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HIGH VOLTAGE SILICON DIODE WIIH OPTIMUM 

PL\CEMENT OF SILICON-GERMANIUM LAYERS .. 

Field of the Invention 

This invention relates to high voltage silicon rectifiers, and more pJt.icularly, to a fast 

switching device of the kind that has been sometimes described as a fast epitaxial rectifier. 

Background of the Invention 

The high voltage, fast epitaxial rectifier is a P-N junction diode of monocrystalline silicon 

in which there have been included one or more thin layers that are germanium-doped. The 

germanium introduces strain in the crystal that serves to speed up the recombination of charge 

carriers in the depletion layer of the diode so as to increase the speed with which the diode can be 

switched from a low-impedance state to a high-impedance state as the voltage across the junction 

switches from a forward bias to a reverse bias. Diodes of this kind are described in U.S. Patent 

Nos. 5,097,308 (issued on March 17, 1992), 5,102,810 (issued on April 7, 1992), 5,298,457 

(issued on March 29, 1994), and 5,342,805 (issued on August 30, 1994). 

In high voltage rectifiers it is very important to avoid excessive heating. This is best 

avoided by providing that the diode exhibits a low voltage drop state when biased in the forward 

direction and a high voltage state when biased in the reverse direction and that the transition 

between the two states occurs rapidly. As is known, one of the problems characteristic of such 

diodes is that when the bias shifts from the forward direction to the reverse direction, charge 

carriers that have diffused into the high resistivity depletion region of the junction during the 

forward bias state remain in the high ohmic region. These charge carriers tend to persist for a 

finite time, usually termed either the.recombination time or the minority charge carrier lifetime, 
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and while they persist, the diode remains in a conductive state even though the bias is in the 

reverse direction. This gives rise to leakage currents that flow in the direction opposite to that 

desired and these currents can be a major problem. To overcome this problem, it is known to 

include in the depletion region impurities or crystal imperfections that serve as lifetime killers. As 

mentioned above, the inclusion of doped ·germanium layers, typically in the middle of the 

depletion region, has been used previously to introduce these crystal imperfections that serve this 

role. Additionally, as described in the aforementioned patents, it is known also to include gold 

and platinum atoms in the depletion region to augment the role of the doped-germanium layers in 

this role. 

It is also known to be important in high voltage rectifiers that employ silicon diodes to 

insure that any breakdown of the rectifying junction that may occur, usually because the reverse 

bias is temporarily excessive because of transients or surges in the power supply, occur in the 

interior or bulk of the diode rather than at its surface. This is because the interior is more ~gged 

and, accordingly, breakdowns localized in the interior are· much less likely to do permanent 

damage to the diode than are breakdowns at a surface of the diode. To this ~nd, various 

expedients have been employed, including the use of passivating layers to cover the regions where 

rectifying junctions intersect the surface or the use of special geometries, such as mesas with 

tapered side walls, as described in U.S. Patent No. 5, 102,810 (issued on April 7, 1992). 

Summary of the Invention 

According to the present invention, there is provided a fast high voltage switching rectifier 

comprising a silicon chip that has first and second opposed major plane sUrfaces and between such 

surfaces a substrate portion and an epitaxial mesa portion with tapered side walls. The chip 

further characterized in that it comprises a first region in the mesa portion that is adjacent the first 

surface and of one conductivity type and of relatively low resistivity; a second region in the mesa 

portion that is adjacent the first region and of the one conductivity type but of relatively high 

resistivity and that forms with the first region a high-low junction that has a central portion and an 

edge portion, the edge portion intersecting the side walls of the mesa relatively close to the first 

surface and the central portion being spaced relatively distant from the first surface; a third region 
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adjacent the second surface, and of a conductivity type opposite the one conductivity type for 

forming a P-N junction with the second region; and at least one layer in the mesa portion that is 

germanium-doped and extends transversely in the mesa portion substantially parallel to the major 

surfaces and intersects the high-low junction such that its edge portion is on one side of the layers 

and its central portion is on the opposite side of the layers. 

