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ERRATA
P a g e  5, co lum n  1, p a r a g r a p h  10 sh ou ld  
re a d :

"T h e  a lte rn a t in g  c u r re n t  eq u iv a len t 
c ir c u i t  of a  T r a n s i s t o r  ( a s  shown in  F ig .  
24) fo r  m o st  -

P a g e  5, co lu m n  2, p a r a g r a p h  4 sh ou ld  
re a d :

"T h e  output im p e d an ce  i s  eq u iv a len t 
to rc  p lu s  rb .
T h is  m ay  be f r o m  20, 000 ohm s to o v e r  a  
m ego h m . F ig u r e  26 sh ow s ty p ic a l  - - . "

P a g e  5, co lu m n  2, p a r a g r a p h  7 sh ou ld  
re a d :
" -  _ _ _ a r e  not p e rm a n e n tly  d arp aged  by 
e le v a te d  te m p e r a tu r e  a s  lon g  a s  the c r i t i 
c a l  point i s  not e x c e e d e d . "



THE TRANSISTOR - SUCCESSOR TO THE 
VACUUM TUBE ?

We, who w o rk  in  the c o m m u n icatio n  p h a se  of 
th is  in d u stry , when we g e t to the h e a r t  o f m any of 
ou r p r o b le m s , h av e  the fe e lin g  th at " T h e r e 's  n o 
th in g  w ron g w ith e le c t r o n ic s  th at the e lim in a tio n  
o f a  few  vacuum  tu b e s  w ould not f ix .  "  T h is  i s  a  
so r d id  thought to have c o n cern in g  the e le m e n t 
aro u n d  w hich ou r in d u stry  r e v o lv e s .  Y et m any of 
our b a s ic  sh o r t  co m in g s  can  be t r a c e d  b ack  to  the 
vacu u m  tu b e .

M o st s e r i o u s ,  a  tube h a s  a  l im ite d  and u n 
p re d ic ta b le  l i fe .  A  p ie c e  of co m m u n icatio n  e q u ip 
m en t i s  o ften  c a l le d  on to o p e ra te  con tin u ou sly  
fo r  y e a r s .  It i s  d e s ir a b le  th at th is  eq u ip m en t be 
co m p le te ly  u n atten ded  y et tube f a i lu r e s  r e q u ir e  
c o n sta n t and  c o s t ly  m a in ten an ce .

N ext, a  tube c o n su m e s pow er in e ffic ie n tly . 
No one know s th is  b e tte r  than th o se  of you in  the 
te le v is io n  in d u s t r y . V ery  la r g e  pow er t r a n s f o r m 
e r s  a r e  r e q u ir e d  fo r  ou r te le v is io n  s e t s ,  a  good 
sh a re  of w hose b u rd en  i s  f i la m e n t pow er fo r  15 to 
20 tu b e s  in the s e t .

M e ch a n ic a lly  too , tu b e s  a r e  bulky and f r a g i le .

Now, fo r  the f i r s t  t im e , we h ave an  a lte rn a te  
d e v ice  w hich can  be c o n s id e re d  a  le g it im a te  c o n 
te n d e r  to the th ro n e  th at h a s  b een  o ccu p ie d  by the 
vacuum  tube fo r  o v e r  35 y e a r s .  It can  do m any of 
the jo b s  now done by vacuum  tu b e s  an d  do them  
m o re  e ff ic ie n tly  and m o re  d epen dab ly .

T h is  d e v ice  i s  c a l le d  a  T R A N SIST O R .

In th is  p a p e r , we a r e  go in g  to a tte m p t to g iv e  
you a n s w e r s  to the fo llo w in g  q u e st io n s :

1. W hat i s  a T R A N SIST O R ?
2. W hat can  it  do fo r  u s ?
3. Why g e t a l l  e x c ite d  ab o u t T R A N SIST O R S 

a t  th is  t im e  ?
4. How d o e s  the T R A N SIST O R  w o rk ?
5. W hat a r e  i t s  c h a r a c t e r i s t i c s ?
6. How do we u se  it  in c i r c u i t s ?
7. W hat new p ro b le m s  d o e s  i t  p o s e ?

1. W hat i s  a  T R A N SIS T O R ?

T r a n s i s t o r  i s  the n am e g iv en  to  a  c r y s t a l -  
type a m p lify in g  e le m e n t m ad e  o f a  s e m i- c o n d u c 
to r  su ch  a s  s i l ic o n  o r  g e rm a n iu m . A t p r e se n t ,

a  t r a n s i s t o r  i s  eq u iv a le n t to a  t r io d e . Its  phy s i -  
can  em b o d im en t i s  e x tre m e ly  s m a ll ,  s in c e  it s  
a b ility  to am p lify  d o e s  not depen d  upon it s  s iz e .  
T h re e  d if fe re n t  ty p e s  o f t r a n s i s t o r s  a r e  show n in 
F i g s .  1, 2 and 3.

It i s  in te r e s t in g  to  note th at the n am e i s  d e 
r iv e d  fro m  the fa c t  th at it  w as c a l le d  a  t r a n s i t  
r e s i s t o r  by e a r ly  w o r k e r s  in the f ie ld  who w ere  
re a l ly  s e a r c h in g  fo r  new w ay s of m ak in g  non
lin e a r  r e s i s t o r s .

T he T R A N SIST O R  i s  e s s e n t ia l ly  a  s m a ll  p ie c e  
of one of the se m i-c o n d u c to r  m a t e r i a l s  w h ere in  
v a r io u s  p o r tio n s  o f it  have b een  c o n str u c te d  to 
have d if fe re n t  con ductin g  p r o p e r t ie s .

Its  a b ility  to am p lify  d epen d s upon the u n 
u su a l p ro p e r ty  o f s e m i-c o n d u c to r s  to  su p p o rt two 
k in d s of con duction  s im u lta n e o u s ly : One, the 
t r a v e l  th ro u gh  the m a t e r ia l  o f e x c e s s  e le c t r o n s  
w hich we know of a s  n eg a tiv e ly  c h a rg e d  p a r t i c l e s ,  
and  T w o, the t r a v e l  th ro u gh  the m a te r ia l  of 
" h o le s " ,  w hich a r e  r e a l ly  the la c k  o f e le c t r o n s  
and, th e r e fo r e ,  c o n stitu te  an  e q u a l p o s it iv e  c h a r g e . 
In a  s e m i-c o n d u c to r , e le c t r o n s  t r a v e l  m uch  s lo w e r  
than they do in  a  con d u ctor and  " h o le s "  t r a v e l  
even  s lo w e r  than  the e le c t r o n s .

