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be varied by a variation in anyone of the above mentioned 
parameters. 
The mechanism whereby the mixed oxide induces a 

particular conductivity type on a semiconductor sur 
face is not well understood but, it is believed that the 
elimination of a chemical specie such as oxygen or 
metal ions, either alone or in combination with other 
species present at the semiconductor surface is one 
controlling factor. In addition, the inherent properties 
of the aluminum oxide mixture appear to be another con 
trolling factor. - 
The deposition of the metal oxides alone or as a mix 

ture is preferably accomplished by the decomposition 
of organic silicon and aluminum compounds in the re 
gion of a heated semiconductor substrate in either a 
single non-oxidizing gas or in a mixture of non-oxidizing 
gases. The result of the present teaching is that semi 
conductor substrates can be provided on which the in 
duced surface charge can be selected in advance by simply 
selecting the conditions for depositing the metal oxides. 

It is, therefore, an object of this invention to provide a 
method for controlling the induced surface charges on a 
semiconductor surface. 
Another object is to provide a method for depositing 

metal oxide films by which the value of surface charge 
can be changed to provide a semiconductor which has a 
P, N or neutral conductivity type near its surface. 
Another object is to provide a method for controlling 

induced surface charges which is superior to prior art 
attempts. 
The foregoing and other objects, features and advan 

tages of the invention will be apparent from the follow 
ing more particular description of preferred embodiments 
of the invention as ilustrated in the accompanying draw 
ingS: 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a partial cross-sectional schematic drawing 

of apparatus preferably used in practicing the method o 
the present invention. 

FIG. 2 is a graph showing the semiconductor flat band 
charge dependence on mixtures of Al2O3-SiO2 in passivat 
ing films for germanium and silicon in a nitrogen ambient. 

FIG. 3 is a cross-sectional view of a semiconductor sub 
strate showing a region of mixed oxides between sequen 
tially deposited layers of metal oxides, which region af 
fects the surface potential at the surface of the semi 
conductor. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS OF THE INVENTION 
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Before proceeding with the description, it should be 
appreciated that the term “depositing” is intended to 
encompass all known methods for laying down metal 
oxide films or layers where an oxidizing atmosphere is 
not required. Thus, sputering, either R.F. or D.C. sput 
tering, evaporating, vacuum deposition, or ion beam 
deposition of metal oxide films may be utilized in the 
practice of this invention. : : : 

Further, it should be appreciated that where a gas is 
called for the gas may be present in only trace amounts 
depending on the deposition technique utilized. The 
pressure of the gas or gases is not critical, but it should 
be presentin at least trace amounts. 

In addition, where temperatures are specified, it 
should be appreciated that such temperatures are pre 
ferred temperatures. In any of the deposition tech 
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niques referred to above, however, the temperatures at 
tained should be below the temperatures at which the 
constituents of the metal oxides normally difuse into any 
selected semiconductor. 

Referring now to FIG. 1, there is shown a preferred 
apparatus in which the deposition of metal oxides is ac 
complished by the thermal decomposition of organic 
metal oxide containing compounds. The method of the 
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4 
present invention will be described below in connec 
tion with a germanium semiconductor substrate, with 
nitrogen as the ambient gas and with tetraethyl ortho 
silicate, hereinafter referred to as TEOS, as a source for 
silicon dioxide and aluminum isopropoxide as a source of 
aluminum oxide being deposited as a mixture. 

In FIG. 1, a quartz firing tube 1 is shown disposed 
within a tube furnace 2. Tube 1 has a removable sub 
strate holder 3, carrying a semiconductor substrate 4 of 
germanium disposed within it. 
A source 5 of non-oxidizing gas, preferably, nitrogen 