There may be three plane germanium-doped layers spaced apart with each intersecting the 

high-low junction in a transition region between the central portion and the edge portion of the 

high-low junction. 

The mesa portion of the chip may be a frustrum of a pyramid with a square cross section. 

The mesa portion may have side walls that may make approximately a forty five degree 

angle with the substrate portion of the chip. 

Each doped layer may include a concentration of one-half to ten percent germanium 

atoms. 

-'. I 

The fast high voltage switching rectifier may further comprise lifetime-killing impurities 

in the first and second regions concentrated at the interfaces between the germanium-doped layers 

and the adjacent silicon. 

The germanium-doped layers may be approximately two microns thick and may be spaced 

apart by approximately two microns. 

The fast high voltage switching rectifier may comprise first and second electrodes on said 

first and second surfaces, respectively, for making electrical contact to the rectifier. 

According to another aspect of the present invention, there is provided a high voltage 

rectifier comprising a silicon chip having first and second opposed major surfaces and including a 

substrate portion and a mesa portion that comprise first, second, and third regions of which the 
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first region is adjacent the first major surface and is of the one conductivity type and relatively 
. . 

low resistivity, the second region is intermediate between the first and third regions and is of the 

one conductivity type and of relatively high resistivity for forming a high-low junction with the 

first region, and the third region is adjacent the second major surface and of the opposite 

conductivity type and forms a P-N junction with the second region, and at least one plane 

germanium-doped layer that extends substantially parallel to the major surface intersecting the 

high-low junction in a manner ~at the high-low junction includes a central portion on one side of 

the germanium-doped layers and an edge portion on the other side of the germanium-doped layers 

that intersects the tapered side walls of the mesa. 

-~ 

The high voltage rectifier may be further characterized in that there may be three 

germanium-doped layers each of which intersects the high-low junction. 

The high voltage rectifier may be further characterized in that the mesa portion may be a 

frustrum of a pyramid with a square cross section and side walls that make approximately a forty­

five degree angle with the base. 

The central portion of the high-low junction may essentially be a plane and extends close 

to the P-N junction between the second and third regions and the edge portion of the high-low 

junction may be essentially a plane that extends further from the P-N junction. 

The central portion may form at least ninety percent of the area of the high-low junction 

and lies close to the P-N junction. 

The second region may serve as the base of the rectifier and its resistivity may be such that 

the breakdown of the rectifier is base-width limited. 

The high voltage device may comprise separate electrodes on the first and second major 

surfaces for forming a rectifier. 
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Brief Description o{tbe Drawinas 

In order that the invention might be more fully understood, an embodiment of the 

invention will be described, by way of example only, in which: 

FIGURE 1 shows a cross-sectional view of a semiconductor chip in accordance with a 

preferred embodiment of the present invention. It is to be noted that the drawing is not 

necessarily to scale. 

Detailed Description Of The Preferred Embodiment 

·' 
! 

Referring now to the FIGURE 1, there is shown a cross-sectional view of a semiconductor 

chip 10 that typically would have been diced from a larger wafer, as is customary in the art. 

Generally most of the device processing is done on a wafer scale and the wafer is subsequently 

diced into individual chips. It will be convenient to discuss the invention with particular respect 

to a single chip. 

The chip 10, which has top and bottom opposed plane surfaces 1 OA and 1 OB, respectively, 

comprises a heavily doped substrate bulk portion 11 that.was part of an original heavily doped 

substrate and a mesa portion 12 that is fonned from a layer that was grown epitaxially on the 

substrate portion 11. To be able to get tapered side walls 12A for the mesa portion 12 by 

anisotropic etching, the original substrate is cut so that its upper surface on which the epitaxial 

layer is to be grown, corresponds to a <1-0-0> crystal plane. By way of illustration the original 

substrate is assumed to have been heavily doped P-type (P++) conductivity. 

