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ft MINIATURIZED APPROACH TO THE CRYOELECTRONIC MAGNETIC FIELD EFFECT 
TRANSISTOR 

W. CLAUSS, J . P A R I S I , J . PEINKE, U. RAU a n d R . P . HUEBENER 

Physikallsches Instltut, Lehrstuhl Experimentalphyslk II, Vniversitat 
Tubingen, Korgenstelle 14, D-7400 Tiibingen, F.R.G. 

Résumé - Le contrôle magnétique du courant filamentaire pendant le percement avalanchal 
dans semiconducteurs à basses températures représente un principe d'opération i n t é r e s 
sant pour le dessin d'un t r ans i s t eu r basé sur l ' e f f e t d'un champ magnétique. Nous avons 
vér i f ié expérimentalement des configurations réduites en u t i l i s a n t des l ines supercon-
ductives pour la production d'un champ magnétique e t de tous les intermédiaires . L'éva
luation des performances caractér is t iques importantes de notre conception du t r ans i s t eu r 
para î t ê t r e t r è s prometteuse. 

A b s t r a c t - Magnetic c o n t r o l of t h e f i l a m e n t a r y c u r r e n t flow du r ing ava lanche breakdown 
i n bulk semiconductors a t low t e m p e r a t u r e s r e p r e s e n t s an i n t e r e s t i n g o p e r a t i o n p r i n c i p l e 
f o r t he des ign of a magnet ic f i e l d e f f e c t t r a n s i s t o r . We have e x p e r i m e n t a l l y v e r i f i e d 
m i n i a t u r i z e d dev ice c o n f i g u r a t i o n s u s ing superconduc t ing l i n e s fo r t h e g e n e r a t i o n of t h e 
magnet ic c o n t r o l f i e l d and a l l i n t e r c o n n e c t i o n s . The e v a l u a t i o n of t h e impor t an t p e r f o r 
mance c h a r a c t e r i s t i c s of our t r a n s i s t o r concept looks h i g h l y p r o m i s i n g . 

1 - INTRODUCTION 

E l e c t r i c a l l y d r iven i n t o t he regime of low- tempera tu re ava lanche breakdown, homogeneously doped 
semiconductors have been demons t ra ted t o d i s p l a y s p a t i a l l y inhomogeneous c u r r e n t flow v i a h i g h -
c o n d u c t i v i t y f i l a m e n t channels g e n e r a t e d by i m p u r i t y impact i o n i z a t i o n / 1 - 3 / . I f an e x t e r n a l 
magnet ic f i e l d i s a p p l i e d p e r p e n d i c u l a r t o t he c u r r e n t d i r e c t i o n , t h e . c u r r e n t f i l a m e n t s a re 
s t r u c t u r a l l y changed due t o t he Lorentz force a c t i n g upon t he moving charge c a r r i e r s . The c o r 
responding s h i f t of t h e c u r r e n t - v o l t a g e c h a r a c t e r i s t i c (magne to re s i s t ance ) r e s u l t s from t h e 
" c o o l i n g e f f e c t " of t h e magnet ic f i e l d on t h e ho t charge c a r r i e r s . At low t e m p e r a t u r e s where 
t h e c a r r i e r m o b i l i t y and, hence , t h e Loren tz force i s h i g h , a r e l a t i v e l y l a r g e m a g n e t o r e s i s t 
ance i s o b t a i n e d w i t h a p p l i e d magnet ic f i e l d s as smal l as only a few Gauss. The s e n s i t i v e r e 
sponse t o the magnet ic c o n t r o l f i e l d o f f e r s an i n t e r e s t i n g p r i n c i p l e fo r t h e des ign of a c r y o -
e l e c t r o n i c device fami ly . 