is shown connected to flowmeters 6, 7, 8 through adjust 
able valves 9, 10, 11, respectively. Piping 12 extends 
from flowmeter 6 to a bubbler 13 which contains an or 
ganic hydroxy salt of aluminum, preferably, aluminum 
isopropoxide. This latter material is normaly a solid at 
room temperature, so it must be heated to a tempera 
ture suficient to liquefy it in a constant temperature 
bath 14. Temperatures in the range of 118°-270 ° C. 
have been found suitable with a temperature of 125° C. 
as a preferred temperature. The organic compound uti 
lized is one which decomposes upon heating to a 
proper temperature to form a deposit of a metal oxide, 
aluminum oxide, in this instance. The only criterion rela 
tive to the decomposition temperature of the organic 
metal oxide compound is that the decomposition tem 
perature be below the temperature at which the ele 
ments of the metal oxide normally difuse into a semi 
conductor substrate. For aluminum isopropoxide, de 
composition temperatures in the range of 250° C.- 
600° C. have been found suitable with a temperature of 
420° C. being the preferred decomposition temperature. 
The aluminum isopropoxide is introduced into tube 1 
by flowing nitrogen from source 5, through piping 12 
to bubbler 13, where the nitrogen bubbles through the 
liquid aluminum isopropoxide which is carried as a 
vapor mixture with nitrogen via piping 15 into tube 1. 
Substrate 4 is heated by furnace 2 to the desired decompo 
sition temperature and the aluminum isopropoxide on 
coming in contact with the heated surface of substrate 4 
decomposes and deposits a film of aluminum oxide. The 
remaining decomposition products along with nitrogen exit 
from tube 1 via tubing 16 through exhaust bubbler 17 to 
the atmosphere. 
To provide another metal oxide specie, silicon dioxide, 

in this instance, the non-oxidizing gas, nitrogen, is flowed 
from gas source 5, through valve 11 and flowmeter 8, via 
piping 18 into bubbler 19 which contains an organic hy 
droxy salt of silicon, preferably, TEOS. Constant tempera 
ture bath 20 maintains the TEOS in liquid form at any 
temperature in the range of -20° to 50° C. Nitrogem 
bubbling through the TEOS carries vaporized TEOS via 
piping. 21 to tube 1. In a manner similar to that described 
in connection with the aluminum isopropoxide, the TEOS 
decomposes at a temperature in the range of 250°-600° C., 
preferably 420° C., in the region of substrate 4 and de 
posits the metal oxide, silicon dioxide, on substrate 4. 
With valves 9, 11 set for desired flow rates, aluminum 

isopropoxide and TEOS are carried to tube 1 where they 
decompose simultaneously as a mixture of aluminum 
oxide and silicon dioxide on substrate 4. Because the range 
of temperatures over which the organic compound chosen 
cracks is rather wide and because a narrow temperature 
gradient cannot be easily maintained in the region of sub 
strate 4, a separate flow of nitrogen to increase the flow 
velocity in tube 1 is utilized to insure the deposition of 
the metal oxides on substrate 4. Thus, nitrogen from 
source 5 is delivered through valve 10 and flowmeter 7 
via piping. 22 to tube 1 in excess quantity at a desired flow 
rate. 
Typical flow rate conditions to attain metal oxides of 

desired proportions are shown in the following examples. 
EXAMPLE II 

At flow rates of 1.7 liters/minute of nitrogen though 
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both the aluminum isopropoxide and TEOS bubblers 13, 
19, respectively, and 6.6 liters/minute of nitrogen intro 
duced directly via piping 22 to tube 1, a 30:70 weight 
percent of aluminum oxide to silicon dioxide mixture is 
obtained. The mixture was deposited at a substrate tem 
perature of 420 ° C. 
To obtain mixtures of the metal oxides having diferent 

proportions, adjustable valves 9, 10, 11 in conjunction with 
flowmeters 6, 7, 8, respectively, are adjusted to provide 
diferent flow rates of nitrogen. Adjusting the flow rates, 
of course, varies the amount of the decomposable metal 
oxide containing organic compounds delivered for crack 
ing at substrate 4 and, therefore, the ultimate amounts of 
metal oxides which are deposited. 