The epitaxial portion 12 is grown to be oflargely very lightly doped N-type conductivity 

as deposited, typically of about 10 ohm-cm resistivity. However, during the growth of the 

epitaxial layer, enough acceptor impurities will outdiffuse from the substrate into the first grown 

material to fonn a P+ type conductivity region 13 in the epitaxial layer. Accordingly, a P-N · 

junction 14 is fonned in the epitaxial layer. Moreover, the growth process is modified to grow 

three germanium-doped layers ISA, 15B, and 15C in the epitaxial layer 12 so thattbe epitaxial 

layer 12 is a composite region that includes both gennanium-undoped and gennanium-doped 
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silicon regions. A suitable growth technique is described, for example, in the aforementioned 

U.S. Patent No. 5,097,308. 

Then the upper portion of the mesa is treated to form an N+ type conductivity region 18 

that extends across the top surface lOA of the chip 10. It typically is formed by the indiffusion of 

donor impurities from the top surface 1 OA. The remaining intermediate lightly doped N- type 

region 19 of the mesa 12 can be described as the base of the diode and largely determines its 

electrical properties. The special topography of the interface of the heavily doped N+ type 

conductivity diffusion layer 18 with the lightly doped N- type conductivicy: layer 19 (the high-low 

junction 20) is a characteristic feature of the invention. The high-low junctjon 20 includes a 

central or interior plane portion 20A that is at least ninety per cent of the area of the high-low 

junction and extends deeply into the mesa portion, beyond the germanium-doped layer 15C (the 

deepest of the three germanium doped layers). It approaches the P-N junction 14 as closely as 

possible consistent with the design breakdown voltage (typically about 30 microns for a 600 volt 

device). The narrower peripheral or edge portion 20B of the high-low junction 20 advantageously 

is considerably shallower and lies short of the germanium-doped layer ISA (the shallowest of the 

three germanium-doped layers). Advantageously, the edge portion 20B includes a substantially 

plane shoulder that intersects the side wall of the mesa. The wider high ohmic layer formed by 

this shoulder reduces the·electrical field. This shoulder also eases the alignment requirements of 

the masking used to define the high-low junction 20. Also, together with the fact that the P-N 

junction 14 makes a positive bevel angle with the mesa side wall, there is inslired that any voltage 

breakdown will occur in the bulk of the diode, as is desirable. 

We have found that it is important to locate this high-low junction 20 close to the 

germanium doped layers 1 SA, 1 SB, and 1 SC to substantially speed up recombination times. In 

particular, it appears advantageous to extend the central portion 20A of the junction 20 slightly 

deeper into the interior than the deepest of the germanium doped layers. 

It is usually found also useful for speeding up the recombination of charge carriers to 

incorporate other foreign ions in the base region of the rectifier. Presently the usual choices for 

the role are gold and platinum ions. These are most effective in providing low reverse currents 



7 

and a low forward voltage drop when they are located in the transition region between the N+ and 

N-type conductivity portions of the mesa 12. Since both gold and platinum are fast diffusers in 

silicon, a sufficient number can be provided in such region by providing a concentration of atoms 

of these metals on the top surface lOA of the mesa 12 and heating the mesa 12, either selectively 

or by heating the wafer. The heating should be for a time and at a temperature sufficient for them 

to diffuse into the interior as deeply as the layers 1 Sa, l SB, and 1 SC but insufficient for unwanted 

diffusion of the donor and acceptors used to dope regions 13 and 18. As is known, mobile gold 

and platinum ions tend to be trapped at the interfaces between the· germanium,..doped layers and 

the undoped silicon regions. 

Various ways to achieve the preferred topography of the interface 20 are described 

hereinbelow. 

The wafer may be etched to form the mesas 12 either before or after the diffusion that 

form the N+ type conductivity region 18. Advantageously, the mesa 12 is formed in the manner 

described in U.S. Patent No. 5,399,901 (issued on March 21, 1995) to be a frustrum of a pyramid 

that has a substantially square cross section with rounded corners. As is described in this patent, 

the preferred mesa geometry described above is realized by providing a square etchant mask 

having rounded corners on a <100> crystal plane at the top surface of the silicon wafer with the 

straight sides of the mask disposed at an angle of 45 degrees with the <111> directions on the 

wafer surface and then treating the masked silicon wafer with a suitable wet etchant, such as hot 

ethylenediamine, that provides anistropic etching, leaving tapered side walls making about a 45 

degree angle with the base of the pyramid. 