As a f i r s t expe r imen ta l approach , we have r e c e n t l y demons t ra ted t h e b a s i c concept of a magnet ic 
f i e l d e f f e c t t r a n s i s t o r a t l i q u i d - h e l i u m t e m p e r a t u r e s , u s ing s i n g l e - c r y s t a l l i n e p-doped germa
nium w i t h an a c c e p t o r c o n c e n t r a t i o n of about 10 cm -3 and t h e t y p i c a l dimensions of 0 .1 x 5 x 
6 mrn̂  / 4 , 5 / . The magnet ic c o n t r o l of t h e f i l a m e n t a r y c u r r e n t flow was achieved by a smal l mag
n e t i c f i e l d ( l o - 100 G), g e n e r a t e d by supe rconduc t ing l i n e s a t t a c h e d t o the s u r f a c e of t h e 
semiconductor c r y s t a l . In t h i s way, a t h r e e - t e r m i n a l dev ice i s o b t a i n e d , based on a h y b r i d con
cep t implementing semiconduct ing and supe rconduc t ing components. P a r t i c u l a r l y a t t r a c t i v e f e a t 
u r e s of t h i s c o n f i g u r a t i o n a r e i t s s i m p l i c i t y , t h e u t i l i z a t i o n of w e l l - e s t a b l i s h e d semiconduc
t o r and supe rconduc to r t echno logy , and i t s r o b u s t n a t u r e , p romis ing a high p r o d u c t i o n y i e l d . 
Moreover, our device concept may become e s s e n t i a l i n the development of u l t r a f a s t e l e c t r o n i c 
c i r c u i t s , r e q u i r i n g h igh pack ing d e n s i t y and co r r e spond ing ly lower power d i s s i p a t i o n . 

In o r d e r t o e v a l u a t e t he l i m i t a t i o n s of t he i m p o r t a n t performance c h a r a c t e r i s t i c s , we have e x 
p e r i m e n t a l l y performed a m i n i a t u r i z e d approach t o t he c r y o e l e c t r o n i c magnet ic f i e l d e f f e c t 
t r a n s i s t o r . Using d i f f e r e n t sample g e o m e t r i e s , t h e d i s t a n c e between t h e ohmic c o n t a c t s was r e 
duced s y s t e m a t i c a l l y , ending up wi th a minimum value of l o ym. As expec ted from a p r e l i m i n a r y 
e s t i m a t e / 6 / , t he l i m i t a t i o n s due t o t h e t ime of f l i g h t p e r l eng th of t h e c a r r i e r s and due t o 
the power l o s s e s p e r d i s t a n c e between t he ohmic c o n t a c t s were found t o be about SO ps/lim and 
0 .5 yw/pm, r e s p e c t i v e l y . Thus, t h e m i n i a t u r i z e d sample geometry e n a b l e s o p e r a t i o n up t o f r e 
quenc ie s i n t he GHz regime. 
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2 - EXPERIMENTAL M E T J E  

The samples inves t iga ted  were prepared from homogeneously p-doped germanium s ing le -c rys ta l  s l i-  
c e s . ( l )  The s p e c i f i c  r e s i s t i v i t y  a t  room temperature ranged from 10 t o  20 Rcm, corresponding t o  
an impurity cqncentration of  ( 2  - 3) x 1014 ~ m - ~ .  The compensation r a t i o s  were d e f i n i t e l y  smal- 
l e r  than 5 x l ~ - ~ .  The semiconductor samples (of  about 0. l  mm thickness)  c a r r i e d  properly ar- 
ranged ohmic contacts  placed on one of t h e  two broad surfaces.  The dis tance between the contacts  
var ied from 0.5 mm t o  10 pm. The ohmic contacts  were fabr ica ted  e i t h e r  by a l loy ing  (aluminum) 
o r  by ion implantation (boron) /7 / .  To provide these contacts  with an e l e c t r i c  f i e l d ,  a voltage 
b i a s  was appl ied t o  a s e r i e s  combination of  the  sample and an 1 load r e s i s t o r .  The sample cur- 
r e n t  was obtained from t h e  voltage drop a t  the  load r e s i s t o r .  An ex te rna l  magnetic f i e l d  per- 
pendicular  t o  the  broad sample surfaces could be generated e i t h e r  by a superconducting c o i l  sur- 
rounding t h e  semiconductor sample o r  by a superconducting loop at tached d i r e c t l y  t o  the sur face  
of t h e  sample. Shaped i n  the  form of a long h a i r p i n ,  the superconducting niobium l i n e s  were fab- 
r i c a t e d  by s tandard thin-f i lm technology, and e l e c t r i c  separat ion from t h e  underlying semicon- 
ductor  was achieved by a thin-f i lm i n s u l a t o r .  During the  experiments, the  samples inves t iga ted  
were kept  i n  d i r e c t  con tac t  with t h e  liquid-helium bath a t  4.2 K and were protected aga ins t  ex- 
t e r n a l  v i s i b l e  and fa r - in f ra red  i r r a d i a t i o n  by an appropriate  copper sh ie ld .  

