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This invention relates to high voltage silicon rectifiers, and more péi_"ticularly, 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,




diodes is that when the bias shifts fromthe 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 ohmc region. These charge carriers tend to persist for
a finite time, usually terned either t reconbi nation tinme or the mnority
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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 rugged
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 end, 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 tapefed 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 relafively close to the first

surface and the central portion being spaced relatively distant from the first surface; a third region



I nsure that any breakdown of the rectifying junction that may occur,
usual |y because the reverse bias is tenporarily excessive because of
transients or surges in the power supply, occur imthe intérior or bul k of
the diode rather than at its surface. This is because the interior is nore
rugged and, accordingly, breakdowns logalized in the interior are nuch |ess
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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. '

The fast high voltage switching rectifier may further comprise lifetime-killing impurities |
in the first and second regions concentrated at the interfaces between the germaniﬁm—doped layers

and the adjacent silicon.

The gennaniuﬁl-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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3 adj acent 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
| east one layer in the nesa portion that is germantum doped and extends
transversely in the nesa portion substantially parallel to the ngjor
surfaces and intersects the high-low junction such that its edge portion is
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concentration of one-half to ten _percent gernmanium atons, )
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.
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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The fast high voltage switching rectifier may further conprise .
lifetime-killing inpurities in the first and second regi ons concentrated at
the interfaces between the gernmani um doped | ayers *and the adjacent silicon.
The germani um doped | ayers nmay be approxi mately two microns thick and may
be spaced apart by approximately two nscrons. The fast high voltage

B&iition T t ey | se first and second el ectrodes on said first
and second surfaces, respectively, for making electrical contact to the
rectifier. Accordlng to anot her aspect of the present invention there is
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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 10A and 10B, 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 formed 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 of largely 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 form a P+ type conductivity region 13 in the epitaxial layer. Accordingly, a P-N -
junction 14 is formed in the epitaxial layer. Moreover, the growth process is modified to grow
three germanium-doped layers 154, 15B, and 15C in the epitaxial layer 12 so that the epitaxial

layer 12 is a composite region that includes both germanium-undoped and germanium-doped



conductivity type and forns a P-N junction with the second region, and at
| east one pl ane germani um doped | ayer that extends substantially parall el
to the major surface intersecting the high-low jurtction in*a manner that
the high-1ow junction includes a central portion on one side of each
germani um doped | ayer and an edge portgon on the other side of each
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The high voltage rectifier may be further characterized in that there may
be t hr@&s. BatentdNo..n0e308d | ayers each of which intersects the high-Iow
junction. The high voltage rectifier may be further characterized in that
the nmesa portion nmay be a frustrumof a pyramd with a square cross section
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rectifier is bagse-width Iimted. The high voltage device may_ conprise
separ atendastisatyrdiffusion Jayen k8 with dhe lightly doperdh - e genductivity 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 threé germanium doped layers). It approaches the P-N junction 14 as closely as

possible cdnsistent 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 15A (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—iow 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 insured 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 15A, 15B, and 15C 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



surfaces for formng a rectifier. Brief Description of the Drawings In
order that the invention nmight be nore fully understood, an enbodi nent of
the invention will be described, by way of exanpletonly, in which: FIGURE 1
shows a cross-sectional view of a sem conductor chip in accordance with a
preferred enbodi nent of the present ingention. It is to be noted that the
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to diffuse into the interior as deeply as the layers 15a, 15B, and 13C 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 énistropic 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



substrate and a nesa portion 12 that is forned froma |ayer that was grown
epitaxially on the substrate portion 11. To be able to get tapered side
wal I's 12A for the nmesa 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> cgystal plane. By way of illustration
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conduct i vi t3y region 18 . _ .
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 rec‘tiﬁéi‘. The thickness of the
heavily doped substrate 11 and that of the N+ type conductivity layer 18 desirably shoﬁld 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 15C.