T R A N SIST O R S  a r e  c o n str u c te d  in two d i s 
tin c tly  d if fe re n t  ty p e s . One type i s  c a l le d  the 
point co n ta c t type w hose c o n stru c tio n  i s  shown in 
F ig .  4 . The o th e r , c a l le d  the ju n ctio n  ty p e , i s  
show n in F ig .  5. T h e ir  c o n stru c tio n  r e s u l t s  in 
d if fe re n t  p e r fo r m a n c e  c h a r a c t e r i s t i c s  a s  w ill b e 
com e a p p a re n t a s  th is  s to r y  u n fo ld s.

2 . W hat can  the T R A N SIST O R  do fo r  u s ?

The T R A N SIST O R  i s  e x tre m e ly  im p o rta n t to 
our in d u stry  fo r  two b a s ic  r e a s o n s :

1. It i s  a  v e ry  e ff ic ie n t  a m p li f ie r .
2 . It sh ow s p r o m ise  of e x tre m e  d e p e n d a 

b ility  and  u n b e lie v ab le  lon g  l ife .

In m o st  c i r c u i t s ,  the t r a n s i s t o r  w ill do the 
sa m e  jo b  a s  a  vacu u m  tube w hile  co n su m in g  l / l  000 
a s  m u ch  p o w er. L e t  u s  lo o k  a t  a  r a d io  o r  t e l e v i 
s io n  se t .  In a l l  s t a g e s  up to the se co n d  d e te c to r , 
the s ig n a l  le v e l  i s  l e s s  than  a  m illiw a tt  and in 
m o s t  of th em , l e s s  than  a  m ic ro w a tt . Y et we
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b u rn  u p o n  the a v e r a g e  o f a  w att o r  m o re  f i la m e n t  
pow er and a  w att of p la te  and  s c r e e n  pow er to o b 
ta in  the a m p li f ic a t io n  we d e s i r e .

T r a n s i s t o r s  can  g iv e  u s  20 to  50 db of ga in , 
d epen d in g  upon the ty p e , w hile co n su m in g  l e s s  
than two m illiw a tts  o f p o w er. The ju n ctio n  type 
T R A N SIST O R S  a r e  ab o u t 10 t im e s  m o re  e f f ic ie n t  
than the po in t co n ta c t type fo r  s m a ll  - s ig n a l  
a m p lif ic a t io n .

T he T R A N SIST O R  h a s  no f i la m e n t  so  th e re  
a r e  no p r o b le m s  o f f i la m e n t  b u rn -o u t. T R A N SIS 
T O R  l ife  h a s  been  p r e d ic te d  in s e v e r a l  w a y s . A ll

o f th e se  p re d ic t io n s  po in t to w ard  a  f ig u r e  of 
70, 000 to  90 , 000 h o u r s . T h is  i s  a p p ro x im a te ly  
10 y e a r s .  S in ce  a  T R A N SIST O R  d o e s  not sto p  
su d den ly , a s  th e re  i s  nothing to b u rn  out, the life  
f ig u r e s  ab ove  h av e  b e e n b a s e d  on the t im e  a t  w hich 
i t s  ga in  w ill d ro p  3 db. F o r  m o s t  a p p lic a t io n s , 
th is  i s  not n e c e s s a r i ly  the end o f i t s  u se fu l  l i fe .  
The ch ange i n l a n d  the output im p e d an ce  of a  
s a m p le  lo t  o f T R A N SIST O R S  i s  show n in  F ig .  6.

The T R A N SIST O R  i s  e x tre m e ly  s m a l l  and 
ru g g e d .

L e t 's  lo o k  a t a  ta b u la tio n  o f the p r o p e r t ie s  of 
both  ty p e s .

P o in t C o n tac t T ype Ju n c tio n  T ype T u b es

G ain 20 - 30 db 30 - 50 db 20 - 50 db

E ff ic ie n c y  ( C la s s  A) 30% 45 - 49 % 1 to 25 %
( C la s s  C) 90% 95% 70%

L ife 7 0 ,0 0 0  h r s . 9 0 ,0 0 0  h r s . 5 ,0 0 0  h r s .

V ib ra tio n 100 g 100 g

Sh ock 2 0 ,0 0 0  g 2 0 ,0 0 0  g

U n ifo rm ity ±3 db ±2 db ±3 db

M in im um  P o w e rs 1 m w: 1 m ic ro w a tt 1 /1 0  w att

T e m p e r a tu r e 7 0 °  C 7 0 °  C 5 0 0 ° C

F re q u e n c y 30 - 70 m e 3 - 5  m e 60, 000 m e

G ain  X  B andw idth 1000 m e 120 m e 1000 m e

N o ise  F ig u r e 45 db 15 db 10 - 30 db

M axim u m  P o w er 100 mw 1 w att 1 m e ga w att

S u m m a r iz in g  - up to 30 m e , t r a n s i s t o r s  can  do a  b e tte r  jo b  than  tu b e s  w ithin  the l im it s  of pow er and 
te m p e r a tu r e .

P hoto  T r a n s i s t o r s

It i s  im p o rta n t to  m en tion  one o th er c h a r a c 
t e r i s t i c  a t  th is  t im e . T he bo u n dary  in  a  ju n ctio n  
type t r a n s i s t o r  i s  e x tre m e ly  photo s e n s i t iv e  and , 
th e r e fo r e ,  can  be  m ad e  in to an  a t t r a c t iv e  photo 
c e ll .  The f i r s t  ty p e s  m ad e  w ere  s im p ly  d io d e s  a s  
show n in F ig .  7.

One im p o rta n t c h a r a c t e r i s t i c  o f a  t r a n s i s t o r  
p h o to ce ll i s  i t s  s p e c t r a l  se n s it iv ity  w hich i s  m o s t

s tro n g  in the red  and in f r a - r e d  re g io n  a s  show n in 
F ig .  8.

T he se co n d  i s  i t s  e f f ic ie n c y . A  P N  ju n ctio n  
u n it (d iod e) h a s  a  se n s it iv ity  of 30 m a / lu m e n , 10 
to  15 m illiw a tts  o f A C can  b e  o b ta in ed  fro m  the 
s im p le  c ir c u i t  u s in g  th is  type o f unit show n in 
F ig .  9.

