Doped Silicon at 94 GHz. 
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Figure 16. Conversion Loss of a "Run-In" Mixer Employing Ion 
Bombarded, Tellurium-Doped Gallium Arsenide at 9 4  GHz. 
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dose, and a completely amorphous layer can eventually be obtained. 

lattice disorder can be annealed by raising the temperature of the sample 

during bombardment, and Eriksson, et al.13 have shown that for group 111 and V 

dopants implanted in silicon, approximately ninety percent substitutional and 

interstitial levels occur for implantation temperatures exceeding 300' C. 

One would expect the anneal temperature to be somewhat lower for helium implanted 

in silicon since the mass of the helium ion compared to the ions of group I11 

and V elements is small. 

The 

Silicon and gallium arsenide wafers were bombarded at temperatures of 

approximately 200 and 3OO0C, and "run-in" mixers were fabricated from these 

samples. 

are presented in Figures 17 through 20. The ion bombardment parameters for each 

junction are also given in Table 4 .  The same testing procedure was followed 

for. the annealing experiments as was followed for the initial ion bombardment 

experiments. Three mixer posts were fabricated from each wafer, and various 

junction forming and surface preparation techniques were employed to obtain the 

best mixer performance. 

The results of conversion loss measurements on these mixers at 94 GHz 

The conversion loss of most junctions formed of the annealed semiconductors 

was better than that of junctions formed on the wafers which were bombarded at 

room temperature. The exception to this trend was the gallium arsenide material 

for which no accpetable junctions could be formed on the annealed wafers. It 

was found, however, that a significant improvement in conversion loss resulted 

from the annealing process in mixers formed on silicon with low carrier density. 

Junctions with less than 20 dB conversion loss were formed on both 1017cm'3 and 
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Figure 18. Conversion Loss of Boron-Doped (N = 10 17 cm -3 ) Silicon 
Junctions as a Function of Bombardment Temperature. 

46 



55 

5 0  

I , 

40 

35 

h 
p? 

2, 
30 

25 

20 

0 
0 

.\, 0 KeV 
T = 24OC 

Crystal:  SB18 

0 :  Crystal Run N o .  n 
(See Table 4) 

15 KeV 
= 3OO0C 

KeV @ 

= 20oOc 

18 -3 Figure 19. Conversion Loss of Boron-Doped (N = 10 cm ) S i l i c o n  
Junctions as a Function of Bombardment Temperature. 

47 



35 

30 

25 

20 

h a 
'FI 

I 4  

W 
0 

15 

10 

5 

0 

Crystal : SB 19 

@ : Crystal Run No. n 
(See Table 4) 

15 KeV 0 
T = 3OO0C 

20 KeV a 
T - 24Oc 

20 KeV 
T = 2OO0C @ 
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18 -3 10 cm boron-doped silicon, and a junction with measurable tangential 

sensitivity was fomed on 1017cm aluminum-doped silicon. The lowest conver- 

sion losses were found to occur at a bombardment temperature of 2OO0C for the 

1018cm'3 and 10 

-3 

19 17 ~ m ' ~  boron-doped silicon, and at 3OO0C for the 10 ~ m ' ~  boron- 

doped silicon. 

experiments, extended shelf life tests could not be carried out. Measurements 

Since only one 94 GHz "run-in" mixer was available for these 

extending over a period of several days revealed a tendency for a slight initial 

change in the junction characteristics followed by a stable operating point. 

During this time, the junction was subjected to a nominal power level of 1 mW 

for eight hours each day, and the conversion loss checked as a function of power 

level over the range of 1 to 10 mW at 2 hour intervals. Shelf life observations 

made by Oh15y7 have shown that excellent lifetime can be expected from ion 

bombarded materials with no degradation in performance noted over a two-year 

period. 
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VI. Conclusions 

Calculations based on a non-homogeneous point-contact mixer configuration 
4 first proposed by Petit have shown that the conversion loss of a millimeter 

wave mixer can be minimized by modifying the near surface layer of the mixer 

crystal. 

desired near surface parameters although the exact physical mechanisms respon- 

sible for the changes produced are still in question. 

work has been to investigate the use of ion bombardment in the preparation of 

millimeter wave mixer crystals by experimentally determining the effects of the 

ion beam parameters and sample bombardment temperature on the conversion loss 

measured at 94 GHz. 

Ion bombardment has been employed by Petit and others to affect the 

The objective of this 

It has been shown that desirable changes in mixer performance occur for 

ion doses of about one ion per unit cell over the crystal surface, and for 

energies between 10 and 30 KV. Relative improvements in the conversion loss of 

5 to 15 dB have been measured for ion bombarded crystals which were annealed at 

temperatures of 200 and 30OoC. A minimum conversion loss of about 18 dB was 

obtained for the silicon mixers and about 9 dB for the gallium arsenide mixers, 

although no improvement from ion bombardment was observed for the gallium 

arsenide mixers. 

The large parasitic loss corresponding to the minimum conversion loss of 

18 dB for the silicon junctions is thought to be a result of the high series 

resistance as determined from the I-V characteristics. This supposition is 

supported by the correlation between the conversion loss and the junction 
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capacitance, and the calculated values of spreading resistance which are about 

an order of magnitude less than the measured series resistance. 7 Oh1 has 

suggested that a mechanically disturbed high resistance surface layer is 

created during the grinding and polishing stage, which can only be removed 

by high temperature steam oxidation followed by chemical etching. Since the 

necessary equipment for this process was not available, several attempts at 

repolishing and chemical etching were employed in an effort to reduce the 

series resistance. These attempts were not successful, and thus it would 

seem that the mechanical polishing step creates a limitation which can only 

be overcome with the steam oxidation procedure suggested by Ohl. 

In summary, it has been shown that relative improvements in the conversion 

loss can be obtained from mixers utilizing semiconductor crystals prepared by 

ion bombardment. It was, however, necessary to anneal the crystal during 

bombardment to achieve these improvements. Evidently, the reduction of 

resistivity in the near surface layer by increased scattering from substitutional 

levels is preferable to reduction of resistivityby increased lattice disorder. 

Diagnostic equipment for determining the ion density profile and surface 

resistivity was not available, and hence direct correlation between the measured 

improvements in conversion loss and the calculations on non-homogeneous crystals 

could not be made. These correlations are necessary to determine the ultimate 

usefulness of ion bombardment in crystal mixer design, and should comprise the 

primary effort in any future research program in this field. 
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