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 in 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 iﬁ the interior to minimize the likelihood of
surface breakdown. If desired, the base width can 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 10A and for this reason, the flat peripheral shoulder region 18A of the diffused layer
18 is generally more lightly doped than the central portion.



t hat extends across the top surface 10A of the chip 10. It typically is
formed by the indiffusion of donor inpurities fromthe top surface 10A. The
remai ning internediate lightly doped N type region 19 of the nesa 12 can
be described as the base of the diode and largely determines its electrical
properties. The special topography of ghe interface of the heavily doped N+
type conductivity diffusion layer 18 wwth the lightly doped N type
conductivity layer 19 (the high-low junction 20) is a characteristic
feature of AdB knbwand workersineth® ag)the amojmtofigemianiitin intheydanardmaedvpedl or
interior plane portion 20A that is at |east njinety per cent of the area of
t he hilayers geperably invthe sangeof oaerhalf totep ppreent with o pereent yswallyheingprofsrrad.t he
ger mani um doped | ayer 15C (the deepest of the three germani um doped

| ayers). It approaches the P-N junction 14 as closely as possible
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for a 600 volt device). The narrower peripheral or edge portion 20B of the
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short of the germani um doped | ayer 15A (the shallowest of the three
germani um doped | ayers). Advantageously, the edge portion 20B includes a
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used to define the high-low junction 20. Al so, together -with the fact that
the P-N junction 14 nmakes a positive bevel angle with the nesa side wall,
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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.



We have found that it is inportant to locate this high-low junction 20
close t mmHmMHmﬂoped | ayers 15A, 15B, and 15C to substantially
speed um“ ilines. In particular, it appears advant ageous to
extend the Eentrdl porfion 20A of the junction 20 slightly deeper into the
interior than the deepest of the germaw um doped layers. It is usually
f ound whads Ukahed isf or speedi ng up the reconbination of charge carriers to

i ncorporate other foreign ions in the base region of the rectifier.
Presently the usual choices for the role are gold and platinumions. These
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donor and accept®second segidnindhgpmesaepribors thaGis adpcd theSrst regioncamd of thetonee

| d : .
90 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 inférSecting 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 which the mesa portion has _
side walls that make approximately a fprty five degree angle with the substrate portion of the chip.

5. The fast high voltage switching rectifier of claim 1 in which each doped layer

includes a concentration of one-half to ten percent germanium atoms.

i



\
and platinumions tend to be trapped at the interfaces between the
ger mani unﬂ ju ﬂmm'ﬂ t he undoped silicon regions. Various ways to
achi eve t A * nely raphy of the interface 20 are déscri bed

her ei nbel ow. The wal er be etched to formthe nesas 12 either before or
after the diffusion that formthe N+ type conductivity region 18.

Advant ageously, the nesa 12 is formed in the manner -described in U S.
Patent No. 5,399,901 (issued on March 21, 1995) to be a frustrumof a
pyram d t haf. hasThe fasthighnwoliameswitching rectifieneficlaiecs furthencerhprising Bfetimeor ner s.

As is descr.ibed. . in thi atent, the, preferred nes eonetry descr.i bed above
i s realflﬁE’Sd“EV“B?WitE‘? ﬁ@'?an %faaﬁliregwﬁaﬂ@cemtﬁd Retbe g\ge aehbeveeRliter s on a
<100> grysial ﬁféﬁrsérﬂﬁh . of the silicon wafer with the

strai gﬁ &%gns@é}%aﬁ e nmas %?@Sﬁggﬁgﬁ'an angl e of 45 degrees with the
<111> directions on the wafer surface and then treating the nmasked silicon

wafer with a suitable wet etchant, such as hot ethyl enedi am ne, that
provi des anf-st r oppetasthigh xeltage switchigg regtidienof dlaime3 Wnwhich thagermanivondopedss

ai 11 uleBne ol iphokbRB IR ip Rk R b Sor At epBNIRR ARG mleNis 1

before or after the epitaxial |ayer has been etched to formthe nesa 12. |If
the nesa 12 is already in place, the top surface of the nmesa can be

i npl ant ed wht h dBhefast high veltageisyitshing sectifier pfelain byomptising Sirstandisécondi on as
descri Qggro'd@s (l)Jn ?aid B anh sé\cl:%nd %mg'&c%s,org.%e t'ivse?}lrj, %ir r%&kx% E:ielctﬁ?pgl’ contact to the

rectifier.