As mentioned above, the diffusion to form the N+ type conductivity region 18 can be done 

either before or after the epitaxial layer has been etched to form the mesa 12. If the mesa 12 is 

already in place, the top surface of the mesa can be implanted with donor ions and ions then 

diffused by a drive-in diffusion as described in U.S. Patent No. 5,010,023 (issued on April 23, 

1991) to provide a diffused layer with a somewhat concave geometry, penetrating deeper in the 

central portion than in the peripheral portion. Moreover, by control of the pattern of the implanted 

ions, a desired topography can usually be obtained. If the diffusion layer is to be formed before 

the mesas are formed, the desired high-low junction is best achieved by a first diffusion process 
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with a mask with a small opening to form the desired deeper plane central portion 20A followed 

by a second shallower unmasked diffusion to form the shallower edge portion 20B. Various other 

techniques for obtaining the desired topography should be apparent to a worker in the art. 

The.important dimensions of a typical design are as follows. Each of the germanium­

doped layers ISA, lSB, and lSC has a thickness of about 2 microns and is spaced apart from its 

neighbors by about 2 microns. The P+ type conductivity layer 13 has a thickness of about 15 

microns. The separation of the P-N junction 14 from the first germanium-doped layer 15C is 

about 31 microns. A square side of a mesa 12 at its base might range from 40 mils to more than a 

hundred mils, the larger the size the greater the current rating of the rectifier. The thickness of the 

heavily doped substrate 11 and that of the N+ type conductivity layer 18 desirably should be no 

thicker than is necessary to provide adequate mechanical strength and ease of handling. Excess 

thickness of either merely adds undesirably to the forward voltage drop across the diode. The 

depth of the donor diffusion should make the diffusion extend just below the deepest of the 

germanium doped layers l SC. 

The design of the diode advantageously is such that the breakdown is essentially base­

width limited, i.e., determined by the width or thickness of the N- type conductivity regions 19, 

rather than limited by the resistivity of the N-type conductivity region 19. The base width 

advantageously is essentially constant iri much of the interior of the rectifier and widens the closer 

it gets to the sloped side wall 12A of the diode. The widest base width advantageously is made to 

occur near the top surface of the silicon rather than in the interior to minimize the likelihood of 

surface breakdown. If desired, the base width cari be made to reach the top surface of the silicon, 

though generally this is not preferred. It should not occur in the depicted embodiment because the 

high-low junction 20 terminates at the side walls of the mesa rather than at the top surface. The 

concentration of doping of the N- type conductivity region is chosen such that the depletion 

region at breakdown will occupy essentially all of the lightly doped high resistivity region 19. 

As discussed; it is usually preferable that the depletion layer not reach completely to the 

top surface 1 OA and for this reason, the flat peripheral shoulder region 18A of the diffused layer 

18 is generally more lightly doped than the central portion. 
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As is known to workers in the art, the amount of germanium in the germanium-doped 

layers is generally in the range of one-half to ten percent with two percent usually being preferred. 

It will also usually be advantageous to passivate the tapered sidewalls of the mesa, 

·typically by a dielectric coating, as indicated by the layer 24. 

Additionally, for interconnection purposes, electrodes 25A and 25B are generally provided 

to the top and bottom surfaces IOA and lOB, respectively, of the chip 10 iD: conventional fashion . 
. \ . 

\ 

It is to be understood that the specific embodiment that has been described is merely 

illustrative of the general principles of the invention and that various other embodiments will be 

apparent to the worker in the art. In particular, there may be used the complementary P+, P-~ N+ 

structure and metals other than gold and platinum should be available as alternatives as lifetime · 

killers, or such lifetime killers might be omitted . 

