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[57] ABSTRACT 
The present invention provides a method for fabricating 
a silicon-on-insulator voltage multiplier. The method 
comprises the steps of: forming a ?rst silicon layer hav 
ing a ?rst concentration of a ?rst dopant with a ?rst 
polarity on a silicon wafer having a second concentra 
tion of a second dopant with a second polarity opposite 
the ?rst polarity to create a diode junction; forming a 
second silicon layer on the ?rst silicon layer, the second 
silicon layer having a third concentration of a third 
dopant having the ?rst polarity, where the third con 
centration is greater than the ?rst concentration of the 
?rst dopant; forming a silicon dioxide layer on the sec 
ond silicon layer by thermal oxidation; bonding an insu 
lating substrate to the silicon dioxide layer to create a 
bonded wafer, where the insulating substrate is selected 
from the group consisting of quartz, glass, sapphire, and 
silicon dioxide on silicon; thinning the silicon wafer to 
form a thinned silicon layer; etching the bonded wafer 
to form a plurality of separate diodes having sloped 
sidewalls and to expose selected regions of the insulat 
ing substrate; forming an insulating silicon layer on the 
selected regions of the insulating substrate and on the 
separate diodes; exposing selected regions of the 
thinned silicon layer and regions of the second silicon 
layer of each of the diodes; and forming metal intercon 
nects between the exposed selected regions of the 
thinned silicon layer of one of the diodes with the sili 
con layer of another of the diodes. 

4 Claims, 4 Drawing Sheets 

A statutory invention registration is not a patent. It has 
the defensive attributes of a patent but does not have the 
enforceable attributes of a patent. No article or advertise 
ment or the like may use the term patent, or any term 
suggestive of a patent, when referring to a statutory in 
vention registration. For more speci?c information on the 
rights associated with a statutory invention registration 
see 35 U.S.C. 157. 
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METHOD FOR FABRICATING A 
SlLICON-ON-INSULATOR VOLTAGE 

MULTIPLIER 

STATEMENT OF GOVERNMENT INTEREST 

The invention described herein may be manufactured 
and used by or for the Government of the United States 
of America for governmental purposes without the 
payment of any royalties thereon or therefor. 

BACKGROUND OF THE INVENTION 

The present invention relates to the ?eld of voltage 
multiplier circuits, and more particularly, to a voltage 
multiplier incorporating diodes fabricated by bonding 
silicon to an insulating substrate and a method of fabri 
cating same. 

Voltage multiplier circuits employing capacitors and 
diodes to effect voltage multiplication by means of 
charge pumping are well known. Applications of volt 
age multiplier circuits include providing relatively high 
voltage within integrated circuits, and multiplying the 
voltage output of high voltage power supplies. 
The simplest method of producing a voltage multi 

plier circuit is to wire together discrete diodes and ca~ 
pacitors. This method is generally employed for high 
voltage power supply applications. Another method of 
producing a voltage multiplier circuit is to integrate the 
diodes and capacitors on a semiconducting substrate as 
is done for applications within an integrated circuit. 
Both of these approaches have disadvantages for some 
applications. In the case of the‘ discrete element circuits, 
the size of the circuit elements limits the number of 
multiplier stages which can be practicably imple 
mented. Also, the frequency of the oscillatory charge 
pumping voltages is limited by the large size of the 
circuit elements. In the case of the integrated voltage 
multiplier circuits, the voltages which can be attained 
are limited by voltage induced breakdown between 
circuit elements and the semiconducting substrate on 
which the circuits are fabricated. The semiconducting 
substrate can also cause capacitive shunting of the oscil 
latory pumping voltages at high frequency. 
An approach which avoids the limitations of prior art 

discussed above is to use an integrated voltage multi 
plier circuit fabricated on an insulating substrate. One 
silicon-on-insulator technology which can be employed 
is epitaxially grown silicon-on-sapphire (SOS). The 
problem with epitaxially grown SOS is that the high 
temperatures required in the fabrication process and 
differential thermal expansion effects cause relatively 
high reverse current leakage in SOS diodes. Low re 
verse leakage current is necessary for efficient voltage 
multiplier circuit operation. Thus, a need exists for volt 
age multiplier circuits having high quality diode devices 
integrated on an insulating substrate and a method for 
fabricating such circuits. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an electrical schematic representation of a 
voltage multiplier circuit. 
FIG. 2 illustrates an implementation of the voltage 

multiplier circuit of FIG. 1 formed by bonding silicon 
on an insulating substrate in accordance with the teach 
ings of the present invention. 
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2 
FIGS. 3—9 show cross-sectional views of the several 

stages in the manufacture of the serially connected di 
odes employed in the voltage multiplier of FIG. 2. 
FIG. 10 is a cross-sectional view of an example of a 

capacitor which may be employed in the voltage multi 
plier circuit of FIG. 2. 

