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Abstract:  Semipermanent  changes in the  semiconductor  surface potential occur in insulator-covered  semi- 

conductors  when external fields are applied for long times, particularly at elevated temperatures. An 

attempt to explain these  changes in terms  of the  charging and discharging  of  interface states  leads to con- 

clusions that disagree with many of the  experimental facts.  Specifically,  the  semipermanent  effects of 

interface-state  charges  can always be overcome by ihe application of a field smaller than that which is 

used to  induce  the  effect, and of the same  sign, while the  experiments  described in the  accompanying 

papers generally show that a field much larger than the inducing field, and of the  opposite  sign, is re- 

quired to return the  insulator covered  surface  to  its initial status. The accumulation of space charge in the 

insulating layer can give  rise  to  very large fields at the semiconductor  surface that persist after the 

removal of an external  inducing field. The size and sign of such  space-charge fields agree with the  experi- 

mental observations.  Measurements  made after treatment at temperatures  above 125'C show that the 
surface  of  silicon  passivated with silicon dioxide can  become strongly  n-type as a result  of such a positive 

space-charge layer  formed at the  interface. A model is presented  based  on the concept that this space 
charge  arises from oxygen  vacancies in the  silicon  dioxide. It is suggested that the  improvement  resulting 

from the use of phosphorus pentoxide on the  outside  surface is due  to  the elimination of vacancies by the 

oxidizing action of the  phosphorus  pentoxide. 

Introduction 

Environmental effects on semiconductor surface potential 
have generally been thought to involve surface states 
in some fashion.' One possibility is the slow change 
in the population of such states  under the influence of the 
environment; another is the creation or destruction of 
surface  states  through chemical interaction of the semi- 
conductor and its ambient. Neither of these explanations 
is adequate to explain all  the phenomena described in 
the accompanying papers.$ Instead, the  data suggest the 
presence of large space charges in  the insulating layers. 
While such charges might be thought of as being associ- 
ated with the filling or emptying of trap levels in the in- 
sulator (or possibly with the creation and destruction of 
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such levels) the lack of any knowledge of the energy level 
structure of amorphous  insulators suggests a simpler 
approach based on space-charge-limited conduction in 
the insulator. 

The most familiar insulating layer used over silicon is 
silicon dioxide. The large n-shifts at the silicon surface 
associated with this  insulator, and  the rarity or absence 
of p-shifts, suggest that positive space charge can easily 
exist in  the SiO, but that negative space charges never 
occur there. The accompanying papers show that chemi- 
cally reducing environments tend to aggravate the forma- 
tion of positive space charge and  that  the presence of a 
P,O,-SiO, glass layer on  the outside surface tends to 
stabilize against formation of positive space charge. These 
results suggest that  the positive space charge is due  to 
oxygen ion vacancies in  the SiO, structure and  that 
P,05 serves as a source of oxygen to prevent this effect. 



The presence of the P,O,-SiO, glass reduces the high- 
temperature electrical conductivity, which suggests that 
the oxygen ion vacancies are mobile in SiO,. 

The surface-state case 

We find that  the changes in silicon surface  potential that 
are observed are  not  due  to surface state effects as ordi- 
narily defined. To  make this clear we discuss the results 
that would be expected when charges enter  and leave 
surface  states. 

In Fig. 1 we see the simple case of the field effect caused 
by an electrode external to a body of semiconductor. A 
negative charge is shown, bound  at  the surface of the semi- 
conductor.  This  charge  can be entirely in the  form of 
an increment in the number of free carriers, it can be charge 
trapped in  surface  states, or it can be partly  free and partly 
trapped. If the mobility of carriers at  the surface is known, 
the fraction of incremental  charge  in  surface  states  can 
be ascertained from a conductance measurement between 
Terminals A and B. 