A n N PN  photo t r a n s i s t o r  can  g iv e  a  l ig h t c o n 
v e r s io n  e ffic ie n c y  ab o u t 30 t im e s  g r e a te r  than
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th is  o r  ab o u t 1 m a /m ill i lu m e n . The c o n stru c tio n  
of th is  unit i s  show n in  F ig .  10.

U sin g  the sa m e  c ir c u it ,  ab ou t the sa m e  o u t
put le v e l  can  be o b tain ed  fro m  th is  unit. F ig .  11 
sh ow s a p h o to grap h  of s e v e r a l  p h o to - t r a n s is to r s  
c o m p a re d  to a  n o rm al p en c il.

3. Why g e t  a l l  e x c ite d  ab ou t T R A N SIST O R S  a t  
th is  t im e ?

1. P ro d u c tio n  of p r a c t ic a l  q u an tit ie s  of the 
point co n ta c t u n its  h a s  begun.

2. L a r g e  a d v a n c e s  in c ir c u it  d e s ig n  have 
b een  a c c o m p lish e d  in  the p a s t  y e a r .

3. The b r in g in g  out of the la b o r a to r y  o f the 
ju n ctio n  t r a n s i s t o r  and re a d y in g  it  fo r  
p ro d u ctio n  open s even  n ew er f ie ld  of 
a p p lic a tio n .

4. S tab ility  of d e s ig n  h a s  b een  e s ta b lish e d .
5. D ep en d ab ility  of u n its  h a s  b een  a s s u r e d  

by u n ifo rm  prod u ctio n .
6. D e s ig n a b ility  h a s  been  e s ta b lish e d . U n its 

can  now be d e s ig n e d  to a  c e r ta in  s e t  of 
p a r a m e t e r s .  (F ig . 12)

7. T h e re  i s  a  need  to a l e r t  the in d u stry  to 
the im p a c t  o f th is  e le m e n t so  th at c ir c u i t  
d e s ig n  w ork can  be done now to tak e  a d 
v an tage  of t r a n s i s t o r s .

8. M a n u fa c tu re r s  b e lie v e  th at m o s t  ra p id  
p r o g r e s s  can  be m ad e  u n d er p r e s s u r e  of 
c ir c u i t  d e s ig n e r s  in way o f s ta b il iz in g  
ty p e s .

9 . A lre a d y  fiv e  m a n u fa c tu re r s  a r e  " in  the 
b u s in e s s .  " T h e se  a r e  W e ste rn  E le c t r ic ,  
G e n e ra l E le c t r ic ,  R ay th eon , S y lv an ia  
and R C A . A lso  M o to ro la  h a s  in a u g u ra te d  
a  su b sta n t ia l  t r a n s i s t o r  r e s e a r c h  and 
c ir c u i t  a p p lic a tio n  p r o g r a m .

How d o e s  a  T R A N SIST O R  w o rk ?

We do not have tim e  h e re  to d e r iv e  the b a s ic  
p h y s ic s  th at d e fin e s  t r a n s i s t o r  o p e ra tio n .

H o w ev er, lik e  m any o th er th in gs in  th is  e n 
g in e e r in g  w orld , we heed not g e t b a ck  to  the b a s ic  
p h y s ic s  in  o r d e r  to p ro v id e  an  e x p la n a tio n  o f b e 
h a v io r  w hich w ill be a c c u r a te  fro m  the poin t o f 
view  of the c ir c u i t  d e s ig n e r .

T he T R A N SIST O R  le n d s i t s e l f  v e ry  w e ll to a  
s im p lif ic a t io n  o f th is  so r t .

We can  b e s t  u n d erstan d  the o p e ra t io n  of the 
t r a n s i s t o r ,  if  we f i r s t  rev iew  so m e  of the c h a r a c 
t e r i s t i c s  of s e m i-c o n d u c to r s . C e r ta in  e le m e n ts  
in  the fo u rth  co lum n  of the P e r io d ic  T a b le  ex h ib it

p r o p e r t ie s  w h ere , u n d er c e r ta in  co n d itio n s, they 
se e m  lik e  in s u la to r s ,  w hile u n d er o th er co n d itio n s 
they se e m  lik e  c o n d u c to rs . T h e se  e le m e n ts  have 
b een  c a l le d  s e m i- c o n d u c to r s .

In the m o le c u la r  s t r u c tu r e  of a m a t e r i a l  lik e  
d iam o n d , show n in  F ig .  13, a l l  v a le n c e  bon ds a r e  
s a t i s f ie d  and the m a te r ia l  b e h a v e s lik e  an  in su la to r .

If the c r y s t a l  i s  h e a te d , the th e rm a l e x c i t a 
tion  can  c a u se  a  v a le n c e  e le c t r o n  to  be kn ocked  
out o f it s  u su a l  p la c e ,  and th is  e le c t r o n  (n eg a tiv e  
c h a rg e )  i s  f r e e  to m o v e  ab ou t in  the c r y s t a l .  The 
p la ce  fro m  w h ere  the e le c t r o n  c a m e  i s  c a l le d  a 
"h o le "  an d  th is  a r e a  e x h ib its  a  lo c a l  p o s it iv e  
c h a r g e . U nder th is  con d ition , the d iam o n d  b e h a v e s  
so m ew h at lik e  a  co n d u cto r.

E v e n tu a lly , the e le c tro n -a n d  the h o le  m ay  r e 
com b in e . A t a l l  t im e s ,  h o w ev er, the e n t ire  c r y s 
t a l  i s  e le c t r ic a l ly  n e u tra l.

C e r ta in  o th er e le m e n ts  in  the fo u rth  co lu m n  
of the P e r io d ic  T a b le ,  lik e  s i l ic o n a n d  g e rm a n iu m , 
r e q u ir e  l e s s  e n e rg y  to kn o ck  e le c t r o n s  out of the 
v a le n c e  bond p o s it io n ,in  f a c t  a t  n o rm a l t e m p e r a 
t u r e s ,  e le c t r o n s  an d  h o le s  a r e  b e in g  l ib e r a te d  and 
re c o m b in e d  con tin u o u sly . T h e se  a r e  c a l le d  in 
t r in s ic  se m i- c o n d u c to r s .  F ig .  14 sh ow s d ia g r a m - 
a t ic a l ly  the s t r u c tu r e  o f in t r in s ic  s il ic o n .