3 - EXPERIMENTAL FINIIINGS AND DISCUSSION 

A s  already mentioned above, the  operat ing pr inc ip le  of  t h e  p resen t  t r a n s i s t o r  device is  based 
on the  magnetic control  of t h e  filamentary cur ren t  flow during low-temperature avalanche break- 
down v i a  t h e  magnetoresistive e f f e c t .  Since the  magnetic f i e l d  needed f o r  magnetic control  i s  
found t o  be inverse ly  proport ional  t o  the  mobility of th? charge c a r r i e r s ,  t h e  required high 
magnetic f i e l d  s e n s i t i v i t y  of  the  cur ren t  flow can only be a t t a i n e d  a t  high c a r r i e r  mobility. 
With reference t o  the experimental v e r i f i c a t i o n  o f  extremely high c a r r i e r  mobi l i t i es  and d r i f t  
v e l o c i t i e s  (of some 105 cm2/vs and some lo6 cm/s , respect ively)/8/ ,  adequate magnetic control  
can be achieved already with small magnetic f i e l d s  i n  the range of  100 G. In  the  following, we 
b r i e f l y  o u t l i n e  a q u a n t i t a t i v e  evaluat ion of  t h e  most important performance c h a r a c t e r i s t i c s  
based on an experimental r e a l i z a t i o n  of d i s t i n c t  miniatur ized device geometries. 

We emphasize t h a t  the  two e s s e n t i a l  precondit ions of our  t r a n s i s t o r  scheme, namely, f i r s t ,  t h e  
appearance of  t h e  avalanche breakdown e f f e c t  and, second, t h e  magnetic con t ro l  of t h e  cur ren t  
flow i n  the breakdown regime, have been v e r i f i e d  f o r  a l l  samples inves t iga ted .  For r e l a t i v e l y  
la rge  dis tances between the ohmic contacts  i n  the  range of some 100 pm, d i f f e r e n t l y  prepared 
contacts  always l e d  t o  more o r  l e s s  the  same r e s u l t s .  But f o r  dis tances smaller  than 100 ym, 
only samples with ion-implanted contacts  showed t h e  expected l i n e a r  dependence of  t h e  breakdown 
voltage on the contact  dis tance.  (Note t h a t  such miniatur ized geometries a r e  already inf luenced 
by t h e  l e s s  sharp-edged s t r u c t u r e  o f  t h e  hea t - t rea ted  a l loy  contac t s ) .  By ex t rapola t ing  t h e  li- 
near  voltage versus dis tance c h a r a c t e r i s t i c  t o  ze ro  contact  d i s tance ,  we always found an excess 
breakdown voltage of about 30 mV. Accordingly, t h e  breakdown e l e c t r i c  f i e l d  s t reng th  a t  small 
contact  dis tances increases with decreasing d i s tance ,  ending up with an ex t rapola ted  divergence 
a t  zero dis tance.  We f e e l  t h a t  the exis tence of an excess breakdown voltage can be d i r e c t l y  a t -  
t r i b u t e d  t o  the  f i n i t e  ion iza t ion  energy of  t h e  shallow impur i t i es  ( i n  t h e  range of 10 meV). 
Note t h a t  avalanche breakdown only occurs i f  t h e  conduction c a r r i e r s  have gained s u f f i c i e n t  
k i n e t i c  energy from the  appl ied e l e c t r i c  f i e l d ,  which a t  l e a s t  must be of t h e  o rder  of  t h e  i m -  
p u r i t y  ion iza t ion  energy. 

