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lent bonds, serves as a medium in which 
electrons and holes can exist in equilib- 
rium. T h e  existence of these components 
depends on the thermal dissociation oi 
valence bonds, namely 

(valence bond) +n t fi 

T h e  law governing this reaction is thf 
mass action law 

n p  = K ,  ( 1 )  

where n and 1) represent the concentra- 
tion of electrons and holes in equilibrium 
at  a given temperature. T h e  constant K 
depends primarily on the absolute tem- 
perature T and the energy E,  necessary 
to dissociate a valence bond creating a 
hole-electron pair : 

K - exp - ( E y / k T )  ( 2 )  

~vherek is Boltzmann's constant. The  
proportionality constant in Eq. 2 can be 
approximately derived from fundamen- 
tal physical constants and the density of 
the crystal. T h e  parameter character-
izing the semiconductor is the energy E ,  
necessary to dissociate a hole-electron 
pair. I t  is approximately O . i 5  electron 
volt for germanium and 1 electron volt 
for silicon, and it ranges in other semi- 
conductors from a few tenths of an elec- 
tron volt to several electron volts. 

T h e  main point here is that, although 
the product of the equilibrium concen-
trations is always a constant at a given 
temperature, the magnitude of either 
concentration can be varied over ex-
treme ranges by solution of impurities in 
the semiconductor lattice. Substitutional 
5olution of a fifth-column element in the 
lattice of silicon or germanium, as dis-
cussed by Shockley ( 2 ) ,  makes n very 
large and p correspondingly small, the 
product remaining constant. Likewise: 
the solution in the lattice of a third-col- 
umn element makes p large and n small. 

Ger~rlanium Crystal 

Consider now a p-n junction in a crys- 
tal of germanium, one side of which is n 
type ( n ,  > p,) and the other side p type 
( p ,  > n,) .  ,4t the contact between the 
two regions, we have the situation that 
n,  must be greater than n, and, likewise, 
p ,  greater than p ,  since 

Because of this concentration difference, 
electrons will tend to diffuse from 1 to 
2 and holes from 2 to 1. This will charge 

Many of our nlust interesting and U P -
ful phenomena occur a t  surfaces, and X 
should like to start by emphasizin~ thi, 
importance of surfaces. \Ye live, for ex- 
ample, on the surface of a planet. It is 
a t  a surface that the catalysis of chem- 
ical reactions occurs. I t  is essentially at 
a surface of a plant that sunlight is con- 
verted into a sugar. I n  electronics, most 
if not all active circuit elements in1.011.e 
nonequilibrium phenomena that occur 
a t  surfaces. Much of biology is conccl.ned 
with reactions a t  surfaces. 

If surfaces are so important, what do 
we know about them? What is a surface? 
What properties does a surface have that 
a physicist can measure? Of the variou, 
states of matter-solid, liquid and gase- 
ous-physicists have long understood 
and explained the behavior of gases and 
are now, thanks to quantum mechanics, 
making considerable progress with \irn- 
ple homogeneous solids. Liquids are still 
quite obscure, and surfaces are still more 
SO. 

I t  was Irving Langmuir, a previous 
Nobel laureate, who gave us the first 
model of a surface-namely, clean tuns- 
sten in high vacuum-and who furthcr 
explored some of the simple adsorptio:: 
phenomena that take place a t  such a 
surface ( I  ) .  T h e  main physical measure- 
ment by which Langmuir could charac- 
terize his surface was the electronic work 
function or potential jump at the tung- 
sten surface and the changes in this po- 
tential caused by adsorption of various 
foreign atoms or  molecules. H e  could 
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Surface Properties oi 

Semiconductors 
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al\o mearure heats of evaporation of 
these components. All this points up the 
following essential properties of a sur-
face: ( i )  a surface is a boundary across 
I\  hich the concentration of one or more 
components changes greatly, and ( i l )  
there is a potential jump or energy 
change associated with the surface. I n  
the case of a metal, all these phenomena 
take place within a thickness of a few 
angstroms, making such a surface difi-  
cult to analyze. T h e  behavior of a tung- 
sten surface has for some time been 
model for the understanding of all sur-
face phenomena. But when some of the 
dirtier and often more interesting sur-
faces have been studied, i t  has been 
found that they have been too remote 
from clean tungsten for the latter to serve 
well in understanding their behavior. 