If an  e le c t r ic  f ie ld  i s  a p p lie d  to  an  in tr in s ic  
s e m i-c o n d u c to r , the e le c t r o n s  m ove to w ard  the 
p o s it iv e  te r m in a l  and  the h o le s  m ove  to w ard  the 
n eg a tiv e  te r m in a l.  H o le s  can  be t r e a te d  e x a c tly  
lik e  e le c t r o n s  e x c e p t  th at th e ir  c h a rg e  i s  o f o p 
p o s ite  sig n .

It w as le a r n e d  e a r ly  th a tth e  p r e se n c e  of c e r 
ta in  im p u r it ie s  in  a  s e m i-c o n d u c to r  g r e a t ly  ch ange 
it s  co n d u ctiv ity . T he im p u r it ie s  w e re  id e n tifie d  
and the two e f fe c t s  c a ta lo g u e d .

If an  im p u rity  fro m  the 5th co lu m n  of the P e r 
io d ic  T a b le  i s  p r e s e n t ,  a to m s  o f th is  im p u rity  r e 
p la c e  a to m s  of the se m i-c o n d u c to r  in  the c r y s t a l  
s t r u c tu r e .  S in ce  5th co lu m n  e le m e n ts  hav e  5 v a 
len ce  e le c t r o n s ,  the e x t r a  e le c t r o n s  a r e  f r e e  to  
m ig r a te  th ro u gh o u t the c r y s t a l .  T h is  i s  c a l le d  
an  N -ty p e  (n eg a tiv e )  se m i-c o n d u c to r  an d  the im 
p u rity  a to m s  a r e  now c a l le d  d o n o rs  o r  d o n a to r s  
a s  i l lu s t r a t e d  in  F ig .  15.

If an  im p u rity  fro m  the 3 rd  co lu m n  of the 
P e r io d ic  T a b le  i s  p r e se n t ,  the im p u rity  a to m s  
s im ila r ly ,  r e p la c e  a to m s  of the o r ig in a l  m a te r ia l  
in  the c r y s t a l .  T h ird  co lu m n  e le m e n ts  have only 
3 v a len ce  e le c t r o n s  and co n seq u en tly , one v a le n ce
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bond i s  le f t  u n s a t is f ie d .  The " h o le s "  th us fo rm e d  
a r e  a l s o  f r e e  to  m ove ab o u t in  the c r y s t a l  and  the 
m a te r ia l  i s  now c a l le d  a  P - ty p e  se m i-c o n d u c to r  
a s  i l lu s t r a t e d  in  F ig .  16. T h e se  im p u rity  a to m s  
a r e  g e n e ra lly  r e f e r r e d  to  a s  a c c e p t o r s .

I t  i s  in te r e s t in g  to  note th at only a  few  don or 
o r  a c c e p te r  a to m s  a r e  r e q u ir e d  to p ro d u ce  s u b 
s ta n t ia l  c h an g e s in  the r e s i s t iv i t y  o f a  s e m i- c o n 
d u cto r a s  show n in  F ig .  17.

Tw o o th er p r o p e r t ie s  of s e m i- c o n d u c to r s  a r e  
im p o rta n t:

1. H o le s  can  be in tro d u ce d  in to N -ty p e  and 
e le c t r o n s  l ib e r a te d  in  P - ty p e  s e m i- c o n 
d u cto r  by p a s s in g  c u r r e n t  in to it .

2 . E le c t r o n s  t r a v e l  m u ch  s lo w e r  in  a  s e m i 
co n d u cto r th an  they do in  a  con d u ctor 
and  h o le s  t r a v e l  even  s lo w e r  than  e l e c 
tr o n s .  T h e se  v e lo c i t ie s  in g e rm an iu m  
h av e  b een  e s ta b lis h e d  a s ,

E le c t r o n s  - 3700 c m / s e c / v o l t / c m  
H o le s  - 1700 c m / s e c / v o l t / c m

L e t  u s  e x am in e  the o p e ra t io n  of a  P N  ju n ctio n  
r e c t i f ie r  a s  show n in  F ig .  17. T h is  m ay  be m ad e  
up of a  s in g le  c r y s t a l  o f g e rm a n iu m , fo r  e x a m p le , 
w h ere  the two p art's  o f i t  con ta in  d if fe re n t  im p u r 
i t ie s .  One p a r t  i s  N -ty p e  and the o th er p a r t  i s  
P - ty p e . If a  p o te n tia l i s  a p p lie d  to  the two en d s 
of th is  r e c t i f i e r  a s  show n in  F ig .  18, su ch  th at 
the p o s it iv e  te r m in a l  i s  con n ected  to  the p m a t e r 
ia l  an d  the n e g a t iv e  te r m in a l  to the n m a te r ia l ,  
the e le c t r o n s  and h o le s  m ove  to w ard  e a c h  o th er 
and re c o m b in e . The v o lta g e  so u r c e  k e e p s  th is  
go in g . T he a p p a re n t  r e s i s t a n c e  i s  v e ry  low an d  a  
h igh  c u r r e n t  f lo w s.

N ex t, i f  we r e v e r s e  the p o la r ity  o f the a p p lie d  
p o te n tia l a s  show n in  F ig .  19, the e f fe c t  i s  m u ch  
d if fe re n t . T he h o le s  and  e le c t r o n s  a r e  p u lled  aw ay 
fro m  e a c h  o th e r and the un it ten d s to b e co m e  an  
in su la to r .  V ery  l i t t le  c u r re n t  f lo w s . A  v o lt-  
a m p e r e  p lo t, a s  show n in  F ig .  20 , sh o w s th is  type 
of ju n ctio n  to be a  v ery  good r e c t i f ie r .

N ex t le t  u s  p a s s  on the ju n c tio n -ty p e  T R A N 
SIST O R , (F ig .  21 ). H e re  we h av e  two ju n c tio n s 
v e ry  c lo s e  to g e th e r . T h is  i s  u su a lly  m ad e  f r o m  
a  s in g le  c r y s t a l  o f the s e m i-c o n d u c to r  m a te r ia l .

T h e le ft-h a n d  ju n ctio n  i s  b ia s e d  in  i t s  f o r 
w ard  d ir e c t io n  fo rm in g  a  v ery  low  r e s i s t a n c e  
path  fo r  the flow  o f c u r re n t . T o  in su r e  an  e f f i 
c ie n t e m it te r ,  the n - type m a t e r ia l  i s  m o re  
s tro n g ly  n than  the p -ty p e  i s  p. A n e x c e s s  of 
e le c t r o n s  a r e  g e n e ra te d  and th e se  t r a v e l  in to the 
c e n te r  re g io n .