SUMMARY OF THE INVENTION 

The present invention provides a method for fabricat 
ing a silicon-on-insulator voltage multiplier. The 
method comprises the steps of: forming a ?rst silicon 
layer having a ?rst concentration of a ?rst dopant with 
a ?rst polarity on a silicon wafer having a second con 
centration of a second dopant with a second polarity 
opposite the ?rst polarity to create a diode junction; 
forming a second silicon layer on the ?rst silicon layer, 
the second silicon layer having a third concentration of 
a third dopant having the ?rst polarity, where the third 
concentration is greater than the ?rst concentration of 
the ?rst dopant; forming a silicon dioxide layer on the 
second silicon layer by thermal oxidation; bonding an 
insulating substrate to the silicon dioxide layer to create 
a bonded wafer, where the insulating substrate is se 
lected from the group consisting of quartz, glass, sap 
phire, and silicon dioxide on silicon; thinning the silicon 
wafer to form a thinned silicon layer; etching the 
bonded wafer to form a plurality of separate diodes 
having sloped sidewalls and to expose selected regions 
of the insulating substrate; forming an insulating silicon 
layer on the selected regions of the insulating substrate 
and on the separate diodes; exposing selected regions of 
the thinned silicon layer and regions of the second sili 
con layer of each of the diodes; and forming metal inter 
connects between the exposed selected regions of the 
thinned silicon layer of one of the diodes with the sili 
con layer of another of the diodes. 
The insulating substrate provides the advantages of 

extremely high breakdown voltage and very small para 
sitic capacitance between circuit elements. The advan 
tages of integrated circuit fabrication are also realized, 
while the method of fabrication overcomes the problem 
of diode degradation caused by differential thermal 
expansion of the device layer and the substrate during 
high temperature processing. These advantages make 
possible voltage multiplier circuits with higher voltage 
capability, more multiplier stages, and higher operating 
frequency than is possible with conventional voltage 
multipliers. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

The present invention provides a voltage multiplier 
comprising diodes formed by bonding silicon to an 
insulating substrate which overcomes the aforemen 
tioned limitations of multipliers such as are taught in 
US. Pat. No. 4,922,402. 

Represented in FIG. 1 is a schematic diagram of an 
example of a voltage multiplier 10 embodying various 
features of the present invention which incorporates 
diodes D1, D2, D3, . . . Dm formed by bonding silicon on 
an insulating substrate and which are interconnected 
with capacitors C1, C2, C3, . . . Cm. However, the circuit 
con?guration of the voltage multiplier represented in 
FIG. 1 is presented by way of example only for the 
purpose of describing the implementation of the present 
invention. It is to be understood that the scope of the 
invention encompasses any voltage multiplier circuit 
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comprising interconnected diodes which are formed by 
bonding silicon to an insulating substrate. 

Referring to FIG. 2, there is shown the voltage multi 
plier 10, having an electrical circuit represented sche 
matically in FIG. 1, comprising multiple diodes manu 
factured as described further herein by bonding silicon 
to an insulating substrate. The diodes preferably are 
interconnected to the capacitors on a single substrate. 
The voltage multiplier 10 is shown to include an m 
number of serially connected diodes, D1, D2, D3, . . . 
D(m_1), Dm each having an anode 12 and a cathode 14, 
where m is a positive integer. The cathode 14 of each 
diode Dm is connected to the anode 12 of the immedi 
ately successive diode, D(m+1), where n is a positive 
integer and pb 0<n§m. 
The odd numbered capacitors C1, C3, C5, . . . of a ?rst 