In Fig. 1, Q l  designates the  total surface charge per 
unit  area on the semiconductor,  equal and opposite to 
the charge on  the electrode. The charge Q, is due  to  the 
increment in current  carriers, Qn being used for  con- 
venience whether the carriers involved are electrons, as 
assumed in Fig. 1 ,  or holes. The charge  in surface states 

Figure 1 Above: Semiconductor - insulator - metal 
system with no charges in the bulk of 
the  insulator. 
Below: Potential vs distance in the  in- 
sulator. 
Q t  = --cVO/d = Q,, + Q s ,  in which Qn is 
charge due to free electrons  and Q$,  charge 
due  to  surface  states. Qs  < Q,, Q,, 5 Q,. 
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Fisure 2 Surface  conductance  change with time 
following the application of an external 
field normal to the  surface. 

Vaw = Vo * 

Q, is always of the same sign as Q, and  thus is  less than Q l .  

The permittivity of the insulator is E. 

In many cases', the conductance is a  function of time 
after the application of a  potential to  the metal electrode. 
This is customarily explained as a delayed filling and 
emptying of the surface  states or, in  other words, a de- 
crease with time of  the fraction of the total charge at- 
tributable to free carriers. If the charge  in  surface  states 
establishes itself instantaneously, or nearly so, the sur- 
face states are called fast  states, and if an appreciable  time 
is required, they are called slow states. Time constants of 
many  minutes for slow states are fairly common  in meas- 
urements on germanium  surface^.^ Figure 2 shows the 
surface conductance response to  the application of ex- 
ternal field for  the three cases: no surface  states, slow 
states  only, and fast  states only.* There is little doubt  that 
the surface state explanation  for the germanium work 
cited is correct. 

The accompanying  papers report various  observations 
of semipermanent changes in surface  potential as a func- 
tion of high temperature  treatment, with and without 
applied external field. Direct and indirect measurements 
of Q, are used as indicators of surface  potential. The 
most natural assumption to  make concerning the source 
of these changes is the slow filling or emptying of surface 
states. Since the time for filling and emptying of all traps 
is a  function of temperature, the temperature dependence 
of these effects  is not unreasonable. 

The superficially similar phenomena  reported on ger- 
manium  surfaces are shown  in Fig. 3. The charge  in surface 
states  accumulates  in the time  interval when V,,, = V,. 
When V,,,,, returns to zero, Q. does not immediately 
change, with the result that a field of opposite sign to that 

Japp 0 

* For  simplicity, Figs. 2 and 3 are drawn  for the case  in  which  the 
surface  is  already  wtype,  and the first-order  effect  of  an  external posi- 
tive  voltage  (small  negative  increment  in Q p t )  is to increase the con- 
ductance of the semiconductor. 369 
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Figure 3 Surface  conductance  changes  associated 
with slow charge  accumulation in  sur- 
face  states. 
Let V,/V, = M; here 0 < M < I ,  since 
Q. < Qo. But we see M < 0, [MI >> I ,  
usually. 

caused by V,  now  extends into the semiconductor and 
Qn changes  sign,  i.e., 

Qn + Q. = e V,/d for V,,, = V,, and 

Q, = -Q, for V,,, = 0. 

The reversal of Qn is  indicated by a decrease of surface 
conductance below its initial value,  assuming that the im- 
mediate effect  of increasing V,,, had been to increase the 
conductance. A convenient  measure of the charge stored 
in  surface states is the applied field  necessary to over- 
come  its  effect,  which can be  described  in  terms of V,, 
the voltage on the external  electrode  required to return 
the surface  conductance to normal. If all the charge Qn 
has  decayed to zero during the period of application of 
the external  field, Q,  will equal Q t  and have  the  maximum 
possible  value.  Setting  V,,, = 0 will then result in a de- 
crease in surface  conductance equal in magnitude (to  the 
first order) to the original  increase which resulted  from 
raising V,,, up to V,. In this case V ,  will be equal in 
sign and magnitude to V,. 

If we define a factor M = VR/Vo,  it will thus always 
obey 0 < M < 1 if the semipermanent  surface potential 
changes are caused by charges  in  surface states. In  the 
experiments  described  in the accompanying  papers, V R  is 
frequently  larger than V,, and instead of finding M posi- 
tive, M is  usually  negative.  Because V R  is observed to be 
larger than V,, M will  be  called the magniJication factor. 