The r ig h t-h a n d  ju n ctio n  i s .b i a s e d  in  i t s  n on
con d u ctin g  d ire c t io n . T he e le c t r ic  f ie ld  a c r o s s  
th is  ju n ctio n  m a k e s  i t  a t t r a c t iv e  f o r . the e x c e s s  
e le c t r o n s  l ib e r a te d  a t  the e m it te r  ju n ctio n  to  c o n 
tinue on a c r o s s  the c o l le c to r  ju n ctio n  to  the c o l 
le c to r  te r m in a l . .

V a r ia t io n s  in  the e m it te r  c u r re n t  w ill c a u se  
v a r ia t io n s  in  the ^num ber of f r e e  e le c t r o n s  a v a i l 
a b le  an d  w ill th u s c a u se  v a r ia t io n s  in  the c o l le c 
to r  c u r re n t . T he v a lu e o fh a s  b een  e s ta b lis h e d  a s  
the t r a n s f e r  c u r r e n t  g a in  o f the T R A N SIST O R . 
T h is  m ay  be  d e fin e d  a s  the ch an ge o f c o lle c to r  
c u r r e n t  fo r  a  sp e c i f ic  ch an ge in  e m it te r  c u r re n t  
a t  a  co n sta n t c o l le c to r  p o te n tia l.

T h is  q u an tity , <sc , i s  depen den t upon the e f 
f ic ie n c y  o f the e m it te r ,  the t r a n s p o r t  r a t io ,  and 
the e ff ic ie n c y  o f the c o l le c to r .

- E m it t e r  E ff ic ie n c y  
c f r ^ x B x A  B  - T r a n s p o r t  R a tio

A  - C o lle c to r  E ff ic ie n c y

If the e m it te r  c u r r e n t  w ere  a l l  e le c t r o n s  and 
none re c o m b in e d  w ith  h o le s  in  the c e n te r , p -re g io n , 
and a l l  of them  r e a c h e d  the c o l le c to r ,  then  cC could  
a tta in  a  m ax im u m  v a lu e  of unity . In p r a c t ic e ,  
v a lu e s  of . 95 to  . 98 can  be ach ie v e d .

A s  m en tio n ed  p re v io u s ly , the e m it te r  (or 
input) ju n ctio n  i s  a  v e ry  low im p e d an ce , but the 
c o l le c to r  (o r  output) ju n ctio n  i s  a  v e ry  h igh  im 
p e d a n ce . The v a r ia t io n  o f a  c u r re n t  th ro u gh  the 
h igh  im p ed an ce , c o l le c to r  c ir c u i t  by an  a lm o s t  
eq u a l c u r r e n t  v a r ia t io n  in  the low im p ed an ce  e m it 
t e r  c ir c u i t  c o n s t itu te s  an  a p p r e c ia b le  pow er ga in . 
Ju n c tio n  t r a n s i s t o r s  a r e  m ad e  w ith up to  50 db of 
gain .

N ext, le t  u s  c o n s id e r  the p o in t-c o n ta c t  type 
of T R A N SIST O R , a s  show n in  F ig .  22 . T h is  i s  
b a s ic a l ly  a  b lo ck  of se m i-c o n d u c to r  m a te r ia l ,  
su ch  a£  g e rm a n iu m  o r  s i l ic o n , w h ere  two poin ted  
p r o b e s  a r e  p la c e d  v ery  c lo s e  to g e th e r  on top o f the 
b lo ck . T h is  lo o k s ,  a t  f i r s t  g la n c e , lik e  a  co n v en 
tio n a l c r y s t a l  d io de  e x c e p t  th at i t  h a s  two p r o b e s  
in s te a d  of on e.

D u rin g  m a n u fa c tu re , the co n ta c t a r e a s  a r e  
" fo r m e d "  by p a s s in g  c u r r e n t p u l s e s  th ro u gh  th em . 
T h is  c r e a t e s  a  s m a l l  a r e a  o f P - ty p e  m a te r ia l  d i r 
e c tly  u n d er the p o in ts  and  the r e su lt in g  T R A N SIS 
T O R  i s  e s s e n t ia l ly  a  P - N - P -  un it, a s  show n in 
F ig .  23.

O p era tio n  i s  s im i la r  to  th at d e s c r ib e d  fo r  the 
N P N  t r a n s i s t o r  e x c e p t  th a t a l l  supp ly  p o te n t ia ls
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a r e  of o p p o site  p o la r ity  and the im p o rta n t conduc - 
tion  i s  p r in c ip a lly  by h o le s  in s te a d  o f e le c t r o n s .

H o w ev er, b e c a u se  o f the g e o m e try  of th is  unit 
and the r e la t iv e  m o b ili t ie s  o f h o le s  an d  e le c t r o n s ,  
o< v a lu e s  a s  h igh  a s  3 to 4 can  be ob ta in ed  in  c o m 
m e r c ia l  u n its .

A  T R A N SIST O R , th e r e fo r e ,  p o s s e s s  two m e 
c h a n ism s  w h ereby  we can  o b ta in  pow er ga in  when - 
u se d  a s  an  a m p li f ie r .

One of th e se  i s  due to the f a c t  th at the output 
im p e d an ce  i s  c o n s id e ra b ly  h igh e r  than  the input 
im p ed an ce .

The o th er i s  due to the g a in  p o s s ib le  in 
p o in t-c o n ta c t  ty p e s , and the n ew er h o o k -c o lle c to r  
type of u n its .

5. W hat a r e  the c h a r a c t e r i s t i c s  of the
T R A N SIS T O R ? ' 1

The T R A N SIST O R  i s  d e fin ite ly  a  th re e  t e r 
m in a l d e v ic e . U nlike the vacuum  tu b e , we can n ot 
e v e n fo r  eq u iv a le n t c ir c u i t s  fo r g e t  th at the t r a n s f e r  
c h a r a c t e r i s t i c s  a r e  b i - l a t e r a l .  C h an ge s in  output 
co n d itio n s a f fe c t  the input c h a r a c t e r i s t i c  a s  a l s o  
do ch an g e s in  input co n d ition s a f fe c t  the output 
c h a r a c t e r i s t i c .