EXAMPILE II 

If the flow rate of nitrogen is maintained at 1.7 liters/ 
minute through aluminum isopropoxide bubbler 13 and 
the flow rate of nitrogen through TEOS bubbler 19 is 
changed to 0.2 liters/minute, and the flow rate of nitrogen 
via piping 22 to tube 1 is changed to 8.1 liters/minute, an 
80:20 Weight percent of aluminum oxide to silicon dioxide 
mixture is obtained. Decomposition temperature was 
420 ° C. 
From the foregoing examples, it should be apparent 

that mixtures of aluminum oxide and silicon oxide which 
vary from just a trace of the constituents to an amount up 
to but not including 100 percent can be obtained by simply 
adjusting the flow rates of the non-oxidizing gas through 
the bubblers. 
The ability to form such mixtures and to deposit metal 

oxide mixtures has great significance, because it was found 
somewhat unexpectedly that the resulting oxide films pro 
duced diferent induced surface potentials which were de 
pendent on the oxide mixture and on the semiconductor 
on which the films were deposited. 
A consideration of FIG. 2, which shows the semicon 

ductor flat band charge dependence on mixtures of 
Al2O3-SiO2 in passivating films for germanium and silicon 
in a nitrogem ambient, indicates how the efective charge/ 
cmº changes with a variation in weight percent of the 
metal oxides in a mixture and with the semiconductor 
material. 
To obtain the curves of FIG. 2, the surface charges were 

measured for various oxide mixtures deposited on the 
surface of the semiconductors, germanium and silicon 
using the apparatus of FIG. 1. Surface charges were 
measured by a MOS capacitance voltage technique. This 
technique is described in a publication entitled “Ion Trans 
port Phenomena in Insulating Films,” by E. H. Snow, 
A. S. Grove, B. E. Deal and C. T. Sah, in the “Journal of 
Applied Physics,” Vol. 36, May 1965, on page 1665. Using 
a technique similar to that described in the above publica 
tion, the total efective charge at the surface of the semi 
conductor is determined. It should be appreciated that the 
charge values plotted in FIG. 2 will induce within the 
semiconductor an equal and opposite charge. The efective 
charge at the interface of the metal oxide surface is com 
puted using the formula. 
Charges/Area= (AVEBXCodde)/(qXArea) 
AVE=displacement in volts of the flat band position from 

the zero voltage axis 
Coxide= capacitance of the oxide 
q=electronic charge -1.6X109 coulombs 
Area=area of device being measured. 

Referring now to FIG. 2 in conjunction with the ex 
amples described above, it can be seen that for an 80:20 
mixture of aluminum oxide-silicon dioxide deposited on 
germanium in a nitrogen ambient the efective charge is 
equal to approximately -1.0X101 charges/cm2. 

For the same mixture deposited on a silicon substrate 
in a nitrogen ambient, the efective charge is approxi 
mately -2.2X10 º charges/cm.2. Where the mixture is 
changed to 30:70 mixture of aluminum oxide-silicon di 
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6 
oxide, the efective charge on the surface of a germanium 
substrate is approximately 0.1X102 charges/cm2. For 
silicon, the efective induced charge is approximately 
--1X10 º charges/cm3. An effective charge of zero on 
the graph of FIG. 2 indicates that the semiconductor un 
derneath the mixed oxide film has a substantially neutral 
conductivity type. The negative values on the graph indi 
cate that the conductivity type of the semiconductor is 
P-type, while the positive values indicate am N-type con 
ductivity at the interface of the metal oxide film and the 
semiconductor surface. 
From the foregoing, it should be apparent that by vary 

ing the mixture of the deposited metal oxides in a non 
oxidizing atmosphere, it is possible to adjust the conduc 
tivity type induced in a semiconductor to values of P-type 
conductivity, N-type conductivity or to a neutral conduc 
tivity type. 