The insulator  space-charge  case 

Alternately we can neglect  interface states (Q, = 0) and 
assume that  the insulator contains current carriers of 
a single  sign  mobilized by an increase in temperature. 
We assume further that these  carriers  can  be  neutralized at 
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one electrode but cannot be  supplied at the other electrode 
or generated in the bulk; as a result we can  have a situation 
in which M can be  negative and much  greater than 1.0 
in magnitude. 

In the case of SiO,, the carriers are presumed to be 
oxygen  ions that move  in the direction of the positive 
electrode if suitable oxygen ion vacancies  exist as receptors. 
The vacancy,  which in itself constitutes a net  positive 
charge, thus moves toward the negative  electrode by 
exchanging  position  with the negative  oxygen  ion. The 
final  result  is the accumulation of a positive  space  charge 
next to the negative  electrode. The fact that in SiO, 
positive space  charges are observed, but not negative, 
suggests that oxygen  vacancies are possible, but that 
an excess  of  oxygen ions,  beyond that needed for stoichio- 
metry,  does not occur. 

For glass insulators, either  sign of charge appears to 
occur at the silicon-insulator  interface.  Whether oxygen 
is  responsible for either or  both signs of space  charge 
cannot be  determined  from the present data. 

In Fig. 4,* the curves illustrate the sequence of events 
for the case  of  negative carriers, or the equivalent  pos- 
itive-vacancy situation, when V,, is  positive. In a situation 
such as this, in which displacement currents are com- 
parable with conduction currents, significant amounts 
of space charge will  always  accumulate at any interface 
which constitutes an impedance to current flow.  We as- 
sume  here, as noted above, that  the semiconductor-to- 
insulator interface  presents an impedance that dominates 
the flow  of current and that, as a result, the current even- 
tually drops to a low  value. The first  effect,  however,  is 
to bow the initially  linear potential gradient upward as 
positive  charge  accumulates in the insulator. The positive 
charge gravitates to the semiconductor  surface  where it 
accumulates as a space-charge  layer.  Since current must 
be continuous throughout the insulator, it can stop only 
if conditions for no current exist  everywhere. Thus, we 
get a cessation of current when the space-charge  region  is 
depleted of carriers and the rest of the insulator has no 
field,? as shown in the  top curve of Fig. 4. 

It is  clear from Fig. 4 that the field at the semiconductor 
can be  much larger than the original applied field. Clearly 
Qn can be  much  greater than the charge  induced  initially 
(Q,), but it is  usually not possible to measure Q, at the 
temperatures required to activate conduction in the 

to  clarify  the  electrical  relations  in  the  insulator,  contrary  to  the  usual 
x Figures 4, 5 ,  and 6 are  drawn  with  positive  electric  potential  upward, 

of the  energy  bands  at  the  surface of the  silicon  are  ignored,  since  the 
practice in  energy  band  diagrams. Also, the  familiar  changes  in  shape 

small  associated  changes of potential  can be negligible  compared to Vapp 
and  compared  to  the  potentials  associated  with  the  space  charge.  Figure 8 
returns  to  the  more  customary  conventions,  since  the  surface  potential 
changes  can  no  longer be ignored. 

to  the  left  and  drift to the  right  for  a  net of zero  current.  The  width 
t There will, of course, be a transition  region  in  which  carriers  diffuse 

neither of these  numbers  are  known  at  present,  we will assume  an 
of this  region  will  depend  on  the  mass  and  density of the  carriers.  Since 

abrupt  transition  at  the edge of the  space  charge. 



A steady current would result in an I-R drop through 
the insulator which  would reduce the effective value of the 
applied voltage on  the electrode. In  the calculations below, 
the steady component of current is presumed to be zero. 

While the space-charge concept seems to give the best 

% sity  which occur under temperature bias treatment, several 
phenomena in MOS  devices6 and field  effect transistors' 
can only be explained by the presence of fast Si-insulator 
interface states. 

Space-charge  calculations 

The experimental observations have been made in the 
following  sequence. 

J 
+ Q. explanation for the gross changes in surface carrier den- 

Figure 4 Space charge and potential curves re- 
sulting from negative current  carriers 

(1) The sample is heated to a specified temperature. 
(2) A voltage is applied for a given  time. 

which  cannot be s"mn,lied at the &e. (3) The sample is cooled to room temperature. 
trodes. 

