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SiC SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION

Related Applications:
This application claims the benefit of U.S.
Provisional Application Serial No. 60/004,983 filed on
5 October 10, 1995.

Field of the Invention:

This invention relates to semiconductor
devices. Specifically, this invention relates to high
voltage semiconductor devices. More specifically, this

10 invention relates to semiconductor devices requiring high
conductivity and high breakdown voltages.

Description of the Related Art:
Silicon carbide (SiC) has a higher band gap
than silicon (Si) and, hence, SiC has a higher critical
15 avalanche electric field than Si with a potential of 100
times higher performance compared to silicon for high
voltage devices. Specifically, 3C-SiC has about a 4
times higher critical avalanche electric field than Si;
6H-SiC has about an 8 times higher critical avalanche
20 electric field than Si; and 4H-SiC has about a 10 times
higher critical avalanche electric field than Si. The
high critical electric field of SiC allows for higher
doping and thinner drift regions thereby reducing the
on-resistance of SiC power devices as compared to
25 conventional Si power devices. '
However, a problem currently exists with SicC
devices, namely, that it is difficult to diffuse dopants
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Provi sional Application Serial No. 60/004,983 filed on 5 Cct ob
, er 10
J1995. - ~--—-F1eId of "the | nventi on: Thi s i nvention 1

re:ates e gggﬂ&g devices. Specifically, this invention
re ates I oltage sem conduct or devices. Mre specifically,

this 10 elates to sem conductor devices requiring high
conductiv reakdomn.vpltages. Description of the
Rel ated Art: Silicon carbide (SiC) has a higher band gap
than silicon (Si) and, hence, SiC has a higher critical 15 aval anche
electric field than Si with a potentialz af 100 times higher
performance conpared to sili-con for high vol t age devi ces.
gPeC{f!caL!yidSC%S|C has about a 4 times higher critical aval anche
ectric fie than Si; 6H- Si C has about an 8 tines hi it
aval anche mes higher critical
into the SiC material. Specifically, the diffusion of
dopants into SiC requires temperatures in the range of
1800°C. Another problem with the use of SiC is that the
material exhibits low MOS channel carrier mobility and,

5 therefore, when SiC is used as a channel material in a
semiconductor device, the conductivity of the channel may
be degraded.

SUMMARY_ OF THE INVENTION
The present invention overcomes the
10 deficiencies in the prior art detailed above by providing

a semiconductor structure which includes a thin epitaxial
layer of Si on a body of SiC material. It is preferred
that the thin epitaxial layer be about 3 um thick. The
structure of the present invention may be used in a power
15 MOSFET, a trench power MOSFET, a diode, and other
semiconductor devices.
To reduce cost, the SiC layer can be formed on
a highly doped Si substrate (3C-8iC has been reported in
literature to be easily grown on Si). These structures,
20 for example a power MOSFET having an epitaxially grown
silicon layer, may be produced in an existing silicon
power MOSFET fabrication facility using existing
processes.
The drift regions of devices employing the
25 structure of the present invention (such as power
MOSFETs) consist mainly of SiC and, since the doping of
sic can be much higher than that of Si (while supporting
the same voltage as a conventional Si device), the new
device structures of the present invention provide lower
30 on-resistances as compared to conventional Si power
devices. It should be noted, however, that the breakdown

voltages of device structures of the present invention
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20 ‘ electric field.than Si; and 4H Si C has about a 10 tines

hi gher critical avalanche electric field than Si. The hi gh critical

el ectric ﬁhﬁbmmﬂhs for higher dopi ng and thinner drift

regi ons th ‘tﬁ t he on-resi stance of Si C power devices as

conpar ed to tional Si power devices. However,

a problenlc rrently exists wwth SiC devi ces, nanely, that it is

difficult to diffuse dopants - 2-
_3..

are still determined by the critical field at the P
body /N drift region junction formed at least partly in
Si. For high-voltage devices (e.g., greater than 60
volts) the device structures of the present invention are

5 expected to provide 20% - 90% lower on-resistances as
compared to conventional Si devices.