Parameters such as thickness of the deposited mixed 
oxide film appear to have negligible efect on the resulting 
surface charge induced in a semiconductor. The efect 
appears in deposited films having minimum thicknesses 
of only a few tens of Angstroms. 
As indicated hereinabove, the plurality of metal oxides 

may be deposited sequentially as well as simultaneously to 
produce a region of a mixture of metal oxides at an inter 
face of the metal oxide layers. FIG. 3 shows a cross-sec 
tional view of a semiconductor substrate 4, such as ger 
manium or silicon, having metal oxide layers 23, 24 such 
as silicon dioxide and aluminum oxide, respectively, de 
posited sequentially on the surface of the semiconductor. 
A region 25 of mixed oxides at the interface of layers 23, 
24 is obtained by heating substrate 4 in tube 1 over a 
temperature range of 200°-800° C. for 24 hours in nitro 
gen after sequentially depositing layers 23, 24 in nitrogen 
in the apparatus of FIG. 1. The deposition is accomplished 
by simply closing valve 4 when silicon dioxide is to be de 
posited and closing valve 11 when aluminum oxide is to be 
deposited. In connection with the deposition of silicon di 
oxide in nitrogen, it is not possible using the apparatus of 
FIG. 1 to obtain a layer of 100 percent silicon dioxide. It 
has been found, however, that a layer of substantially pure 
silicon dioxide can be deposited if a trace of a catalyst is 
introduced into the system of FIG. 1. Aluminum oxide, in 
addition to other materials, acts as a catalyst to cause the 
deposition of substantially pure SiO2. In the apparatus of 
FIG. 1, when the vaporized TEOS is being introduced into 
tube 1, a small amount of vaporized aluminum isopro 
poxide can be introduced at the same time. 
Mixed oxide layer 25 in FIG. 3 is an aluminum silicate 

compound which results from the interdiffusion of silicon 
and aluminum from layers 23 and 24 into the adjacent 
metal oxide layers. The diffusion, of course, is greater, the 
longer the substrate is heated and diferent values of sur 
face charges at the semiconductor surface can be ex 
pected as the heating time and temperature is varied for a 
given thickness of layer 23. Layer 23, of course, should 
not be so thick as to preclude the formation of a layer of 
mixed oxides at a distance reasonably close to the surface 
of substrate 24. The efect on surface charges can be ex 
pected to take place where the distance of layer 25 from 
the surface of the substrate does not exceed 2,000 A. Of 
course, where the oxides completely interdifuse so that 
layer 25 is contiguous with the surface of substrate 4, the 
condition where the oxides have been simultaneously de 
posited is duplicated. 
The present invention has been described hereinabove 

in connection with a preferred deposition technique, a 
preferred non-oxidizing atmosphere and preferred constit 
uents but, it should be appreciated that other deposition 
techniques, other non-oxidizing atmospheres and other 
constitutents may be used equally well in the practice of 
this invention. 
With respect to the technique of depositing, it should 

be clear that the efects obtained relative to semicon 
ductor surface potential are not dependent on the man 
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ner in which the oxides are deposited except for the 
gaseous ambient, but are dependent on the mixture of 
the oxides, the properties of the elements involved and 
the semiconductor material used. Accordingly, the mixed 
oxides may be deposited by any known technique which 
does not require the presence of an oxidizing atmos 
phere. The non-oxidizing gas, as indicated above, need 
only be present in trace amounts and such non-oxidizing 
ambient should be present to the exclusion of oxidizing 
gases. Any of the known inert or reducing gases are sat 
isfactory. Values of efective charge obtained, however, 
may vary from gas to gas for a fixed mixture. Inert gases, 
in addition to nitrogen, which may be used are argon, 
neon, helium, xenon and krypton. Reducing gases such 
as hydrogen and forming gas may also be used. 
The metal oxides used may be obtained from the metal 

oxides alone or from organic metal oxide bearing com 
pounds such as the organic hydroxy salts of aluminum, 
silicon and borom which do not require the presence of 
ambient oxygen during their decomposition. The alco 
holates of aluminum and silicon have been utilized here 
inabove in describing the preferred embodiments of this 
method. Other suitable alcoholates and phenolates are 
listed in U.S. Pat. No. 2,805,965, in the name of P. Robin 
son and assigned to Sprague Electric Co., North Adams, 
Mass. 
The preferred embodiments of the invention have indi 