Surfaces of Semiconductors 

'Ihe main point of this story is that 
now, as a result of the progress that has 
been made In the understanding of semi- 
conductors, we have another model of 
a surface, namely a p-n junction in a 
single crystal of a semiconductor such 
ds silicon or germanium, and that this 
model is in a sense a t  the opposite ex- 
treme from clean tungsten. I t  can also 
be said that most surfaces lie in between 
these two models, and either model may 
be used for understanding the multitude 
of surface phenomena, whichever is best. 

I n  particular, one can understand the 
complicated and dirty germanium gas 
surface at least qualitatively in terms 
the -0-n "iunction model. Let us first con- 

our p-n junction model, ~t occurs 
in one of the simplest, purest, and now 
best understood solids. For example, a 
single crystal of germanium, its atoms 
held together by well-understood cova-
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region 1 positive and region 2 negative 
until an electric potential difference is 
built up just sufficient to make the field 
flow balance the diffusion flow. The  crys- 
tal will then be in equilibrium. This po- 
tential is given by 

.-laaociated with this potential is a space- 
charge double layer at  the boundary be- 
tween the two regions. T h e  charge den- 
sity p is related to the potential bv Pois- 
ion's equation 

\\here E is the dielectric constant of the 
medium. The  extent of this space-charge 
double layer is large compared with that 
in a metal. In germanium, it has a char- 
acteristic length of about 1 x 10-"enti-
meter. 

This is our model of a surface. a ohase 
boundary across which the concentration 
of the components differs greatl?, with 
the associated potential jump at the 
burface and the necessary charge dou- 
ble layer. Its properties can best be stud- 
ied by changing the concentration of the 
(omponents on each side of the surface 
irom their equilibrium values. When one 
does this. one finds that the ootential dif- 
ference across the surface changes in a 
manner consistent with Eq. 3, and this 
change in potential can be measured. If 
pl' and n; are the nonequilibrium con- 
centrations of holes and electrons on 
,ides 1 and 2, then the change in poten- 
rial is given by 

S o t e  that it is the change in concentra- 
tion of the minority carrier on each side 
ot the boundary that is the controlling 
iactor. Likewise, by changing from the 
rquillbrium to the nonequilibrium state, 
one can measure the flow of charge into 
or out of the sample or the correspond- 
ing change in charge at the double layer. 

Bl a consideration of rate processes 
Tolng on at this interface, one can a150 
write down a current-balance equatlon 
;or this surface 

where I, is the saturation current and is 
determined by rates of recombination 
and thermal generation of electrons and 
lloles on both sides of the surface. The 
nonequilibrium condition may be ob-
tained by current across the surface, in 
which case I is this current, or by genera- 
tion of electron-hole pairs in the neigh- 
borhood of the junction-for example, 
by light-in which case I is the rate of 
yeneration of pairs by light multiplied 
11v the electron charge e. If both means 

1i? 

are used, then I is the sum of both cur-
rents. Note that one can eliminate p , ' / p l  
from Eqs. 5 and 6, getting the well-
known rectifier equation. 

MTe see that the physical properties of 
this surface which can be measured are 
the changes in potential, changes in con- 
centration occurring at the surface, and 
rates of return to equilibrium. These are 
in general the things one can measure 
for any surfacc. 

Germanium Surface in a 

Gaseous Ambient 

Let us now consider a germanium sur- 
face in a gaseous ambient. By the Kelvin 
method, one can measure a contact po- 
tential difference between the surface 
and a reference electrode. Any change 
in the potential jump at the surface will 
give a corresponding change in the con- 
tact potential. If the equilibrium at the 
surfacc is upset by shining light on the 
surface, the resulting potential change 
can be measured. This is the surface 
photo effect. 

If the germanium is of the proper 
shape-thin and long-one can also 
measure the photoconductivity and from 
this deduce the change in minority car-
rier concentration for a given illumina- 
tion. O n  a large sample of germanium. 
one can measure the lifetime of electron< 
and holes in the body of the germanium 
and then, from the transient behavior 
of the thin sample, the surface rate of 
recombination of holes and electrons. 

As a result of all these studies, one 
finds that there is in general a space-
charge double layer at  the germanium 
surface. I t  is as if the germanium surface 
was of a given type, f i  or n, depending 
on the nature of the ambient gas, and 
as if the germanium interior must be in 
equilibrium with its surface. All the 
qualitative phenomena that one would 
find at a p-n junction, if one maintained, 
say, side 1 at a given fixed n-type and 
~ a r i e d  side 2 from p+ to nf, are found 
at a germanium gas interface. For ex-
ample in the case of an n - P+ junction 
the photo electromotive force is such a< 
to malie the n side more negative. As one 
changes the fi* side from p' to just thr 
same degree of n-ness as side 1, the photo 
electromotive force goes to zero, and 

hen side 2 is made n+ the photo electro- 
motive force changes sign. This electro- 
motive force is largest in magnitude f o ~  
the n - p+ case. 