D

9. 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 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 jtmcﬁon 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.

This Sheet Has Been Reilaced _
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rovide a diffused | ayer with a sonewhat concave geonetry,
pe‘nehw“”ﬁ UI the central portion than in the peripheral portion.
Mor e of the pattern of the inplanted ions, ta desired
tdpograp y can usually be obtained. If the diffusion layer is to be forned
before the nmesas are forned, the desirgg high-low junction is best achieved

by a first ff i form
t he desi redijzdeeper pggﬁgﬁ%ﬁrﬁ%qépor% %\m‘% ov@rgfg&]ngngggign st?gfl ower
unnas kisictidd is ¢ssentiallyoa planeniidextaidalclosems the P jutibn ba“%eBthe\secchdamht r

techni ques for obtaining the de5| red t opogr aphy . shoul d be apparent to a

wor ker regipns gad theredgpertionsb fheigh-lnwiilvastiorhis sayentially, pplans thabetepds fprthers
follo R ger mani um doped | ayers 15A, 15B, and 15C has a

t hi ck\rll\%ggﬁg\gpéﬂ)“tﬁtc{ignm crons and is spaced apart fromits neighbors by
about 2 microns. The P+ type conductivity layer 13 has a thickness of about
15 mcrons. The separation of the P-Njunction 14 fromthe first

ger mani um dbped Thebigh¥oltageseetifinrof stpimild i whichAhe eanirabpertioe famsat lessta 12

t its b d I th
o gor ARG Rt o5 b B8 o R g i 1B en B < o * i
t hi ckness of the heavily doped substrate 11 and that of the N+ type

conductivity layer 18 desirably should be no
14.  The high voltage rectifier of claim 13 in which the second region serves as the base

of the rectifier and its resistivity is such that the breakdown of the rectifier is 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.



thicker than is necessary to provide adequate nechani cal strength and ease
of handling. Excess thickness of either merely adds undesirably to the
forward voltage drop across the diode. The depth of the donhor diffusion
shoul d make the diffusion extend just bel ow the deepest of the gernmani um
doped layers 15C. The design of the dijgde advantageously is such that the
breakdown is essentially base- wdth limted, i.e., determned by the width
or thickness of the N type conduct|V|ty reglons 19, rather than limted by
“the resistivity of the N typeAbstradi sugi on 19. The base width
advant ageously is essentially constant in nuch of the interior of the
rectifier and w dens the closer it gets to the sloped side wall 12A of the
di ode. The w dest ﬁs&,iﬁﬂ,iﬁénﬂ'L‘i'gL iy ?iﬁ&fﬁ¥&ﬂﬂﬂﬂﬁf near the top
surface of the silTcon ratner ] ernterror to mninmze the
| i kel i hood of surfacRELACEM RMANHIMAARYRRSE h can be made to
reach the top surface of t he S|I|con though generally this is not
preferred. It should not occur in t he depi ct ed enbodi ment because the

hi gh- | . . th
t “the "t op & g bl HEESH AEAG Biinddl b BiiSn g hOGpiRER niel BEIOR 101, |
regi onthatss afiestumvfalpyidnsid wittea sitbstaatiallysquagicesss aéctionaad diderwallsithat agke py

essentlalu¥ all of the lightly doped, hl%mﬁre5|st|V|ty region 19. As
di scusioay five degreg gugle Wthpig@ subistrpleportinm: heanesa pprtiondnclpdgsdhrep germanium

Choul cAspet ayRe R R0 Moo a8 ooy Bioideof o EEREF e g bE orkieefy

doped 6ﬂ1ﬁ£‘ bés@@egi&'i‘ bf the rétifiel B4y a high-low junction that includes a central portion that is

deeper in the mesa than the germanium-doped layers and an edge portion that is shallower in the

mesa than the germanium-doped layers and forms a positive bevel angle with the tapered side
walls of the mesa. '

Figure 1



9 As is known to workers in the art, the anmount of germaniumin the
germani um doped | ayers is generally in the range of one-half to ten percent
with two percent usually being preferred. It will atso usual:ly be

advant ageous to passivate the tapered sidewalls of the nmesa, typically by a
dielectric coating, as indicated by the layer 24. Additionally, for