In the new structures of the present invention,
the P body/N" drift region junction can be formed either
completely in Si or at the Si/SiC hetero-junction. For

10 greatest improvement, it is preferred that the Si layer
be thinner and the P body diffusions be made such that
the P body/N” drift region junctions are formed in Sic.

However, such structures require the diffusion of dopants
into SiC at high temperatures and for long time periods
15 as compared to the diffusion of dopants in Si.

It is noted that structures employing other
high band-gap semiconductor materials can be used in
place of the specified SiC material and still be embraced
by the present invention.

20 BRIEF DESCRIPTION OF THE DRAWINGS
Other features and advantages of the present
invention will become apparent from the following
description of the invention which refers to the
accompanying drawings wherein:
25 Fig. 1 shows a cross-section of a power DMOSFET
device employing a structure of the present invention;
Fig. 2 shows a cross-section of a Schottky
barrier diode device employing a structure of the present
invention;
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into the SIC material. Specifically, the diffusion of dopants into
S C requires‘tehperatures i n the range of 1800[ err] C. Anot her problem
with thg &tgisgﬁrngliceﬁhat t he material exhibits | ow MOS channel

carrier therefore, when SiCis used as a channe
naterlaIY“

conductor device, the conductivity of the channel
SUVMARY OF THE | NVENTI ON The
present i nventi on overcones the 10 deficiencies in the prior art
detail ed above by providing a sem conductor structure which includes
a thin epitaxial | ayer of Si on_.agbady of SiC material. It is
preferred that the thin epitaxial |ayer be about 3 pmthick. The
structure of the present invention rmay be used in a power

Fig. 3 shows a cross-section of a trench power
MOSFET device employing a structure of the present
invention;
Fig. 4 shows a cross-section of an alternate
5 embodiment of a power DMOSFET device employing a
structure of the present invention;
Fig. 5 shows a cross-section of an alternate
embodiment of a trench power MOSFET device employing a
structure of the present invention; and
10 _ Fig. 6 shows a cross-section of a junction of
P-type silicon and N-type silicon carbide and a
corresponding E field distribution across the junction in
accordance with the device of Fig. 4 of the present
invention.
15 Fig. 7 shows a cross-section of higher voltage
supporting junction of the device structure of Fig. 1 and
corresponding E field distribution.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
In the attached drawings, Figure 1 shows a new
20 SiC power DMOSFET structure in accordance with the
present invention in which an N type SiC drift region 11
is disposed on an N* Si substrate 10 of the conventional
type. SiC region 11 is more highly doped than Si and,
thus, SiC region 11 is less resistive than prior art Si
25 drift regions while still maintaining a high breakdown
voltage. A three micron thick N~ epitaxial layer 12 is
grown on top of the SiC drift region 11. Conventional
power MOSFET junctions (such as P” channel regions 13,
14; P* body regions 15, 16; N* sources 17, 18; poly-
30 silicon gate 19; gate oxide 20; inter-layer oxide 21; and
overlying source contact 22) are disposed on the N-
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15'_ ~ MOSFET, a trench power MOSFET, a di ode, and other
sem conduct of devi ces. To reduce cost, the SiC |ayer can
be fowﬁegmqnhsgwnTTﬁhﬁnghly doped Si substrate (3C-Si C has been reported