. .  
(4) Measurements are made of  device characteristics. 

insulator. However, the space charge can remain fixed 
when the temperature is lowered and VaPp returned to 
zero, thus giving a semipermanent change in Q,,. The 
potential VR to return Q, to normal can be evaluated and 
thus M can be  experimentally  determined. 

When the space charge layer is located next to the semi- 
conductor surface, most  of its field  will terminate on  the 
semiconductor. This field  will induce mobile charges in 
the semiconductor and immobile surface charges at  the 
semiconductor-to-insulator interface. The immobile 
charges are not included in  the following calculations, 
but in any case it can be  seen that they do  not affect the 
magnitude of V,. For the case  shown by Fig. 4, a large 
negative value of Q, will result and a large negative value 
of VR will be  needed to drive Qn back to normal. Thus 
M will  be  negative and much larger than 1.0 in magnitude, 
as observed  in the experiments  described  in the accompany- 
ing papers. 

If the entire current which  flows at elevated temperature 
in the insulator serves only to establish the space charge 
near the semiconductor interface, the time integral of the 
current should equal the  total stored charge. Provided 
that  the stored charge does not change after  the system  is 
cooled to room temperature, it can be measured in terms 
of V R .  Kerr et aL4 report such measurements; they  find 
approximate equality between the total charge which 
flows in the first half-hour or so of temperature-bias 
treatment and  the stored charge, as revealed by the V, 

In all of the following, the primed notation refers to the 
conditions present after  the above treatment. We assume 
that a space charge formed at high temperatures is frozen 
in  place and remains constant at room temperature. The 
space-charge layer is taken to be next to the semiconductor 
and  to have thickness dl. The overall insulator thickness 
is d. 

We can solve  Poisson's equation for two cases: (1) 
potential between metal and semiconductor equal to 
the potential difference across the insulator space-charge 
layer, i.e., no field  in the uncharged insulator, and (2) no 
potential difference  between metal and semiconductor, 
but with the same space charge as (1). We  will let Q, be 
the charge on  the semiconductor which  would terminate a 
uniform field V,/d and Q, be the charge which terminates 
the space-charge field  while the external voltage is present. 
Q: will represent the charge required on the semiconductor 
to terminate the space-charge  field after the removal of 
Vapp Q: may be thought of as a "built-in" charge of free 
carriers after the external potential has been  removed. 

Figure 5 shows the potential curves in the insulator. 
V(x) is the potential after the space-charge has accumu- 
lated but with the external voltage still present, while V'(x) 
is the potential after the external voltage has been returned 
to zero. In the case shown in Fig. 5, the carriers are as- 
sumed negative and the space charge positive. 

The details of the solution are given  in the Appendix; 
the result can be  expressed without reference to  the actual 
value of p, the space-charge density, as follows: 

Q: = Q0[2(d/d,)  - 11. 
The value V R  will be opposite in  sign to V, and, by the 37 1 
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principle of superposition, will have to satisfy 

Qt = e V R / d .  

Since 

M = V,/ V, and Q, = --E V,/d, 

M = - - Q : / Q o  = - [ 2 ( d / d , )  - 11. 

Figure 6 shows the interesting case for the opposite 
polarity applied to  the metal and  the same sign of carrier 
but with the metal presumed to be  the blocking electrode 
instead of the semiconductor. Here,  although  the sign of 
Vo is reversed, the sign of the space charge is the same as 
in  the previous example. Thus,  the sign of QA is unchanged, 
although the magnitude of Q L  is greatly reduced because 
most of the field from  the space charge terminates on  the 
metal. It  can be seen that Qt turns  out  to  be independent 
of both p and dl. In fact, QL = Q,, as though  there were 
no space charge and V,,, had been positive rather  than 
negative. Thus  the  potential required to overcome the 
effects  of the space charge will be of the same sign and 

Figure 5 Details of space charge situation with 
and without external potential. 

where Q,,’ = “built-in”  charge of free  car- 
riers with VaPp = 0.  Solve Poisson’s equation 
and obtain 

372 

THOMAS AND YOUNG 

equal in magnitude to the  potential that caused the space 
charge in  the first place, i.e., M = 1. 