If side 1 had been p-type, simila~ 
( hanges \z ould ha\ e occurred when side 
L was varied from p+ to n+, but now the 
photo electromotive force is largest for 
the fi - n+ case. This is also quite an 
accurate description of the germanium- 
=as surfacc. Moreover, the magnitude 
and sign of the photo effects at  the ex-
tremes can be predicted if one knows the 

density of holes and electrons, the body 
lifetime, and the surface recombination 
for the sample in question. Furthermore, 
the experimental results agree with 
theory. 

From the afore-mentioned results, one 
nould predict that, since the surface of 
a germanium crystal in a gaseous ambi- 
ent may be of a different type from the 
interior, the electric conductivity of the 
surface should be different from that of 
the interior, and, as the surfacc changes 
in type, this conductivity should change. 
In a thin enough sample, these changes 
can be measured. 

Along with the changes in surface 
type, there must also be a chanye in thr 
charge double layer. One can of course 
induce such a change in the charge 
double layer by applying an electric 
field perpendicular to the surface, and 
one can measure the change in con-
ductivity induced by this field. This is 
the field effect which was predicted by 
Shockley but which at first could not 
be detected. 

As a result of measurements of this 
change of conductivity with field and 
of the other changes at the surface with 
change in gaseous ambient, it is found 
that there are slow and fast changes at 
the surface. For example, if one illumi- 
nates the surface of germanium sud-
denly, the contact potential changes 
quickly to a new value, then slowly de- 
cays back toward the original value. T h e  
surface conductivity changes likewise, 
when one suddenly applies the field. 
There are, of course, changes in the 
charge double layer a t  the surface cor-
responding to the change in surface 
photo effect and surface conductivity. 

From these results, one gets the con-
cept of slow and fast states at  the surface 
wherein this charge resides. The fast 
states are, so to speak, in good connec-
tion with the germanium body and can 
qet into equilibrium or steady state with 
the body very quickly, in a microsecond 
or less. O n  the other hand, the slow 
states are poorly connected with the in- 
terior. I t  takes seconds or minutes for 
them to adjust to changes induced by 
light or field. These may not even be 
states at all but changes in adsorption 
equilibrium or stead! statc \\-ith the w r -  
~ounding  gas. 

Potential Difference across Surface 

Thc next step is that, from our knowl- 
edge of the properties of germanium, we 
can calculate, from the changes in con-
ductivity, the potential difference across 
the space layer from the surface into the 
interior. \Ye can also calculate the change 
in charge in the space-charge layer. As 
one changes the germanium surface from 
p' to nL, the conductivity should go 
t h r o u ~ h  a minimum. If, in an experi-



m e n t ,  one can find this m ~ n i i ~ ~ u i l i .  one 
knows the  potential di f ference across the 
space-charge layer and ,  f r o m  the  change 
i n  conductivity f r o m  this m i n i m u m ,  one 
knows  t h e  change i n  this potenual 
Further, f r o m  t h e  field-effect experi-
m e n t ,  one can determine the  total 
change i n  charge at the  surface, and ,  
f r o m  the  change i n  conductivity, hob\ 
m u c h  o f  this change i n  charge occurred 
i n  the  space-charge layer. 

T h e  charge across the  surfnce nlust o f  
course add u p  t o  zero w h e n  there 1s nc) 
field at the  surface. I f  X h ,  2,  and X, are 
the  charges i n  the  space-charge barrier 
layer, t h e  fast states, and the slou qtatc\, 
respectively, t h e n  

I n  the  case o f  a n  applied field, the  sun1 
o f  these charges mus t  b e  equal t o  thc 
field-induced charge. By  calculating 2 ,  
and measuring changes i n  total c h a r g ~  
under slow and fast conditions, one ran 
obtain values for bo th  Zt and Z,. O n e  
can also determine t h e  potential changc 
across t h e  space-charge layer and tile 
total change i n  potential across t h e  sur- 
face.  For this t l p e  o f  surface,  one has 
the  chance o f  taking t h e  surface apar: 
and measuring the  individual parts ill 
some detail. W h a t  remains t o  be done ir 
t o  determine at the  same t i m e  the  chem-  
ical changes tha t  occur at this surfacc 
and t o  understand t h e  relationship be-
tween  t h e  physical and chemical 
changes. W h e n  this has been accom-
plished-and I th ink  i t  will be soon-
t h e  germanium surface will b e  the  most  
thoroughly understood o f  all surfaces. 