I nt erconnecti on purposes, el ectrodes 25A and 25B are generally provided to
the top and bottom surfaces 10A and 10B, respectively, of the chip 10 in
conventional fashion. It is to be understood that the specific enbodi nent

t hat has been described is nerely illustrative of the general principles of
the invention and that various other enbodi nents wi{l be apparent to the

worker in the art. In particular, there may be used\the conpl enentary P+,
T U 7;;-7: be

P-, N+ structure and netal s other. than gol d 3 . S
avail abl e as alternatives as IifétigF killeds, or such Iifeti/; killers
m ght be om tted. :
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What is clained is: 1. A fast high voltage switching rectifier
conprising a silicon chip that has first and second opposed- naj or pl ane
‘surfaces and between such surfaces a substrate portion and an epitaxi al
nmesa portion with tapered side walls, the chip further characterized in

t hat 0 a nt the
st WiEPhe st hnd ct’é‘tﬁt‘tﬁlﬁggéﬁw"ﬁt Heihe ey e R teF

resi st forining a B-I6 pmotich witgitensdcond heaidie aad R0edst re ttahatm itige ﬁésaaﬁo@ﬁén taeisf i st
region and of the one conductivity type but of relatively high resistivity

and- t hagrmapiung-doped-andirxtends transverpelyrin ahchingse- gootior] substantailyt peadlldh astha negont r al
portlon nd_an e 0 t he edge Jon |ntersect|ng the side walls
of the$ s Agg %?/eé%/é' h@ﬁéo“f B‘“ftPE%P?’Fg'F 15,p908 ROMU9A IS PR ONR SidE Phleagior t i on
bei ng spewamiim-driped layed anddisseatral pbrtiamistdnehd oppositessidel sf@ach gertahilel-dbge ON

adj aceny o} he second surface, and of a conductivity type opposite the one
conductivity type for formng a P-N j unctlon with the second region; and at

| east one | in t nme portion t er mani um doped and ext ends

transver sel F‘?‘? LA en‘gi“:? PZ‘HHS‘*&FF%‘HB’S opsd |1%Yie?5yspﬁ%ﬁdeﬂplaﬁlw'ﬂbeatchémﬁﬁ?‘ﬁmg the

sur facqpna gq, ,hﬂézrcrnss GlSintiBEn r#&‘hbél’ﬁ‘ef:&'{h‘étck $YftidntdAdthd %cfgp gﬁorp&ftté on is
one “si de “of eac ger mani umt doped [ayer |ts centra lon IS on

the ophigh-ber janctivnof each ger mani um doped Iayer 2. The fast hi gh
voltage switching rectifier of claim1l in which there are t hree pI ane

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.

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 portibn and é_mesa portion that comprise first, second, and third regions of which the
REPLACEMENT SHEETS 8G

V j):.sr'rtptton : paged 3. to paged 4. REPL ACEMENT SHEET

aira(s) @ paged .. to paged .\.

i+ Drawing(s) : paged ..... to paged ..... .
Le Abstract  :paged...to paged ... 230CT 1998

DATD OF RECEIPT. 20/ ...




ger mani um doped | ayers spaced apart with each intersecting the high-Ilow
jjunction in a’transition region between the central portiopn and the edge

portion of the high-low junction. 3. The fast hi gh voltage swi t chi ng
rectifier of claim1 in which the nmesa portion of the chip is a frustrum of
a pyramd with a square cross section. 4. The fast_high voltage

switc rﬁmig’esxeetls adjagenpthe firstimajor susfagp prdhistofie rans£opdHAtivisy trneandirelatively | s

bor t1 S SRR T3kt Baibid il G 8 ] By eSO R of sy
cl ai mdneicBndbtivlty efpémndweaaﬁ@r}emghqeﬁmm for féﬁﬁﬁ@rhtmglﬂm jufction emh%ef to

ten percent gernanium at ons. fast high voltage swtching
rect i fiirst regioncérgd the thifdwegivaris adlaq:ﬁnlt Qlersgcctndfmajonan‘fakt hdd ofthe oppositei es in the

t an econd re ns ¢ entrated,a the nterfa between t he
her OB BT pe A R B Shictiph St the fetppd freian, and stiFes pRSPlaRs i,
vol t a%n%ﬂuhﬁﬁ&cfﬁldﬁ%& tH{ak Bktefds Sbataftiall ﬂlré’lﬁl ghht-. e A xﬂf&&eeﬁﬁ}hleayer s

are appr oxi mat m crons thick an space apar by appr oxi nat®e
m cr ortsgh-$ow Juncﬁbm irf @astanherghatvod huggdo'mgunombn egludes lalcénteal poftionl ani clinelsxde of