set 18 of capacitors are interconnected between succes 
sive pairs of diodes Dland D2, D3 and D4, etc, and an 
electrical contact 24 by a patterned metallization layer 
141, shown in FIG. 2. The even numbered capacitors 
C2, 0;, C6, . . . of a second set of capacitors 20 are inter 
connected between successive pairs of diodes D2 and 
D3, D4 and D5, etc, and an electrical contact 26 by the 
metallization layer 141. The anode 12 of the diode D1 is 
electrically connected by the metalization layer 141 to 
an electrical contact 28 disposed to receive the voltage 
V“ that is to be multiplied. 
The operation of a voltage multiplier of the type 

represented by the voltage multiplier 10 of FIG. 2 is 
described with reference to FIG. 1. Phi 1 and phi 2 are 
two voltage pulse trains substantially in phase opposi 
tion between themselves, and which are generally gen 
erated by a suitable oscillator, not shown. By supposing 
ideal diode behavior, and phi 1 and phi 2 having an 
amplitude equal to the supply voltage, V“, the asymp 
totic level approached by the output voltage V0,“, in an 
open circuit situation, is equal to p times V“, where p is 
the number of stages (corresponding to the number of 
serially connected diodes) of the multiplier circuit. Ini 
tially, where the capacitors are in a discharged state and 
where phi l=Vc¢, and phi 2:0, the C1 capacitor 
charges to the V“ voltage, while the capacitor C; re 
mains uncharged. When phi 1 and phi 2 switch because 
the diode D2 cannot sustain a positive voltage across its 
terminals, the capacitor C1 pours charge in the capaci 
tor C2, which thus charges to the voltage V“. A similar 
transfer of electrical charge will occur from all of the 
odd numbered capacitors to the even numbered capaci 
tors represented in FIG. 1. When phi 1 and phi 2 switch 
again, the capacitor C1 recharges through the supply, 
and no return of charge from C2 occurs because the 
diode D1 is reverse biased. Similarly all the other odd 
numbered capacitors recharge by means of the current 
provided by the preceding stage (to the left thereof in 
the diagram). Under open circuit conditions, i.e., when 
no current is drawn from the output terminal of the last 
stage, the output voltage Vowwill be decisively greater 
than V“ because of the transfer of electrical charge 
from the preceding stage. Moreover, the current drawn 
from the preceding stage upon any subsequent switch 
ing will become progressively smaller because the out 
put capacitor will result already partially charged. At 
steady state, any intermediate node of the voltage multi 
plier assumes a voltage greater than that of the preced 
ing intermediate stage by a quantity equal to the supply 
voltage. Therefore, the output voltage vmis equal to p 
times the supply voltage V“. 
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4 
In an example of the manufacture of the diodes D 

comprising the voltage multiplier 10, as shown in FIG. 
3, a silicon wafer structure 110 comprising a silicon 
layer 112 is formed on a silicon wafer 114. The silicon 
wafer 114 is doped with impurities to form either an 
n-type or p-type semiconductor. The layer 112 may be 
epitaxially grown or formed by ion implantation. As an 
example, the layer 112 may be epitaxially grown to a 
thickness of about 10 microns. The layer 112 is doped 
with impurities to form either an n-type or p-type semi 
conducting material. If the wafer 114 is n-type, then 
layer 112 is p-type, and vice-versa. By way of example, 
arsenic may be used to dope the silicon wafer 114 to 
form n-type material and boron may be used to dope the 
silicon layer 112 to form p-type material. The concen 
tration of dopant in the wafer 114 is preferably about 
l019/cm3 or greater which facilitates the formation of 
ohmic contacts at a later stage in the manufacture of the 
diode circuit 10 formed on the silicon wafer structure 
110. The doping concentration of the layer 112 is typi 
cally less than 1018/cm3. The dopant concentrations 
and layer thicknesses are variable parameters which are 
selected to optimize the electrical properties of the 
diodes. A wide range of values for such parameters may 
provide satisfactory results. The interface 116 between 
the silicon layer 112 and silicon wafer 114 provides a 
diode junction. A diode junction is a junction between 
p-type and n-type semiconducting layers which pro 
duces recti?cation of electrical current flow. 

