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ABSTRACT 

I. MICROWAVE AMPLIFICATION IN HIGH RESISTIVITY GaAs 

The velocity field characteristic curve for electrons in GaAs 

above the Gunn threshold was measured by a new direct method involving 

probe measurements on the surface of a GaAs amplifier. 

Experimental terminal gain vs frequency curves show the effect of 

small transverse dimension in lowering the gain at low frequencies. 

Some initial results of a computer simulation of the GaAs amplifier 

are presented. 

11. GUNN OSCILLATOR STUDIES 

The work on GaAs growth has continued with a considerable improve- 

ment in the homogeneity and quality of the material obtained from the 

horizontal growth system. We have obtained material with a carrier 

concentration of 2 x 10 /cm and a mobility of  9300 cm /Vsec a We 

are fabricating devices with the current flow along the epitaxial layer 

but have not yet overcome the problem of surface breakdown. The work on 

the computer model continues with an investigation of two devices in 

series and the harmonic content of a single device. 
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INTRODUCTION 

The work under this Grant is generally concerned with communication 

and information processing in space satellites and more particularly con- 

cerned with exploring new devices, particularly solid-state and optical 

devices, suitable for g6neration and modulation of electromagnetic waves 

in the microwave range and upward through the millimeter and optical fre- 

quency ranges. 

reporting period: 

Two projects were active under this Grant during the 

I. Microwave Amplification in High Resistivity GaAs 

11. Gunn Oscillator Studies 

The Responsible Investigator for this Grant is G. S. Kino. 

- 1 -  



MICROWAVE AMPLIFICATION I N  HIGH RESISTIVITY GaAs 

(G. S. Kino and B. Fay) 

INTRODUCTION 

The objective of t h i s  work i s  t o  r ea l i ze  a two port un i l a t e ra l  space 

charge wave amplifier based on the Gunn ef fec t  and t o  check the  theory 

of wave propagation i n  f i n i t e  semiconductors. 

The act ive medium consists of a GaAs diode biased between the  negative 

d i f f e r e n t i a l  conductance threshold and the  threshold for current osc i l la -  

t ions,  the  l a t t e r  being a function of the diode n& product as well as 

of i t s  thickness and d i e l e c t r i c  environment. 

PRESENT STATUS 

A. Velocity-Field Characterist ic Curve of GaAs 

A new di rec t  measurement of the veloci ty-f ie ld  charac te r i s t ic  of 

electrons i n  GaAs was performed using the amplifier probe setup already 

described i n  the  previous report  and reproduced i n  Fig. 1. 

The in se r t  i n  Fig. 1 shows the configuration of the amplifier with 

the GaAs diode clamped between two groundedfnetal g la tes  spaced roughly 

0 - 5  mm apart. The input rf s igna l  applied t o  t h e  cathode contact s e t s  

up a decaying rf f i e l d  in to  the  diode which in t e rac t s  with the d r i f t i n g  

electrons and exci tes  a space charge wave a t  the s ignal  frequency. 

The veloci ty-f ie ld  data i s  obtained from a combination of rf and 

dc probe measurements on the amplifier fo r  d i f fe ren t  values of the b ias  

voltage. Figure 2 shows the r f  and dc poten t ia l  p rof i les  obtained on 
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FIG. 1--Amplifier and rf probe c i r cu i t s .  
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one sample 1.1 mm long fo r  a b ias  voltage of 650 V and a s ignal  frequency 

of 1 GHz. 

The r ipp le  i n  the rf p ro f i l e  i s  caused by an interference effeot  

between the  "slow" space charge wave and a "fast"  electromagnetic 

cutoff mode excited from the anode contact. The product of the  r ipp le  

period and bhe frequency yields the phase veloci ty  of the  space charge 

wave, which fo r  frequencies well  below the diffusion cutoff frequency i s  

v i r tua l ly  equal t o  the electron d r i f t  velocity. 1 

DC probing i s  carr ied out by a d i rec t  point contact method using a 

high impedance FET probe input stage and allows determination of the value 

of the dc f i e l d  i n  the  region where the  space charge wavelength i s  

measured. 

Figure 3 shows the experimental points of t h e  velocity f i e l d  cuxve 

obtained by t h i s  method on two samples of r e s i s t i v i t i e s  k95 and 940 0-cm. 

Two other experimental curves obtained by Ruch and Kino' by a d i f fe ren t  

method on insulat ing GaAs are  a lso shown fo r  comparison and it i s  seen 

t h a t  the  agreement between the various curves i s  excellent. 

It i s  in te res t ing  t o  note tha t  of the Ruch-Kino resu l t s ,  only the 

curve they obtained from IBM material  i s  the r e su l t  of an absolute 

measurement, the other being the  r e su l t  of an indirect  measurement, 

because the  trapping time i n  t h e i r  Monsanto mater ia l  was too short t o  

allow a t r a n s i t  time measurement. On the other hand, the curve obtained 

by our space charge wave method i s  an absolute measurement tha t  does not 

'Microwave Laboratory Report No. 1789, September 1969, Stanford 
University e 

'Microwave Laboratory Report No. 1600, December 1967, Stanford 
University. 
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require a very pure, long trapping time material. 