0 be easily grown on Si). These structures, 20
for FET having an epitaxially grown silicon
| ayer d In an existing silicon power MOSFET
fabrication faC|I|ty usi ng exi sting processes. The
drift regions of devices enploying the 25 structure of the present
i nvention (such as power MOSFETs) consi st mainly of SiC and, since
the doping of Si C can be nmuch higher than that of Si (while
supporting the sane voltage as a conventional Si device), the new
device structures of the present invention provide | ower 30

on-resi stances as conpared to conventional Si power devices. It
shoul d be not edgp)h:@tﬁ\ﬂr layeat itzhe Wy eldedowcontact 2@l isigtkspisert\Ore

structures of the presenl di'@ildYhte 10.
With reference to Figure 6, it will be shown

that the amount of charge in the SiC region 11 is more

5 than 3 times that of silicon for the same breakdown
voltage. Figure 6 shows a junction 50 of P type Si 51
and N type SiC 52 where the corresponding E-field is also
provided. To get a lower on-resistance for the drift
region compared to Si MOSFET, the drift region damping

10 (N,) for supporting the high voltage should be high and
the drift region thickness (W) for supporting the high
voltage should be small. In other words, the drift
region should be capable of supporting the blocking
voltage with high doping (Np) and minimum thickness (W).

15 At the junction 50, Gauss’ Law provides that
the following equations are valid:
€s*Bg = €5ic*Egic
Eg = (€sc/€si) *Egic

ESi ~ 0.82*Es;c, fOI' 3C-SiC

20 Eqc ® 1.21*Eg, for 3c-sic

In general, for uniform doping in the drift region, the
following relationships are valid:

E. = gNpW./¢€, where E, is the critical avalanche
breakdown field for this structure at
25 breakdown
Egc = 1.21%E.g

dE qNy
slope of E field = -~ = ===
' ay €
30 drift region doping, N,, is proportional to Egp mx
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-3-‘ : m—____are still_determned by the critical field at the P

body/N drlft lon junction fornmed at | east partly in Si. For
hi gh-v I ‘@dg , greater than 60 volts) the device
structur ent i nvention are 5 expected to provide 20% - 90%
| ower on conpared to conventional Si devices.

-6 -

drift region thickness, W, is proportional €.

The above equation indicates that for the E field to go
down to zero in the shortest distance (for minimum drift
region thickness W), the dielectric constant of drift

5 region material (e€) should be as low as possible.

Thus, for higher drift region doping, the drift
region should be made of material with higher critical
avalanche field compared to silicon.

For smaller drift region thickness, the drift

10 region should be made of material with lower dielectric
constant compared to silicon.

SiC has a higher critical avalanche field and a
lower dielectric constant compared to Si. Thus, SicC is
well suited as a drift region material and for lowering

15 the resistance of the drift region, the drift region
should be made substantially of a material like Sic.

With reference to Figure 1, any desired
topology can be employed in providing junctions in the N~
epitaxial layer 12, thereby obtaining other MOS gated

20 devices in accordance with the present invention.

| Figure 2 shows a Schottky barrier diode
employing a structure in accordance with the present
invention. Elements similar to those of Figure 1 have
the same identifying numerals. The major differences

25 between the structures of Figure 1 and Figure 2 are that
(i) the region 12 has no junction (rather, a conventional
guard ring can be used); and (ii) the cathode 22a is
preferably a high work function material, such as
molybdenum or the like. As discussed above, the amount

30 of charge in the SiC material is much higher than that of
Si for the same breakdown voltage and, therefore, the

SPEC\66757



In the new structures of the present invention, the P body/N- drift
r-egi on juncti-on- Lan_be_formed ei t her conpletely in Si or at the
Si/Si C hefero-junction. For greatest inprovenent, it is preferred
that the S s Been Replaged thlnner and the P body diffusions be made such
t hat Mdrlft region junctions are formed in SiC

However, s require the diffusion of dopants into Si C at
hi gh tenperatures and for long tinme periods 15 as conpared to the

di ffusion of dopants in Si. It is noted that structures
enpl oyi ng ot her hi gh band-gap sem-onductor materials can be used in
pl ace of the specified SiC material and still be enbraced by the
present invention. 20 BRI EF DESCRI PTI ON OF THE DRAW NGS

O her features and advant ages of the present i nvention will becone
apparent fromthe foll ow ng description of the invention which
refers to the condudttioaitpans nthelrdavigs iweiwproved over conventional

devices having the same breakdown voltage.
Figure 3 shows a trench power MOSFET employing
a structure in accordance with the present invention.