Next, as shown in FIG. 4, a dopant of the same polar 
ity as that of the layer 112 is implanted or diffused into 
the silicon layer 112 to form a layer 117 which is more 
heavily doped than the rest of layer 112. For example, if 
the layer 112 includes n-type material with a doping 
concentration of about 1O17/cm3, then the layer 117 
may include n-type material with a doping concentra 
tion of about 1019/ cm. Such doping facilitates formation 
of ohmic contacts at a later stage to the diodes, set forth 
below. The formation of the layer 117 requires subject 
ing the silicon wafer structure 110 to a high temperature 
anneal. Such anneal is required to either promote diffu 
sion if the layer 117 is formed by diffusion, or to activate 
ion-implanted dopant impurities if the layer 117 is 
formed by ion-implantation. A silicon dioxide layer 118 
is formed on the layer 17 by thermal oxidation to pro 
vide a bonding surface, as described below. 
By way of example, the thickness of the layer 117 is 

preferably in the range of about 100 to 500 nm. The 
ion-implanted dopants are activated by placing the sili 
con wafer structure 110 in a high temperature anneal, as 
for example, in an atmosphere of oxygen maintained at 
about 900° C. for about 25 minutes, during which time, 
the silicon dioxide layer 118, which may be about 50 to 
100 nm thick, is grown in the layer 117. The silicon 
dioxide layer 118 is used as a bonding surface because it 
will adsorb hydroxyl ions which promote bonding be 
tween the silicon dioxide layer 18 and an insulating 
substrate to which the silicon wafer structure 110 is 
bonded, as described further herein. 
The insulating substrate is preferably a sapphire 

wafer 120, as shown in FIG. 5, although the insulating 
substrate may also be made of materials selected from 
the group consisting of quartz, glass, and silicon dioxide 
on silicon. The sapphire wafer 120 should be ?at and 
polished to a mirror-like surface on at least one side 
having an RMS roughness, as for example, of less than 
0.25 pm. Preferably, the silicon wafer structure 110 and 
sapphire wafer 120 are each approximately of the same 
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size and shape. The surface of silicon dioxide layer 118 
is generally smooth enough to bond well with the insu 
lating substrate without polishing, particularly Where 
the insulating substrate is the sapphire wafer 120. 

Next, the sapphire wafer 120 and silicon wafer struc 
ture 110 are each cleaned, as for example, by a process 
such as an RCA clean, employing the hydro?uoric acid, 
hydrogen peroxide, and ammonium hydroxide clean 
ing, or by a hydrophilization bath using hydrogen per 
oxide and ammonium hydroxide. After cleaning, the 
sapphire and silicon wafers are rinsed in de-ionized 
water, and dried with heated nitrogen. The cleaning 
results in hydrolyzing, or adsorption of —(OH) ions on 
the cleaned surfaces which promotes bonding between 
the sapphire wafer 120 and silicon wafer structure 110. 
The silicon wafer structure 110 may be placed on a 

clean surface to expose the layer 118. Then, the polished 
surface of the sapphire wafer 120 is placed against the 
exposed surface of the layer 118 of the silicon wafer 
structure 110. The silicon wafer structure 110 and sap 
phire wafer 120, now in contact with each other, are 
heated to about 200° C. for a period which may range 
from 1 to 100 hours in air, nitrogen, or oxygen to create 
a bonded wafer 122. Generally, the application of pres 
sure to hold the silicon wafer 114 and sapphire wafer 
120 together is not necessary, although such compres 
sive force may be provided if desired. The temperature 
at which the sapphire wafer 120 and silicon wafer struc 
ture 110 are heated is relatively low compared to tem 
peratures employed in processes involving epitaxial 
growth, ion implantation, and diffusion. Such low tem 
perature advantageously avoids the generation of ther 
mally induced defects associated with the higher tem 
perature processes normally used to grow silicon on 
sapphire. Thus, a major advantage of the present inven 
tion is that it provides a method for manufacturing a 
voltage multiplier on an insulating substrate such as 
sapphire wafer 120, where after being bonded together, 
the silicon wafer structure 110 and the insulating sub 
strate are not subjected to temperatures which would 
cause the silicon to develop thermally induced cracks. 
After being allowed to cool to ambient temperature, the 
bonded wafer 122 may be handled without risk of sepa 
rating the silicon wafer structure 110 from the sapphire 
wafer 120. 