This result would fortuitously resemble the case of full 
charge in surface states. If an example was found of this 
type, it could be differentiated from  the surface-state case 
by removing the outer layers of the insulator. If the induced 
surface conductance disappeared, it would be safe to 
assume that  the charge responsible for the conductance 
was at  the outside  rather than  the inside of the insulator. 
This experiment would be performed with a removable 
electrode. Any fields caused by stray  charge accumulation 
on  the outside surface of the insulator while the  outer 
layers were being removed would be neutralized when 
the electrode was restored to intimate  contact with the 
insulator. 

It is unlikely that  our simple model of a fully depleted 
layer of positive space charge is realistic. A more likely 
situation is a graded layer having a maximum net charge 
density at  the interface and grading to zero density 50 A or 
so into  the insulator. The carriers in this layer would still 
develop the full potential drop  and would carry zero net 
current by the balance of a drift  current  toward the silicon 
and a diffusion current away. 

Vacancy model for SiOz 

In preceding sections, it has been shown that the large 
shifts in semiconductor surface  potential resulting from 
temperature-bias  treatments  must be due to the forma- 
tion of a space-charge layer at  the insulator-silicon inter- 
face. In particular,  for silicon dioxide, it  has been shown 
in a companion paper4 that a positive space charge can 
be formed at temperatures as low as 125”C, whereas the 
formation of a negative space charge is not usually ob- 
served. A relatively large current flow in the SiO, ac- 
companies the formation of the space-charge layer. It has 
also been shown that  the presence of a Si0,-P,O, glass 
layer on the outside  surface of the silicon dioxide results 
in a significant improvement in  the stability of the silicon 
~ u r f a c e . ~  Extensive studies have shown in general that 
the presence of an oxidizing agent on  the outside surface 
is helpful, whereas the presence of a reducing agent is 
detrimental. As indicated earlier, these observations lead 
us directly into  the consideration of an oxygen vacancy 
model. The model is based on  the following concepts: 

1. Oxygen ions are removed at the outside surface of the 
silicon dioxide as a result of the reaction with  a  metal 
such us aluminum or by the application of an electric field. 
This process is similar to  the anodic reaction occurring 
in ordinary electrolysis. The removal of the oxygen ions 
leaves oxygen vacancies in  the silicon dioxide structure 
which have associated with them a positive charge. 

2.  Oxygen ions can migrate through silicon dioxide ut 
temperatures as low as 12S”C, but only if oxygen vacancies 



Figure 6 Space-charge potential curves for charge 
layer at metal electrode. 
dV’/dx = V , / d ,  ... M = I ,  i.e., the field 
which caused the effect  is of the  proper sign 
and magnitude to  neutralize  the  built-in 
effect. 

are  present. This is equivalent to  the concept that silicon 
dioxide becomes saturated with oxygen when exactly 
stoichiometric, and  that when the SiO, is  in this state, 
oxygen mobility is greatly inhibited. 

3.  Phosphorus pentoxide  serves as an oxygen source to 
inhibit the formation of oxygen vacancies in the SiO, 
structure. This is based on  the observation that  phosphorus 
pentoxide  tends to eliminate positive space  charge effects4 

On  the basis of these concepts, it is possible to explain 
the observations  reported  earlier.  This  can be shown by 
referring to Fig. 7, where it  has been assumed that  the 
silicon dioxide is deficient in oxygen at  the outside  surface. 

If a negative voltage is applied to the outside  surface, 
oxygen ions will be forced in the direction of the silicon ; 
however, since the SiO, is saturated, a significant number 
cannot be transported  and a small  current flow is ob- 
served. Under these  conditions,  there will not be a signifi- 
cant  space  charge  built up  at  the Si-SiO, interface. If a 
positive voltage is applied, oxygen ions will be attracted 
to the outside  surface to fill the vacancies. This will intro- 