T he T R A N SIST O R  i s  d e fin ite ly  the d u al o f the 
vacu u m  tube an d  the a p p lic a t io n  o f the d u ality  
p r in c ip le  i s  v e r y  h e lp fu l in  c ir c u i t  d e s ig n . F r o m  
th is  point of v iew , a  vacuum  tube i s  r e a l ly  a  c u r 
re n t  a m p li f ie r .  B y  v a ry in g  an  e x tre m e ly  s m a l l  
c u r r e n t  in  i t s  input, we ob tain  a  m u ch  l a r g e r  c u r -  
r e c t  v a r ia t io n  in it s  output c ir c u it .  In p r a c t ic e ,  
we p a s s  th is  output c u r re n t  th ro u gh  a  lo a d  r e s i s 
to r  to u se  i t  a s  a  v o lta g e .

T he T R A N SIST O R  i s  d e fin ite ly  a  v o lta g e  am  - 
p li f ie r .  We v a ry  an  input v o lta g e  and a s  a  r e s u l t ,  
we g e t  a  m u ch  l a r g e r  v a r ia t io n  in an  output v o lta g e . 
T o o , T R A N SIST O R S  lik e  b e s t  to s e e  c o n sta n t-  
c u r r e n t  pow er su p p lie s  w h e re a s  tu b e s  w ork  b e s t  
w ith c o n sta n t su p p ly  p o te n t ia ls .

A s  m en tio n ed  p re v io u s ly , the e m it te r  c ir c u i t  
of a  T R A N SIST O R  i s  a  d iode b ia s e d  in  i t s  fo rw a rd  
o r  co n d u ctin g  d ire c t io n . The b ia s  su p p ly  fo r  th is  
e le m e n t m u s t  d e fin ite ly  be o f a  c o n sta n t c u r r e n t  
n a tu re  to p re v e n t se l f - d e s tr u c t io n .

T he a lte rn a t in g  c u r re n t  eq u iv a le n t c ir c u i t  of 
a  T R A N SIST O R  fo r  m o st  a p p lic a t io n s  i s  r e p r e 
se n te d  a s  a  th re e  te r m in a l  n etw ork  w ith two s e r i e s  
r e s i s t a n c e s  ( r e and  r c )an d  one shunt r e s i s t o r  (r^ ).

T h e se  p a r a m e t e r s  a r e  r e s i s t iv e  a t  n o rm a l au d io  
f r e q u e n c ie s .  T he t r u e s t  r e p r e se n ta t io n  of the 
t r a n s fe r  g e n e r a to r  w ould be a  c u r r e n t  su p p ly , 
h av in g  the v a lu e  otlg. sh unted  a c r o s s  r c . S in ce  it

i s  in con ven ien t to  w ork  w ith c u r re n t  g e n e r a to r s ,  
th is  m ay be r e p la c e d  w ith an  eq u iv a le n t v o lta g e  
so u r c e  in s e r i e s  w ith r c h av in g  the v a lu e  r m Ig, 
a s  show n in F ig .  25.

The input im p ed an ce  o f a  T R A N SIST O R  i s  
eq u iv a le n t to the sum  of r e ,an d  r ^  an d  h a s  p r a c 
t ic a l  v a lu e s  fro m  200 to 600 o h m s.

The output im p ed an ce  i s  eq u iv a le n t to r e p lu s 
r jj .  T h is  m ay be fro m  20 , 000 o h m s to o v e r  a  
m ego h m . F ig u r e  20 sh ow s ty p ic a l  p a r a m e te r  
v a lu e s  f o r a  p o in t-c o n ta c t  unit ( le ft  co lu m n ) and a 
ju n ctio n  unit (r ig h t  co lu m n ).

L ik e  a  vacu u m  tu b e , a  T R A N SIST O R  h a s  an  
u p p er fre q u e n cy  l im it  c a u se d  by the c a p a c it ie s  b e -  
tw een th e  e le m e n ts . B e c a u s e  o f the c lo s e  sp a c in g , 
th e se  c a p a c it ie s  a r e  so m ew h at g r e a te r  than in 
vacuum  tu b e s . C a p a c ity  e f fe c t  on the e m it te r  i s  
not s e r io u s ,  h o w ev er, b e c a u se  of i t s  in h eren tly  
low im p e d an ce . The p r in c ip a l  fre q u e n cy  l im i t a 
tion  in  a  T R A N SIST O R  i s  due to  an o th er c a u s e ,  
n am ely  the slow  t r a n s i t  sp e e d  o f the e le c t r o n s  and 
h o le s  in the s e m i-c o n d u c to r  m a te r ia l .  A  p lo to f  
» < v e r s u s  freq u en cy  i s  show n in  F ig .  27.

T h e se  two e f fe c t s  d efin e  an  u p per fre q u e n cy  
l im it  fo r  ju n ctio n  type u n its  a t  3 to  5 m e  w hile 
p o in t-c o n ta c t u n its  h av e  b een  u se d  up to  70 m e.

T e m p e ra tu re  p ro v id e s  an o th er s e r io u s  l im it  
to  the en v iro n m en t o f a  T R A N SIST O R . H igh t e m 
p e r a tu r e  c a u s e s  a  la r g e  ch an ge in the c o l le c to r  
im p ed an ce  and th e re b y  a f f e c t s  the a m p li f ic a t io n s  
a s  shown in F ig .  28 . It i s  in te r e s t in g  to note th at 
th e se  u n its  a r e  not p e rm a n e n tly  d a m a g e d  by e l e 
v a ted  t e m p e r a tu r e s  a s  lon g  a s  the C u r ie  poin t i s  
not e x c e e d e d .

M uch h a s  b e e n  s a id  ab o u t n o ise  in t r a n s i s t o r s  
and  th is  i s  e v id en ce  th at r e s e a r c h  i s  only begun 
on th e  fu n d am en ta l c a u s e s .  T h is  n o ise  d e c r e a s e s  
a s  fre q u e n cy  in c r e a s e s ,  a s  show n on F ig .  29 . A  
po in t co n tac t ty p e  unit sh ow s a  n o ise  f a c to r  o f 40 
to 50 db w hile ju n ctio n  type u n its  h av e  a  m u ch  b e t 
te r  n o ise  f ig u r e ,  1,0 to 15 db. T h is  l a t t e r  va lu e  
c o m p a r e s  fa v o ra b ly  w ith tu b e s .