cated the formation of mixtures of two metal oxides, but 
the mixtures ultimately formed may consist of three or 
more metal oxides. Thus, in FIG. 1, another bubbler 
containing an organic metal oxide containing compound 
of boron, boron methoxide, for example, could be added 
to the system to provide the metal oxide, boron oxide. 
The simultaneous deposition of metal oxides in FIG. 1 
would then consist of a mixture of silicon dioxide, and 
boron and aluminum oxides. Alternatively, boron oxide 
may be substituted for silicon dioxide since, like silicon 
dioxide, its presence on the surface of a semiconductor 
induces a region of N-type conductivity. It is interesting 
to note that in spite of the fact that boron is a P-type 
dopant like aluminum when difused into a semicon 
ductor, it induces an N-type region when deposited on 
a semiconductor surface. Aluminum oxide alone induces 
a P-type region on the surface of the semiconductor. 

In FIG. 3, layers 23, 24 may also consist of a plurality 
of mixed oxides so that region 25 consists of a mixture of 
all the metal oxides used. 
One useful application of the above described method 

is found in the manufacture of field efect transistors. 
For certain applications, n-p-n devices must be normally 
of while for other reasons a certain conductivity type is 
required. By simply depositing a given mixture of metal 
oxides as indicated by the curves of FIG. 2, a P-type con 
ductivity of a given desired value can be provided which 
makes the device normally-off without need for external 
biasing. 
We claim: 
1. An article comprising: 
a layer of aluminum oxide having a negative charge, 
a layer of borom oxide having a positive charge dis 
posed under said aluminum oxide layer and 

a silicon substrate having an induced positive charge 
in a surface thereof adjacent said boron oxide layer 
said substrate being disposed under said boron oxide 
layer, said negative charge and said first-mentioned 
positive charge coacting to produce said induced 
positive charge. 

2. A method for controlling semiconductor surface 
potential comprising the steps of: 
forming a layer of silicon oxide in a non-oxidizing 

atmosphere on the surface of a semiconductor sub 
strate, said semiconductor being one selected from 
the group consisting of germanium and silicon, and 

depositing a layer of aluminum oxide in a non-oxidizing 
atmosphere on said silicon oxide layer at a tem 
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8 
perature below which the constituents of said layers 
normally difuse. 

3. A method for controlling semiconductor surface 
potential comprising the steps of: 

forming a layer of silicon oxide on a surface of a sili 
com semiconductor substrate, and 

depositing a layer of aluminum oxide in a non-oxidizing 
atmosphere on said silicon oxide layer at a tem 
perature below which the constituents of said layers 
normaly difuse. 

4. A method for controlling semiconductor surface 
potential comprising the steps of: 

forming a layer of silicon oxide on the surface of a 
semiconductor substrate, said semiconductor being 
one selected from the group consisting of germanium 
and silicon, and 

depositing a layer of aluminum oxide on said silicon 
oxide layer in a non-oxidizing nonoxidizing atmos 
phere at a temperature below which the constituents 
of said layers normally difuse. 

5. A method according to claim 1 4 wherein said 
layer of silicon oxide is a layer of silicon dioxide, 

6. A method according to claim 1 4 further includ 
ing the step of heating said layers and said semiconductor 
substrate for times and at temperature suficient to cause 
interdifusion of a portion of said layers. 

7. A method for controlling semiconductor surface 
potential comprising the step of: 

depositing first and second layers of diferent metal 
oxides selected from the group consisting of silicon 
oxide, aluminum oxide and boron oxide in sequence 
on a surface of a substrate of semiconductor mate 
rial selected from the group consisting of germanium 
and silicon in a non-oxidizing atmosphere and at a 
temperature below which the constituents of said 
metal oxides normally difuse said aluminum oxide 
being the second layer. 

8. A method according to claim 4 7 further includ 
ing the step of heating said layers at a temperature and 
for a time suficient to cause interdifusion of a portion 
of said first and second layers. 

9. A method according to claim 7 wherein said non 
oxidizing atmosphere includes reducing gases and inert 
gases, 

10. A method according to claim 9 wherein said inert 
gases include nitrogen, helium, argon, xenon, neon and 
krypton. 

11. A method according to claim 9 wherein said reduc 
ing gases include hydrogen and forming gas. 
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