Now we turn t o  the  performance l i m i t a t i o n s  of our t r a n s i s t o r  scheme due t o  the time of  f l i g h t  
p e r  length of  t h e  c a r r i e r s  and due t o  t h e  power losses  p e r  d i s tance  between the  ohmic contacts .  
From measured d r i f t  v e l o c i t i e s  of a few lo6 cm/s i n  the  post-breakdown region /8/ we derive 
values of about 50 ps/pm f o r  t h e  time of f l i g h t  p e r  u n i t  length. This est imate agrees reason- 
ably well with t h e  experimentally observed frequency limits of about 10 MHz up t o  a few GHz 
f o r  samples with lengths ranging from 0.5 mm t o  10 pm, respect ively.  We have checked t h a t  the  
above high-frequency l i m i t s  a r e  d e f i n i t e l y  no t  inf luenced by t h e  capac i t i es  and i n d u c t i v i t i e s  
of t h e  e l e c t r o n i c  c i r c u i t  configurat ion,  a s  expected /6/. With t h e  t y p i c a l  e l e c t r i c  f i e l d  of  
about 5 v/cm f o r  e s t a b l i s h i n g  avalanche breakdown and t y p i c a l  cur ren t  values of  about 1 mA i n  
the immediate post-breakdown region, we ob ta in  f o r  t h e  power l o s s e s  p e r  sample length values 
of  about 0.5 pW/pm, independent of frequency. Taking f u r t h e r  i n t o  account t h e  increased e lec -  
t r i c  breakdown f i e l d  a t  con tac t  dis tances smaller  than 50 pm, t h e  power losses  accordingly in-  
crease by a f a c t o r  of f i v e  a t  most. From t h i s  we conclude t h a t  miniatur izat ion of the  t r a n s i s -  
t o r  device appears t o  be l imi ted  reasonably a t  t h e  smal les t  dis tance of t h e  ohmic contacts  
chosen ( 10 pm) - 

Device appl ica t ions  based on e x t r i n s i c  s i l i c o n  and gallium arsenide semiconductors a re  
p resen t ly  a l s o  inves t iga ted ,  but  n o t  reported here.  



Fina l ly ,  we p o i n t  out  t h a t  the functioning o f  the  p resen t  t r a n s i s t o r  scheme can a l s o  be con- 
f ined  by noise problems. On one hand, thermal noise i s  expected t o  be small due t o  the opera- 
t i o n  a t  liquid-helium temperatures. But, on t h e  o ther  hand, t h e  possible  contr ibut ion o f  addi- 
t i o n a l  noise generated by t h e  avalanche process /9/ requires  f u r t h e r  experimental s t u d i e s  and 
perhaps add i t iona l  opt imizat ion procedures. Crosstalk between the  elements of l a rge  in tegra ted  
systems can be minimized by properly arranged superconducting screening l i n e s .  Here important 
concepts can be taken from the  well-establ ished Josephson technology. Nevertheless, unwanted 
s t r a y  magnetic und e l e c t r i c  coupling s e t s  a fundamental l i m i t  t o  f u r t h e r  miniatur izat ion of  a l l  
p resen t ly  used c i r c u i t r y ,  t h a t  is l i k e l y  t o  be reached before t h e  l i m i t s  imposed i n  the fu ture  
by modern microfabrication techniques. 

4 - CONCLUSIONS 

The presen t  work deals  with t h e  f i r s t  experimental r e a l i z a t i o n  of  a cryoelectronic  magnetic 
f i e l d  e f f e c t  t r a n s i s t o r  based on a novel hybrid configurat ion o f  both semiconducting and super- 
conducting components. We have modeled and character ized miniatur ized s o l i d  s t a t e  devices using 
e x t r i n s i c  germanium semiconductors together  with superconducting niobium l i n e s  f o r  generating 
t h e  maqnetic control  f i e l d  and f o r  a l l  interconnections. The evaluat ion of t h e  important per- 
formance c h a r a c t e r i s t i c s  of  our  t r a n s i s t o r  concept looks very promising. The power losses  of  
such a device a re  s i m i l a r  t o  those i n  a superconducting Josephson junction, represent ing t h e  
high-speed device with the  lowest power consumption up t o  now. We take note of  t h e  f a c t  t h a t  
superconducting wir ing can preserve extremely f a s t  pu lse  r i s e  times required i n  u l t r a f a s t  e lec -  
t r o n i c  systems. I n  this way, combining semiconducting device components operat ing a t  low tem- 
pera ture  with superconducting l i n e s  f o r  magnetic con t ro l  and f o r  a l l  interconnect ions represents  
a highly promising new d i rec t ion  which has been neglected so  f a r  and which d e f i n i t e l y  deserves 
much more consideration. 
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