B. Two-Port Amplifier 

A s  mentioned i n  t h e  previous report  t he  gain of the amplifier i s  

l imited a t  high frequencies by ca r r i e r  diffusion and a t  low frequencies 

by f i n i t e  transverse dimension ef fec ts .  

A d i rec t  rf probe measurement of the  var ia t ion of space charge wave 

growth r a t e  w i t h  frequency can only be made i f  t h e  decay r a t e  of the cut- 

off  modes i s  much greater  than the  length of the sample, which implies 

a length t o  thickness r a t i o  of the order of 10. Our method of mounting 

these samples does not a t  the present time permit probe measurements 

t o  be made. 

An indirect  way of observing t h i s  e f fec t  i s  t o  measure the  var ia t ion 

of tuned terminal gain w i t h  frequency. Figure 4 shows the gain frequency 

curves fo r  2 samples of same length ( 1 . 1 m m )  but different  thickness and 

r e s i s t i v i t y ,  namely 0.265 mm and 400 ohm-an fo r  sample #1 , 0.635 mm and 

780 ohm-cm fo r  sample #2 . 
arr ived at by solving two independent dispersion equations f o r  the frequency 

The theore t ica l  gain-frequency curves a re  

dependenoe of the  gain constant and combining the  r e su l t s  i n to  a simple 

frequency dependent gain constant. 

The first dispersion equation corresponds t o  a one dimensional 

space charge wave allowing fo r  c a r r i e r  diffusion e f fec ts  and accounts 

fo r  the high frequency gain f a l l o f f .  

The second dispersion equation corresponds t o  a two dimensional 

space charge wave3 f o r  a symmetrical metal-dielectric-semiconductor- 

dielectric-metal  sandwich s t ructure ,  neglecting ca r r i e r  diffusion, and 

' G Q  S. Kino and R. N. Robson, "The Effect of Small Transverse 
Dhensions i n  the  Operation of G& Devices," Proe. IEEE, - 56> 2056-57 
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FIG. 4--Tuned terminal gain vs frequency. 
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FIG. >--Space charge wave f i e l d  and charge dis t r ibut ion.  
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GeTNpJ OSCILLATOR STUI?IEs 

(C.F. Quate, G.S. Kino and J .A.  Biggins) 

INTRODUCTION 

As i n  previous reports the  following indicates the  progress 

achieved i n  three areas of a c t i v i t y  which come under the  above 

heading. These are: 

(a )  

(b )  fabr icat ion of long cw osc i l l a to r s  

( e )  

growth of high puri ty  G a A s  

computer studies of GaAs devices 

PRESENT STATUS 

A. GaAs Growth 

A t  t h i s  stage we have achieved considerable improvement i n  the 

homogeneity and qual i ty  of mater ia l  grown i n  t h e  horizontal  t ipping 

system. 

under caref ldly controlled conditions are: 

Typical f igures t h a t  a re  now obtainable from t h i s  system 

y - 9300 cm 2 /vsec J - 

10 '5/cm3 ND -k NA "< 

The path t o  t he  s t a t e  of knowledge which enables us to achieve these 
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figures has been the  rea l iza t ion  t h a t  t he  source w a s  not t he  major 

contributor of impurities. This came about as second generation 

c rys ta l s  consistently turned out to have lower l i qu id  nitrogen 

mobil i t ies  than f irst  generation. This meant essent ia l ly  t h a t  some 

other source of impurity dominated i n  the  system. 

paid to giving t h e  gallium extra  cleaning by high temperature 

hydrogen. This produced dramatic improvement i n  homogeneity of t h e  

crystals  grown, as well as i n  t h e i r  purity.  Even crys ta l s  grown at 

moderately high temperatures showed good homogeneity. A t  t h i s  stage 

heat treatment of t he  boat i n  vacuum w a s  t r i e d  and found to be only 

moderately effective.  Leaching a boat with gallium for  many hours 

i n  hydrogen greater  than 800 C w a s  found to be much more effective,  

indicating t h a t  we would be w e l l  advised t o  abandon graphite 

crucibles altogether.  We are awaiting special  quartz with t h i s  i n  

mind. One f i n a l  factor  which brought about a s l i gh t  improvement i n  

r e s i s t i v i t y  was a method of evacuating and purging the  reaction 

system of a l l  impure gases which entered during loading - w i t h  

par t icular  emphasis on oxygen. 

Attention w a s  

0 

Uniformity of t he  most recent ly  grown crys ta l s  is  typ i f ied  

by t h e  following figures: 

thickness of growth, 4 x loB3 inches 

13 3 ND - NA at  1 x lom3 inches above seed = 4.5 .x LO /cm 

3 at  4 x inches above interface - - 2 x 1013/cm 'D 'A 

Variation between cannot be sa id  to have been measured i n  de ta i l ;  

however, it is l i nea r ly  interpolat ive 
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Our ver t i ca l  system growth has not been as successful: 10 1.7 /cm 3 i s  

the best  we can achieve, i n  s p i t e  of employing a l l  the methods which worked 

so well  i n  the horizontal  system. We have, however, employed the  constant 

temperature system mentioned i n  a previous report and found t h a t  it works 

well  i n  t ha t  t h i n  layers  may be deposited a t  a constant temperature. 