COTT 3l RSP ST i o LSRRI g

- layer 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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hi gh voltage rectifier gonprising a silicon chip having
f| ;""H m '@WPU)H posed maj or surfaces :an including a substrate portion
and *a nes that conprise first, second .and third regions of which
the first region is adjacent the first najor surface and is of one
conductivity type and relatively Iom1ﬂ€5|st|Wity, the second region is

I nter n the first and third regions and- s of said one
conductivity type and of relatively high resistivLﬁy-for form ng a high-Iow
junction with the first region, and the third region’is adjacent the second

maj or surfgce angdfefhigh @onmossmmufgqaa@m icinbisihy REilR6A chipf thE ias Brdland
junction with the second region, and at |east one pkane gernmani um doped

| ayer se¢oad oprossdasajeuplsnesuriages anddaetweednesuch sucfaces m,thstratsmOttamreandmner secting

Cont PR B S el Sk Btlegh bl bR
portion on the catmefregio%qnqieﬁeﬁ“pcﬁﬁémamrauﬁeaﬁ%émeguﬁae@hndef&{esectS the

tapered side walls of 'the nesa. : The hi'gh voltage rectifier of claim?9
f ur t heondurdivity typei and dfirglativedy lmheasesnmtye, t hr ee ger mani um doped | ayers each

of which intersects the hi hlow uncti on. ge rectifier
of clai m 10 f ur tarﬁfmt‘ﬂ’zf Brﬂ?ez'\‘é‘a pprtipmihat s @ dﬁﬁ%%&??wqﬂsﬂn@ @m&qqeum of
a PYT agh, tﬂ%e%lﬂ off 1&{4& high GediRfi tZ ﬁ-La@ iR ith thE #rstT8Yi6n a high-low
appr oxi rrat aftorty- egree ang th the base
junction that has a central portlon and an edge portion, the edge pomon 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 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 each germanium-doped layer and
its central portion is on the opposite side of each germanium-doped layer.

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 which the mesa portion has

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

5. The fast high voltage switching rectifier of claim 1 in which each doped layer

includes a concentration of one-half to ten percent germanium atoms.
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12' 12_———'Fhe—h+gh—\+64~t—age rectifier of claim9 in which the central portion
h | ow j unctlon Is essentially a plane ang extends close to the -

t he
P—Nj mul (\{m e second and third regions and the edge portion of
t he hi s essentially al-£| ane that extends further fromthe

P—Njunctlon The hi gh voltage r tifier ‘of claim12 in which the
central portlon forms at | east n| nety percent of the area of the high-1ow

junction a C e unctJ 4. o]

ectifier o of ot Wh filadf sPREnbBaRHAR ot & BP0 CodboriBe B8 1 he
recti filiRgamPuiities ke ﬁist ¥hd Yecbfd fdgtdhsicBadentrited Bt Bekstomicegbeti@n iiRct i fi er

I s base- vmd limted. : The hlah vol tage device of claim 14 further

conpr |geumgnmepégmdéa}@kmdrtbﬁeélag¢mts isofii rst and second major surfaces for
formng a rectifier.
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 comprising first and second
electrodes on said first and second surfaces, respectively, for making electrical contact to the

rectifier.

9. 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 coniprise first, seco'nd,'
and third regions of which the first region is adjacent the first major surface and is of  one
conductivity type and relatiir_ely low resistivity, the second region is intermediate between the first
and third regions énd is of said one conductivity type and of relétively 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 each germanium-doped layer and an edge portion on the other side of each

* ‘germanium-doped layer 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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