5 Specifically, a P silicon layer 30 extending from a P*
body 31 is disposed against a gate oxide 32 which lines
the trench etched in the silicon. The trench is filled
with a poly~silicon gate 33. An N* source diffusion
region 34 is diffused into P regions 30, 31 and a source

10 contact 22 is disposed on regions 31 and 34 and gate
oxide 32. As discussed above, the amount of charge in
the SiC material is much higher than that of Si for the
same breakdown voltage.

The device of Figure 4 is an alternate

15 embodiment of a MOSFET in accordance with the present
invention and is similar to that of Figure 1. 1In the
device of Figure 4, the P* bases 15 and 16 directly
contact the SiC drift region 11, leaving a comparatively
narrower epitaxial layer 12.

20 The device of Figure 5 is similar to that of
Figure 3, except that the junction between the P* region
31, the P region 30 and the N type region 11 is formed at
the Si/SiC hetero-junction.

Although the present invention has been

25 described in relation to particular embodiments thereof,
many other variations and modifications and other uses
will become apparent to those skilled in the art. It is

. preferred, therefore, that the present invention be
limited not by the specific disclosure herein, but only

30 by the appended claims.
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25

Fig. 1 shows a cross-section of a power DMOSFET

devi ce enploying a structure of the present invention;
Fig. 2 shm‘ssnaetgamsnsﬁ;igddon of a Schottky barri er di ode device

enploylng T

5
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lthe pr esent i nvention;

WHAT IS CLATMED IS:
1. A semiconductor device comprising:

a semiconductor substrate;

a high band~gap material forming a drift region
disposed on the semiconductor substrate; and

an epitaxial layer of semiconductor material
disposed on the high band-gap material.

2. The semiconductor device of claim 1,
wherein the high band-gap material forming a drift region
is a low dielectric constant, high carrier mobility
material.

3. The semiconductor device of claim 1,
wherein the epitaxial layer of semiconductor material is
about three um thick.

4. The semiconductor device of claim 1,
wherein the semiconductor substrate material is silicon.

5. The semiconductor device of claim 1,
wherein the high band-gap material forming a drift region
is silicon carbide.

6. The semiconductor device of claim 1,
wherein the epitaxial layer of semiconductor material is
silicon.

7. The semiconductor device of claim 1,
wherein the semiconductor substrate material is silicon,
the high band-gap material forming a drift region is
silicon carbide, and the epitaxial layer of semiconductor
material is silicon.

A



Figt é_shQM§_a_gLQ§§:§ﬁgLion of a trench power MOSFET devi ce
enpl oying a structure of the present I nventi on; Fig.
4 shows This Bheetdlgs Besu Repdagedof an al ternate 5 enbodi nent of a power DMOSFET

device e structure of the present invention;
Fig. 5s ction of an alternate enbodi nent of a trench

power MOSFET device enploying a structure of the present invention;
and 10 Fig. 6 shows a cross-section of a junction of

P-type silicon and N-type silicon carbide and a corresponding E field
di stribution across the junction in _ g _accordance with the device of

Fig. 4 of the present I nvention. 15 Fig. 7 shows a
cross-section of higher voltage supporting junction of the device
structure of Fig. 1 and corresponding E field distribution.

8. A MOSFET semiconductor device comprising:
a doped semiconductor substrate;
a doped high band-gap material forming a drift
region disposed on the doped semiconductor substrate; and
5 a doped epitaxial layer of semiconductor
material disposed on the high band-gap material.

9. The MOSFET semiconductor device of claim 8,
wherein the doped band-gap material forming a drift
region is a low dielectric constant, high carrier
mobility material.