B. Fabrication of Devices 

We are  making devices aimed a t  pulsed and possibly cw operations. 

The devices a re  planar as indicated i n  the following sketch: 

rio2 

The steps used i n  making t h i s  device are  complex 8nd involve s i l i con  

dioxide depQsition and etching, regrowth of n t  AuGe deposition, dicing, 

surface preparation and bonding t o  a heat sink. 

have been the subject of work over the l a s t  period, and each apparatus 

inyolved i n  each stage i s  now i n  working order. 

A l l  of these functions 

The surface preparation referred t o  above i s  c r i t i c a l .  Recently 

we have been experiencing breakdown along the  surface when the voltage 

on a device i s  allowed t o  exceed twice threshold. This problem i s  over- 

come t o  a major extent by etching the  subject surfaces w i t h  5O:l.methanol 

bromine. 
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Devices measured successfully to date have shown peak-to-valley 

current r a t io s  as high as 2:l. 

c rys ta l s  have yet to be used successfully, as even regrowth of n+ 

seems t o  be uncertain i n  achieving good contact to t h i s  material .  

Some of the  higher r e s i s t i v i t y  

C e Computation Studies 

We have investigated a number of aspects of GaAs bulk 

osc i l la t ion ,  which we explain b r i e f l y  here ., 

Device length is  a parameter which can ensure dipole excess 

charge patterns fo r  the  idea l  device without any gl i tches  or 

random doping. The product n for  two cases studied was 0 

2 x 1Ol2 and 8 x loL2* I n  the  former case the  idea l  perturbationless 

diode w i l l  produce fo r  a constant voltage across it only accumulation 

layers.  

cathode. The reasons f o r  t h i s  may be seen qui te  eas i ly  from theory. 

Again, device length plays an important par t  i n  t he  ease of 

a t ta in ing  LXA operation. Excess dipole charge layers are harder 

to quench, and one can see t h a t  r f  voltage swings must be higher 

proportionally $or long diodes than f o r  short  diodes, to achieve 

negative resis tance from quenching ef fec ts .  This appears, then, 

to put a l imi ta t ion  on the 

i n  the  LSA mode. 

I n  the l a t t e r  case dipole layers  form very quickly a t  the  

PZf2 products available from operation 

We have investigated putting devices i n  se r i e s  and encountered 

the  problem t h a t  any l i t t l e  mismatch between sections results i n  

( f o r  low rf s ignals  and devices where no,!, 9 2 x 10 ) the  device 

with the  higher res is tance tak ing  on a l l  &he de voltage, with 

resu l t ing  high E f i e l d  values and avalanche breakdown. At high 

rf voltages t h i s  does not happen. 

12 
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A proposal has been made by Kino and Kuru' t h a t  t h e  harmonics of 

an osc i l l a t ing  s igna l  may be used t o  improve efficiency. That proposal 

was made spec i f ica l ly  with respect t o  domain aperation where fog < 10 7 e 

More recent ly  Copeland has proposed the same use of harmonics t o  increase 

the eff ic iency of the LSA mode. 

harmonic component i n  such a phase r e l a t ion  as t o  c l i p  the trough of 

voltage a t  j u s t  the  threshold level, thus allowing larger  components of 

fundamental voltage.. 

mental s ignals  give r i s e  t o  short  periods of r e s i s t i ve  current flow and 

t h i s  causes rapid decrease i n  eff ic iency 

2 The proposal suggests adding a second 

< 

I n  the absence of the second harmonic la rge  funda- 

The computer model shows, w i t h  the a id  of the  accompanying sketch, 

the following r e su l t s  f o r  values of B 3 : 

G o  S o  Kino and I. Kuru, "High Efficiency Operation of a Gunn 1 

Oscil la tor  i n  the  Domain Mode, '' IEEE Trans. Elec 
p 735 (September 1969) 

Devices, -9 ED-16 

J. A -  Copeland, t o  be published i n  J. Appl. Phys. 2 
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12 (a)  With noR - 10 6VT may be quite small as described by 

references 1 and 2 .  

(b) When noR > 10'' then fo r  the case where foR >> lo7 the value 

of 6VT 
must r i s e  t o  make the quenching adequate f o r  the LSA 

mode. For very long diodes 6VT must approach 0.5 VT ., 

(e) If  the 6VT does not increase with length the efficiency decreases 

due t o  the presence of the second harmonic because of incomplete 

quenching. This i s  accompanied by a s i tua t ion  giving high f i e lds  

i n  the region of the posi t ive contact. If SVT does r i s e  suf- 

f ic ien t ly ,  the improvement i s  restored. 
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