Next, as shown in FIG. 6, the silicon layer 114 may be 
thinned and thereby transformed into a thinned silicon 
layer 114 so that only a minimal thickness of about 100 
to 1000 nm remains by any of the methods commonly 
employed in the art of thinning bonded wafers. Such 
processes may include, but are not limited to surface 
grinding, precision grinding with electrolytic in-process 
dressing, or ductile mode grinding. 

Referring now to FIG. 7, a layer of masking material 
130 is deposited onto the surface of the thinned silicon 
layer 114 and patterned using well known lithographic 
techniques. An etch, using potassium hydroxide solu 
tion (KOI-I) or an isotropic plasma etch, for example, 
then may be performed so as to leave islands, now di 
odes 132 of silicon having sloped sidewalls 133 extend 
ing from the sapphire substrate 120. After the etch, the 
masking material 130 is removed. At this stage, the 
bonded wafer 122 includes a series circuit of diodes 132 
which need to be electrically interconnected. 
With reference to FIG. 8, a layer of silicon dioxide 

140, which is thick enough to provide good electrical 
insulating properties (500 nm thickness is typically su?‘i 
cient), is deposited over the diodes and exposed surface 
of the sapphire substrate 120. A layer of photoresist 134 
is deposited on top of the layer of silicon dioxide 140, 
and then patterned using photolithographic techniques. 
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6 
The photoresist 134 serves as a mask for the etching of 
contact holes 136 in the layer of silicon dioxide 140 to 
expose selected regions of the silicon layer 117 and 
thinned silicon layer 114, shown in FIG. 8. Such expo 
sure is facilitated by the sloped sidewalls 133 of the 
photodiodes 132. After patterning the layer of silicon 
dioxide 140 to create the contact holes 136, the layer of 
photoresist 134 is removed by any one of the commonly 
used methods for removing photoresist. 

Referring now to FIG. 9, a metallization layer 141 is 
deposited over the photodiodes 132 and then is suitably 
patterned using well known photoresist masking meth 
ods to create a series circuit photocell array. The diode 
circuit is comprised of multiple, individual diodes 132 
connected in series by interconnecting a heavily doped 
layer 117 of one diode 132 with the thinned silicon layer 
114 of another diode 132, as shown in FIG. 9. 
The p-type layers of the diodes constitute the anodes 

12, and the n-type layers constitute the cathodes 14. The 
contacts to the anodes 12 and cathodes 14 occur at the 
openings or vias 136 in the oxide layer 140 as shown in 
FIG. 8. 
The capacitors are formed during the same process 

ing steps which form the diodes. Referring to FIG. 10, 
which is a vertical cross-section through the center of 
one of the capacitors shown in FIG. 2, the capacitors 
comprise one electrode which is formed by n-type and 
p-type silicon layers 114, 112, 117, and 118 mutually 
contacted by metal layer 141, an insulating dielectric 
layer 140, and a second electrode formed by overlying 
metal layer 141. 

Obviously, many modi?cations and variations of the 
present invention are possible in light of the above 
teachings. It is therefore to be understood that within 
the scope of the appended claims, the invention may be 
practiced otherwise than as speci?cally described. 
We claim: 
1. A bonded silicon-on-insulator diode circuit, com 

prising: 
a bulk insulating substrate; and 
multiple diodes, each diode including: 

a silicon dioxide layer bonded to said insulating 
substrate; 

a silicon layer conjoined with said silicon dioxide 
layer; and 

a p-n diode junction formed in said silicon layer, 
said silicon layer being differential thermal ex 
pansion defect free. 

2. The bonded silicon-on-insulator diode circuit of 
claim 1 wherein said insulating substrate includes a 
material selected from the group of sapphire, quartz, 
glass, and silicon dioxide on silicon. 

3. A voltage multiplier diode circuit, comprising: 
a bulk insulating substrate; and 
an electrical circuit formed on said bulk insulating 

substrate, said electrical circuit having a multiplic 
ity of diodes and capacitors interconnected to form 
a voltage multiplier, each of said diodes including: 
a silicon dioxide layer bonded to said insulating 

substrate; 
a silicon layer conjoined with said silicon dioxide 

layer; and 
a p-n diode junction formed in said silicon layer, 

said silicon layer being differential thermal ex 
pansion defect free. 

4. The voltage multiplier diode circuit of claim 3 
wherein said insulating substrate includes a material 
selected from the group of sapphire, quartz, glass, and 
silicon dioxide on silicon. 

* * * * * 