As a n  example  o f  w h a t  already ha< 
been  accomplished i f  one  measures o n  
the  same surface at t h e  same titlie cer- 
tain quantities as a function o f  gas a m -
bient, one  can deduce the  distributio~i 
i n  energy and capture cross-sections o f  
t h e  fast states or traps for electrons and 
holes. T h e s e  quantities are the  photo-
conductivity, the  decay l i f e t ime ,  t h e  
change o f  conductivi ty  w i t h  field, and 
t h e  surface photo e f fec t .  From these 
measurements and a knowledge o f  the  

body properties o f  the  germanium sam- 
ple, one can t h e n  deduce ( i )  the  change 
o f  charge i n  the  fast states w i t h  respect 
t o  t h e  surface space-charge layer poten- 
tial di f ference at zero added carrier con- 
centration, ( i i )  the  change o f  charge i n  
t h e  fast states w i t h  added carrier con-
centration a t  constant surface potential, 
and ( i i i )  the  surface recombination, 211 
as a function o f  ambient  g l s  or surface 
potential. T h e s e  quantities all depend 
o n  t h e  fast t rap  distribution i n  energy 
and o n  the  surface aotential. T h e  second 
depends also o n  the  ratio o f  t h e  capture 
cross-section for holes and electrons, and 
the  third depends as well o n  the  product 
o f  the  capture cross-sections. T h e  rela- 
tionships are integral equations and not  
easy t o  solve i n  general. O n e  question is 
whether the  trap distribution is discrete 
or continuous. A n  examination o f  all thc  
pertinent data indicates tha t ,  at least 
for energies near the  middle  o f  t h e  region 
be tween  the  valence and conduction 
bands, the  distribution o f  traps i n  energy 
is continuous and is fixed and independ-  
en t  o f  gaseous ambient  or germanium 
type for  a given surface treatment.  O n e  
can calculate approximatel)  the  ratio o f  
the  cross-sections, obtaining 6 p / 6 ,  -- 150 
and the  product 6 ,  x 6 ,  r 2.4 x 
c m 4 ,  giving 6 p= 6 x 10-l5 c m 2 ,  6?,= 
4x 10-l7 cm? N o t  only are these valuer 
reasonable, b u t  they  suggest that  t h e  fast 
trap is acceptorlike-that is, that  i t  is 
negatively charged w h e n  i t  is occupied 
b y  a n  electron and neutral w h e n  i t  is 
e m p t y .  T h e  attraction between the  hole 
and the  negatively charged trap thus  ex-  
plainr the  larger cross-section for hole 
capture. 

I n  conclusion, one can say tha t  the  
physical nature o f  the  germanium sur-
face i n  a gas depends primarily o n  t h e  
surface treatment and t h e  nature o f  t h e  
gas, and not  o n  the  type ,  p or n, o f  the  
body  material. T h e  reaction o f  the  sur- 
face w i t h  the  gaseous ambient ,  i n  par- 

ticular the  B:lrdeen-Brattain cycle i i i  

oxygen and water vapor,  is a n  example  
o f  a low-grade catalytic reaction. T h e  
understanding o f  such a simple surface 
will ul t imately contribute t o  understand- 
ing o f  other surface phenomena,  espe-
cially catalysis. I t  was t h e  original at-
t e m p t  t o  understand surface phenomena 
o f  this nature tha t  led t o  t h e  discover! 
o f  the  transistor e f f e c t .  Since t h e n  m a n y  
people have contributed t o  the  present 
understanding. S o m e  o f  these are J .  Bar-
deen  and his group at the  Universi ty  o f  
Illinois, H .  K. Henisch and his group at 
t h e  Universi ty  o f  Reading,  R. H .  Kings-
t o n  and his coworkers at Lincoln Labora- 
tory, P. Aigrain and C. Dugas at t h e  
Ecole S o r m a l e  i n  Paris, A .  M a n y  and his 
group at t h e  Hebrew Universi ty ,  Israel, 
and m\- colleague C.  G. B. Garrett. 
Equally important  is the  work o f  \V.  
Brown o n  the  field e f f e c t  and ,  while not 
specifically dealt w i t h  here,  his earlier 
work o n  channel conduction along w i t h  
the  similar work  o f  H .  Statz and llii 
group at Raytheon.  
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