The m o st  u se d  c h a r a c t e r i s t i c  fo r  c ir c u i t  a n 
a l y s i s  is  the fa m ily  o f c o l le c to r  c u r v e s  i l lu s t r a t e d  
by F ig .  30. T h e se  show the v o lt - a m p e r e  c h a r a c t e r -  ' 
i s t i c  of the c o l le c to r  a t  v a ry in g  e m it te r  c u r r e n t s .
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F o r  po in t C on tact u n its , th e se  a r e  in the th ird  
q u a d ra n t o f o iir u su a l  r e c ta n g u la r  co o rd in a te  c o n 
ven tion . The p lo t sh ow s good  l in e a r ity  and  u n i
fo rm ity . C o n stan t d is s ip a t io n  l in e s  ma!y be ad d ed  
to  th is  p lo t  to .a id  in  e v a lu a tin g  p ow er h an dlin g  
c a p a b i l i t ie s .

S im ila r  c u r v e s  fo r  the ju n ctio n  type un it (F ig . 
31) show a lm o s t  an  id e a l  c h a r a c t e r i s t i c .  T h e se  
a r e  in  the f i r s t  q u ad ran t, s in c e  supp ly  p o la r i t ie s  
a r e  r e v e r s e d  a s  c o m p a re d  w ith  the poin t co n tac t 
unit.

These curves give the key to the high efficiency 
possib le  with TRANSISTORS- Signals may swing 
a lm ost from  ordinate ax is to a b sc is sa  ax is with
out incurring appreciable distortion.

A n e n la rg e m e n t  o f the lo w e r le f t  hand c o rn e r  
o f th is  p o lt (F ig .  32) sh ow s th at th is  u n ifo rm ity  is  
m ain ta in e d  a lm o s t  to the o r ig in . T h u s, when s m a ll  
s ig n a l s  a r e  to be a m p lif ie d , v e ry  low su p ply  pow er 
i s  n eed ed .

6. How do. we u se  the T R A N SIST O R  in  p r a c t ic a l
c i r c u i t s  ?

L ik e  a  vacu u m  tu be, the t r a n s i s t o r  le n d s i t 
s e l f  r e a d ily  to  a l l  ty p e s  of c ir c u i t s  in clu d in g  a m 
p l i f i e r s ,  o s c i l l a t o r s  and  sw itch in g  c ir c u i t s .  In 
m any c a s e s ,  the T R A N SIST O R  sh ow s im p ro v e d  
f le x ib ili ty  s in c e  th e re  i s  no com m o n  f ila m e n t  su p 
ply to c o n s id e r .  The low  input im p ed an ce  m in i
m iz e s  sh ie ld in g  p r o b le m s .

The com m o n ly  u se d  g ro u n d e d -b a se  con n ection  
i s  e q u iv a le n t to a  g ro u n d e d -g r id  vacuum  tube c i r 
c u it  a s  i l lu s t r a te d  in F ig .  33. In th is  con n ection , 
the p r in c ip a l  p ro b le m  i s  s ta b il ity . The b a s e  r e 
s is t a n c e  i s  com m o n  to both input and  output c i r 
c u it s .  S in ce  th e re  i s  no p h a se  r e v e r s a l  in the 
T R A N SIST O R  e le m e n t , th is  com m o n  b a s e  r e s i s 
tan ce  c o n st itu te s  a  r e g e n e r a t iv e  fe e d b a c k  path . 
T h is  i s  m o s t  im p o rta n t in u n its  w ith a n oC g r e a te r  
th an  Unity.

T he va lu e  o f r jj h a s  b een  c o n tro lle d  in  u n its 
o f m o re  r e c e n t  m a n u fa c tu re  to p ro v id e  an  in h eren t 
s ta b il ity  when no e x te rn a l  r e s i s t a n c e  i s  ad d ed  to' 
the b a s e  c ir c u it .

In the grou n ded  b a s e  con n ection , betw een  
m a tc h e d  im p e d a n c e s , up to 2 0 -3 0  db ga in  p e r  s ta g e  
i s  e a s i ly  a c h ie v e d . B e c a u s e  the im p e d an ce  t r a n s 
fo r m a t io n  th ro u gh  a  t r a n s i s t o r  i s  a  s te p  up, it  i s  
a lw a y s  n e c e s s a r y  to u se  a n in t e r s t a g e  t r a n s fo r m e r  
to r e a l i z e  fu ll  ga in . (F ig .  .34)

A t a  s a c r i f i c e  in  g a in , it  i s  p o s s ib le  to c a s 
cad e  t r a n s i s t o r  s t a g e s  d ir e c t ly  a s  show n in  F ig .  
35 . In th is  s o r t  o f an  a m p li f ie r ,  6 -8  db g a in  p e r  
s ta g e  i s  p o s s ib le .

A n o th er p o p u la r  c ir c u i t  i s  the grou n ded  e m it 
te r  c ir c u i t  a s  show n in  F ig .  36. T h is  i s  e q u iv a 
le n t to  a  con v en tio n al g ro u n d ed  cath o de  tube c i r 
cu it.

Input and  output im p e d a n c e s  a r e  both  o f the 
sa m e  o r d e r  o f m ag n itu d e , fro m  2300 to 4000  o h m s.

T he output im p e d an c e  of th is  type of c ir c u i t  
i s  n e g a tiv e  if°^- i s  g r e a t e r  than 1 and m u s t  be s t a 
b i liz e d  w ith e x te r n a l  r e s i s t a n c e  in the c o lle c to r  
c ir c u it .

T h is  c i r c u i t h a s  a  t r a n s fe r  p h ase  sh ift  of 1 8 0 °. 
P r a c t ic a l  a m p l i f ie r s  can  be  b u ilt  w ith 2 0 -3 0  db 
ga in  p e r  s ta g e .  C a sc a d e d  s t a g e s ,  show n in  F ig .  
37, w ithout in te r s t a g e  t r a n s f o r m e r s  Show an  im 
p ro v e m e n t o v e r  the g ro u n d e d -b a se  con n ection .

The T R A N SIST O R  m ay  a l s o  be u se d  in  a 
grourided  c o l le c to r  c ir c u i t  (F ig .  38 ). T h is  c ir c u it ,  
w hich h a s  a  h igh  input im p e d an ce  and a  low  o u t
put im p e d an ce , i s  e q u iv a le n tto  a  cath o de  fo llo w e r 
tube a m p li f ie r .