duce a new vacancy that is closer to the Si which can then 
be filled with another oxygen ion, etc., and  the vacancy 
will eventually migrate to the Si-SiO, interface. This 
process is similar to the conduction due to holes in a 
semiconductor with oxygen ions playing the role of  elec- 
trons in the valence band.  In  addition, a field applied  in 
this direction can  be expected to generate additional 
vacancies at  the outside surface which, in  turn,  can be 
propagated to  the interface. Since the oxygen vacancy 
will have the effect  of a  net positive charge, this  migration 
will result in attracting  more electrons  in the silicon to 
the Si-SiO, interface and  an n-type shift  in the Si surface 
potential will result. In  other words, using the  notation of 
the previous section, QA will be  large and negative. This 
migration of positive charge to the Si-SiO, interface will 
produce the relatively large  current that is observed to 
flow in  the SiO,. The current that is observed for  the 
outside electrode positive is 100 times greater than for the 
outside  electrode  This  large  anisotropy in 
conductivity is explained by the model for  the Si-SO,- 
metal system that we propose. 

Phosphorus  pentoxide  in the silicon dioxide will act as 
an oxidizing agent and will thus fill the oxygen vacancies, 
with the net result that  the silicon dioxide reduction will 
be inhibited and vacancies will not be  transported to  the 
interface. As expected with P,05 present, the observed 
current for a positive electrode voltage is reduced to be- 
come  approximately equal  to  that  for a negative voltage. 

In  the absence of P,O,, the experiments show that a 
much  larger voltage V R  is needed to overcome the effect 
of the space  charge than  the voltage V, which was used 
to induce it.4 Also, V R  is opposite  in sign to Vo. While 
it is not possible to make a  quantitative  comparison with 
theory from  the  data available, there is obviously quali- 
tative agreement with the notion that V R  and Vo should 
be related by the large ratio -2d/d, ,  where d is  the oxide 
thickness and dl is the space-charge layer thickness. 

Figure 7 Effect of electric  field  on oxygen content 
of SiO,. 
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Burkhardt'  has  estimated dl to be 25 A by low-frequency 
capacitance  measurements on MOS structures.  This 
estimate was  based on the following approximation: 
4 d(Chigh f r e q / G O w  fresh where C,,, freq is  measured at 
150°C. The high-frequency  capacitance  is  independent  of 
temperature. His  measurements  indicated a ratio (C,,, freq/ 

c h i 8 h  freq) of 200. This  result  clearly  demonstrates that the 
region of high  electric field strength is indeed a narrow 
region in the insulator at the Si-SiO, interface. 

The concept of oxygen as a mobile  species in SiO,, is 
consistent  with the accepted  theoryg-" of the oxidation 
mechanism  of  silicon, in which it is  assumed that oxygen 
is the mobile  species and that negative  oxygen ions are in- 
volved. It is not known if there is a connection  between 
the vacancy  model we present and the high temperature 
oxidation  process. 

Reactive  metals 

Lehman12  has  shown that aluminum on SiO, produces 
n-shifts  which  depend on the temperature to which the 
system  has  been  heated. He has further shown,13 that 
the effect can be  prevented by a bias as low as minus 2 
volts  applied to the aluminum  with  respect to  the silicon. 
Kerr14  has reported that below 500"C, the effect  of alumi- 
num is lessened if the aluminum  is not electrically  con- 
nected to  the silicon but above 500" the n-shift  is the same 
whether the aluminum and silicon are connected or not. 
These  observations are all consistent  with the oxygen 
vacancy  hypothesis. 

Since  aluminum  reduces  SiO,, it is  reasonable to sup- 
pose that oxygen  vacancies  would  be  created  in  profusion 
by heating the two in contact. It can  be  shown that the 
electrochemical potential of aluminum  with  respect to 
silicon should be  equivalent to a positive  electrode  voltage. 

Referring to Fig. 8, we see a detailed potential diagram 
for a silicon - silicon  dioxide - aluminum  sandwich. The 
positive of electric potential is downward, contrary to the 
other Figures, in order to show the details of the band 
structure with the usual  sign  convention for energy  levels. 