.. . 
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What is claimed is: 

1. A fast high voltage switching rectifier comprising a silicon chip that has first and 

second opposed major plane surfaces and between such surfaces a substrate portion and an 
, . 

epitaxial mesa portion with tapered side walls, the chip further characterized in that it comprises: 

a first region in the mesa portion that is adjacent the first surface and of one 

conductivity type and of relatively low resistivity; 

a second region in the mesa portion that is adjacent the first region and of the one 

conductivity type but of relatively high resistivity and that forms with the first region a high-low 

junction that has a central portion and an edge portion, the edge portion int~rsecting the side walls 

of the mesa relatively close to the first surface and the central portion being spaced relatively 

distant from the first surface; 

a third region adjacent the second surface, and of a conductivity type opposite the 

one conductivity type for forming a P-N junction with the second region; and 

at least one layer in the mesa portion that is germanium-doped and extends 

transversely in the mesa portion substantially parallel to the major surfaces and intersects the 

high-low junction such that its edge portion is on one side of the layers and its central portion is 

on the opposite side of the layers. 

2. The fast high voltage switching rectifier of claim 1 in which there are three.plane 

germanium-doped layers spaced apart with each intersecting the high-low junction in a transition 

region between the central portion and the edge portion of the high-low junction. 

3. The fast high voltage switching rectifier of claim 1 in which the mesa portion of 

the chip is a frustrum. of a pyramid with a square cross section. 

4. The fast high voltage switching rectifier of claim 3 in "Yhich the mesa portion has 

side walls that make approximately a forty five degree angle with the substrate portion of the chip. 

S. The fast high voltage switching rectifier of claim l in which each doped layer 

includes a concentration of one-half to ten percent germanium atoms. 
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6. The fast high vciltage switching rectifier of claim 5 further comprising lifetime-

killing impurities in the first and second regions concentrated at the interfaces between the 

germanium-doped layers and the adjacent silicon. 

7. The fast high voltage switching rectifier of claim 3 in which the germanium-doped 

layers are approximately two microns thick and spaced apart by approximately two microns. 

8. The fast high voltage switching rectifier of claim 1 comprisi:ng first and second 

electrodes on said first and second surfaces, respectively, for making electrlpal contact to the 

rectifier. 

9. A high voltage rectifier comprising a silicon chip having first an_d second opposed 

major surfaces and including a substrate portion and a mesa portion that comprise first, second, 

and third regions of which the first region is adjacent the first major surface and is of the one 

conductivity type and relatively low resistivity, the second region is intermediate between the first 

and third regions and is of the one conductivity type and of relatively high resistivity for forming 

a high-low junction with the first region, and the third region is adjacent the second major surface 

and of the opposite conductivity type and forms a P-N junction with the second region, and at 

least one plane germanium-doped layer that extends substantially parallel to the major surface 

intersecting the high-low junction in a manner that the high-low junction includes a central 

portion on one side of the germanium-doped layers and an edge portion on the other side of the 

germanium-doped layers that intersects the tapered side walls of the mesa. 

10. The high voltage rectifier of claim 9 further characterized in that there are three 

germanium-doped layers each of which intersects the high-low junction. 

11. The high voltage rectifier of claim 10 further characterized in that the mesa portion 

is a frustrum of a pyramid with a square cross section and side walls that make approximately a 

forty-five degree angle with the base. 
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12. The high voltage rectifier of claim 9 in which the central portion of the high-low 

junction is essentially a plane and extends close to the P-N junction between the second and third 

regions and the edge portion of the high-low junction is ·essentially a plane that extends further 

from the P-N junction. 

13. The. high voltage rectifier of claim 12 in which the central portion forms at least 

ninety percent of the area of the high-low junction and lies cfose to the P-N junction. 

14. The high voltage rectifier of claim 13 in which the second ~gion serves as the base 

of the rectifier and its resistivity is such that the breakdown of the rectifier-~s base-width limited. 

15. The high voltage device of claim 14 further comprising separate electrodes on the 

first and second major surfaces for forming a rectifier. 