B o th  input an d  output im p e d a n c e s  m ay  be 
n e g a t iv e  in  th is  con n ection , but the c ir c u i t  can  be 
s ta b il iz e d  w ith e x te r n a l  r e s i s t o r s .  I t i s  in te r e s t in g  
to note th at th is  c ir c u i t  h a s  a  p h ase  r e v e r s a l  going 
th ro u gh  it  in  one d ire c t io n  w hile it  h a s  no p h ase  
sh ift  in  go in g  th ro u gh  it  in the o p p o stie  d ire c tio n . 
It i s  p o s s ib le  to m ak e  an  a m p li f ie r  o f th is  type 
w ith 15 db o f g a in  in  both  d ir e c t io n s .

T o  p ro d u ce  m o re  g a in  p e r  s ta g e  w ithout in 
t e r s t a g e  t r a n s f o r m e r s ,  c o m b in atio n s o f groun ded  
c o lle c to r  and  grou n ded  e m itte r  fo llo w ed  by- 
grou n ded  c o lle c to r  m ay  be  u se d  a s  show n in F ig .  
39. '

F o r  o s c i l l a t o r s  s e v e r a l  c ir c u i t s  h av e  show n 
good p e r fo r m a n c e . A  p a r a l le l  r e so n a n t  c ir c u i t  
in  the b a s e  i s  a  v e ry  p o p u la r  c ir c u it .  C ou p led  
s e r i e s  re so n a n t  c i r c u i t s  in  the e m itte r  and c o l le c 
to r  le a d s  p ro d u c e s  a  T E - T C  o s c i l l a t o r .  (F ig .  40) 
A  few  con v en tio n al c ir c u i t s  th at h av e  b een  u se d  in  
p r a c t ic e  a r e  show n in  F ig .  41 , 42 and 43.

A n oth er im p o rta n t a p p lic a t io n  of T R A N SIS 
T O R S i s  in  sw itch in g  c ir c u i t s .  In a  vacuum  tu be, 
we can  co n tro l the p la te  im p ed an ce  fro m  s e v e r a l  
m e g o h m s to a  few  th ou san d  o h m s. A  g a s  tube 
can  p ro v id e  a  sw itch  fro m  s e v e r a l  m e g o h m s to a  
few  th ou san d  o h m s.
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The T R A N SIST O R , on the o th er hand can  p r o 
vide a  sw itch  w hich i s  c a p a b le  o f s e v e r a l  m e g o h m s 
in i t s  n o n -con d u ctin g  con dition  to a  f r a c t io n  of an 
ohm in it s  con d u ctin g  con d ition . T h is  i s  the m o st  
e ffe c tiv e  e le c t r o n ic  sw itch  th at w e h av e  known to 
d a te . It can  be m ad e  to o p e ra te  in  a  f r a c t io n  of a 
m ic r o se c o n d  and be s ta b le  in  e ith e r  the open  o r  
c lo se d  con d ition  m uch  lik e  a f l ip - f lo p  c ir c u i t .  A 
ty p ic a l  c ir c u i t  i s  show n in F ig .  44 . It can  a l s o  be 
u se d  a s  a  s in g le - tu b e  r e la x a t io n  o s c i l l a t o r  a s  
show n in F ig .  45.

T h is  m a k e s  the T R A N SIST O R  e x tre m e ly  u s e - 
fu l in c o m p u to r s ,  te leph on e sw itch in g  c ir c u i t s  and 
m an y  in d u s t r ia l  co n tro l o p e ra t io n s .

7. W hat new p r o b le m s  d o e s  the T R A N SIST O R
b r in g  to u s  ?

T h e T R A N SIST O R  p ro v id e s  m in ia tu r iz a t io n  
of the m a jo r  e le m e n t of our e le c t r o n ic  c i r c u i t s .  
T h is  sh if t s  the im p e tu s  fo r  im p ro v e m e n t b a ck  to 
the t r a n s fo r m e r  and, m o re  p a r t ic u la r ly ,  the c o n 
d e n se r  m a n u fa c tu r e r s .  T r a n s i s t o r  c i r c u i t s  r e 
q u ire  the u se  of h igh  c a p a c ity , low v o lta g e  co u p 
lin g  c a p a c ito r s  w hich a t  p r e se n t  a r e  n e ith er s m a ll ,  
in e x p e n s iv e , n o r d ep en d ab le .

T h e t r a n s i s t o r  a l s o  th ro w s out an  in te r e s t in g  
c h a llen g e  to the b a tte ry  m a n u fa c tu r e r s  to p ro d u ce

a  c o n sta n t c u r r e n t  so u r c e  r a th e r  than a  c o n sta n t  
p o te n tia l s o u r c e .  A t the p r e se n t  t im e , we a r e  
fo r c e d  to w a ste  80% of the pow er u se d  in  t r a n s i s 
to r  c i r c u i t s  in  the d ro p p in g  r e s i s t o r s  r e q u ir e d  to 
p ro v id e  the co n sta n t c u r r e n t  su p p lie s  fro m  a  c o n 
s ta n t  v o lta g e  s o u r c e .

We a r e  l im ite d  in  a m p li f ie r  and o s c i l l a t o r  
c ir c u i t s  a t  the p r e s e n t  tim e  to ab o u t 70 m e . T h is  
i s  a  p ro b le m  w hich i s  hewing w ork ed  on by  a l l  th o se  
en g ag e d  in t r a n s i s t o r  r e s e a r c h .

T he e lim in a tio n  o f h e a t  in the eq u ip m en t e m 
p lo y in g  t r a n s i s t o r s  i s  a  p ro b le m  w hich  d o e s  not 
h av e  a  too  a t t r a c t iv e  so lu tio n . O b v io u sly , it  i s  
not d e s ir a b le  to lo c a te  a  T R A N SIST O R  n ex t to a  
r e d -h o t  6 L 6 . On the o th er hand, in  an  a l l  t r a n 
s i s t o r  eq u ip m en t, the h e a t d is s ip a te d ' w ill be  e x 
tre m e ly  s m a l l  an d  the u se  of T R A N SIST O R S  w ill 
so lv e  so m e  of the c u rre n tly  e x is t in g  p r o b le m s .

8. S u m m ary

In c o n c lu sio n , it  can  be  s a id  th at the T R A N 
SIST O R  i s  an a d eq u a te  su b stitu te  fo r  the vacuum  
tube w ith a t t r a c t iv e  im p ro v e m e n ts  in  pow er r e 
q u ire d , e ff ic ie n c y  and d ep e n d a b ility . A t the p r e 
se n t t im e , i t s  a p p lic a t io n  i s  con fin ed  to the l im it s  
o f 7 0 °C , 70 m e and ab o u t 70 m il l iw a tt s .
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