10. The MOSFET semiconductor device of claim
8, wherein the epitaxial layer of semiconductor material
is about three um thick.

11. The MOSFET semiconductor device of claim
8, wherein the semiconductor substrate material is
silicon.

12. The MOSFET semiconductor device of claim
8, wherein the high band-gap material forming a drift
region is silicon carbide.

13. The MOSFET semiconductor device of claim
8, wherein the epitaxial layer of semiconductor material
is silicon.

14. The MOSFET semiconductor device of claim
8, wherein the semiconductor substrate material is
silicon, the high band-gap material forming a drift
region is silicon carbide, and the epitaxial layer of
5 semiconductor material is silicon.
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DETAILED—DESCRIPTICN OF THE PREFERRED ENMBODI MENTS In the

attached ~draw ngs, Flgure 1 shows a new 20 Si C power DMOSFET structure
in accof HasiBebh HebRceq present invention in which an N type SiC
drift re I i s disposed on an N+ Si substrate 10 of the

convent i Im,””!w ﬂpe SiCregion 11 is nore highly doped than Si and,
thus, Si C region | ess resistive than prior art Si 25 drift regions
while still maintaining a high breakdown voltage. A three mcron
thick N epitaxial layer 12 is . grown on top of the SiCdrift region
11. Conventi onal power MOSFET lu&ﬁtlons (such as P- channel regions
13, 14; P+ body regions 15, 16; sources 17, 18; poly- 30

silicon gate 19; gate oxide 20; inter-layer oxide 21; and overlying
source contact 22) are disposed on the N

15. A semiconductor diode comprising:
a doped semiconductor substrate;
a doped high band-gap material forming a drift
region disposed on the doped semiconductor substrate; and
5 a doped epitaxial layer of semiconductor
material disposed on the high band-gap material.

16. The semiconductor diode of claim 15,
wherein the doped high band~-gap material forming a drift
region is a low dielectric constant, high carrier
mobility material.

17. The semiconductor diode of claim 15,
wherein the epitaxial layer -of semiconductor material is
about three pum thick.

18. The semiconductor diode of claim 15,
wherein the semiconductor substrate material is silicon.

19. The semiconductor diode of claim 15,
wherein the high band-gap material forming a drift region
is silicon carbide.

20. The semiconductor diode of claim 15,
wherein the epitaxial layer of semiconductor material is
silicon.

21. The semiconductor diode of claim 15,
wherein the semiconductor substrate material is silicon,
and the high band-gap material forming a drift region is
silicon carbide.

— | IIII|III llllll IIIII IIIII l| ||I|



- 5- epitaxial layer 12. A drain contact 23 is di sposed on
the bottomof substrate.10. Wth reference to Figure 6, it

will be shown that the anount of charge in the SiCregion 11 is nore

5 t s Sheet I entBeplacedf silicon for the same breakdown vol t age
Figure 6 on 50 of P type Si 51 and N type Si C 52 where
the corre ld is also provided. To get a | ower

on-resi stance for the drift

22. The semiconductor device of claim 1, in
which the semiconductor is a trench power MOSFET.

23. The semiconductor device of claim 1,
further comprising power MOSFET junctions disposed above
the epitaxial layer and including P* body regions, N*
sources; a poly-silicon gate; gate oxide and an overlying
5 source contact all disposed above the epitaxial layer.

24. The semiconductor device of claim 21,
further including a drain contact disposed below the
semiconductor substrate.

25. The semiconductor device of claim 8,
wherein the high voltage supporting P body/N™ drift
junction is formed at epitaxial layer/high band-gap
material hetero-junction.

26. The semiconductor device of claim 8,
wherein the high voltage supporting P body/N™ drift
junction is formed in epitaxial layer with high band-gap
material disposed deeper from surface compared to

5 junction.