The built-in  chemical potential difference  will  create a 
field in the insulator when the Fermi levels  of the alumi- 
num and the silicon are lined up by external  connection. 
This field can result  in the flow  of ionic current, as in a 
normal battery, until polarization of the electrolyte-SiO,, 
in this case-causes the current to stop. The polarization 
will redistribute the potential, exactly as in the previously 
discussed  cases, to result in a semipermanent  n-type shift 
in the surface. 

tude. The deflected conduction band is  shown in Fig. 8 
as Ei(x). If the aluminum  is not connected to the silicon, 
a small current will  flow initially toward the silicon.  How- 
ever, the potential of the aluminum will have to become 
more negative to supply the current, with the result that 
the Fermi level of the aluminum will  rise  relative to  that 
of the silicon,  using the sign  convention of  Fig. 8. When 
this happens, the built-in field  will disappear. A little 
thought will  show that the maximum total charge that can 
be obtained in the space  charge p, under  these conditions, 
is the charge that was locked onto the aluminum by the 
original, undistorted, built-in field. Thus, the n-shifts 
available  with a closed  circuit between silicon and alumi- 
num, and with an open circuit, should  be  related by a 
number of the order of A4 as calculated  previously. 

If any  means are provided for transfer of charge from 
the silicon to the aluminum, the open  circuit  case  can be 
made to resemble the closed.  At  higher temperature, it 
is  reasonable to suppose that surface  conduction  over the 
insulator, or some other conduction mechanisms,  will pro- 
vide the current and maintain the alignment of the Fermi 
levels in the aluminum and  the insulator. This  would 
serve to explain  Kerr's ob~ervation'~ that the open and 
closed  circuit  cases  converge above 500°C. 

Sufficient negative potential applied to the aluminum 
would  overcome the electrochemical  driving force urging 
the vacancies toward the silicon and thus prevent the 
n-shift,  exactly as observed  by  Lehman. 

An  extensive  electrochemical treatment of the system 
Si-Si0,-metal  has  been  developed by Seraphim et 
and the oxygen  vacancies that we discuss are referred to 
as Y" in their model. 

Figure 8 Potential curves for the system alumi- 
num-silicon  dioxide-silicon. Here the de- 
tails of the band  structure near the surface 
are shown, and the polarity  convention  is in- 
verted  with respect to the previous Figures, 
i.e.,  more  positive,  downward. 

A small initial shifting  down of the conduction band 
edge, shown as E,(x), is  caused  by the initial conditions 

SEMICONDUCTOR ALUMINUM INSULATOR 

of the built-in field.  However,  when the ionic current has 
flowed  sufficiently to establish the positive  space-charge 
polarization, the bands will be bent down  much further 
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Glass passivation 

In his work on glass, Kerr“ found results quite different 
from  the SiO, situation.  Some glassed surfaces  shift more 
easily in  the direction of more p-type and some are fairly 
symmetrical. In  order to have a large  value of M with 
both polarities of voltage applied, it seems necessary to 
assume that space charges of either sign can be locked in, 
very close to the surface of the silicon. “values equal 
to -40 were observed in  some cases. For such a situation 
to exist, the silicon must  be presumed to be a blocking 
electrode that can  neither neutralize carriers from  the 
insulator nor supply them. 

The glasses most prone to accumulate  space charges of 
either sign, at  low  temperatures, appear to be those which 
contain significant quantities of sodium.  This  observation 
is consistent with the known high mobility of sodium  ions 
in most glasses but beyond that, little can be said about 
the mechanism. In particular, it is  not clear why the silicon 
surface  should  be an electrical blocking  electrode for 
neutralization of the  sodium ion. Other current  carriers 
are probably  active in glass, particularly the ultra-low 
sodium  content glasses, but  the present data offer few 
clues. 

then 

Appendix 

Starting with Poisson’s equation 

d 2  V P 

dx2 - e 
__ - ” 

we can solve for V(x) and V‘(x) subject to the conditions 
shown in Fig. 5. It can  be verified by substitution that, if 

dl = (2 v,t,/p)”’, 

then 

when 0 5 x 5 d l ,  

and v =  V” when d ,  5 x 5 d .  

when 0 5 x 5 d l ,  

and V’ = V,(1 - x/d) 

when d, 5 x 5 d. 

If 

= Q ( 2 2  - I). 

V’(x) as shown in  Fig. 6 will be the mirror  image of the 
solution for Fig. 5. 
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