27. The semiconductor device of claim 8,
wherein the high voltage supporting P body/N™ drift
junction is formed at in high band-gap material with the
epitaxial layer/high band-gap hetero-junction disposed

5 shallower from surface compared to the P body/N drift

junction.
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reglon conpared to Si MOSFET, the drift region danmping 10 (ND) for

supportl he hi gh Vottage shoul d be hi gh and the drift region
thlckness sB&# rtlng t he high vol tage should be small. In

ot her mor regi on shoul d be capabl e of supporting the
bIocklng wi th high doping (ND) and m ni nrum thi ckness (W. 15
At the Junctlon , ss' Law provi des that the foll owi ng equations
are valid: Es= (E[err]/E[err])*E[err] E[err] =
0.82*E[err], for 3CSiC 20 E[err] = 1.21*E[err], for 3CSiC

In general, for uniformdoping in the drift region, the fol |l ow ng
rel ati onships are valid: E[err] = gNerr]Werr]/[err], where Eferr]

is the critical aval anche
SiC SEMICONDUCTOR DEVICE

ABSTRACT OF THE DISCLOSURE

A semiconductor device structure having an
epitaxial layer, formed of silicon for example, is
disposed on a high band-gap material, such as silicon
carbide, which is in turn disposed on a semiconductor
substrate, such as silicon. The high band gap material
achieves a charge concentration much higher than that of
a conventional semiconductor material for the same
breakdown voltage.

Egmnt-
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brea N EJ&' s structure at 25 br eakdown
E[err . dE qgNerr] sl ope
of E fi ﬁﬁ%‘ﬁm dy E 30 drift
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drift region thickness,—-W- is proportional e. The above equation

i ndi cat efpid e E field to go down to zero in the shortest

di st ance Siﬂ@étﬂgsfﬁee,};& ; s ¢ region thickness W, the dielectric

const ant Fﬂﬂg region material (c) should be as 1ow as possible.
Thus, for regi on doping, the drift regi on shoul d be nade
of material with higher critical aval anche field conpared to silicon.
For smaller drift region thickness, the drift 10 ‘regi on should be nade
of material with lower dielectric constant conpared to silicon.
Si ¢ has a higher critical avalanche field and a | ower dielectric
constant conpared to Si. Thus, SiCis well suited as a drift region
material and for |owering 15 the resistance of the drift region, the

drift region




: BEPLACEMENT SULDGS . SG pr0812-
shoul d .be nade_substantiallyﬁpi 2, 535??1aﬁdhkk. Sided 7., spWth
e Lo Sure Ly el %%39-??‘10%% BTt herebyobtai ni ng
ot her MOS gated 20 devijc mgﬁ“ﬁ%(égra?ﬁ il}’V\é“tﬂ %egé priesent invention.

Figure 2 shows a Schottky Hafh {838 odePa8ed -2 OB 8yfhol a structure in

accordance with the present I nventi on. ﬁl ments simlar to those of
Figure 1 have the sdnmPATRQF REGHPRunEYAl.s....The mj or differences
25 bet ween the structures of Figure-liard Figure 2 are that (1)
the region 12 has no junction (rather, a conventi onal guard ring can
be used); and (ii) the cathode 22a is preferably a high work
function material, such as SiC SEMIGCONRUCRORIDEWECE| ke. As di scussed
above, the anmount 30 of charge in the SiC material is nmuch higher than

t hat of Si _for the sanme breakdown vol tage and, therefore, the

BACKGROUND OF THE TNVENTION

Related Applications:
This application claims the benefit of U.S.
Provisional Application Serial No. 60/004,983 filed on
5 October 10, 1995.

Field of the Invention:

This invention relates to semiconductor
devices. Specifically, this invention relates to high
voltage semiconductor devices. More specifically, this

10 invention relates to semiconductor devices requiring high
conductivity and high breakdown voltages.

Description of the Related Art:
Silicon carbide (SiC) has a higher band gap
than silicon (Si) and, hence, SiC has a higher critical
15 avalanche electric field than Si with a potential of 100
times higher performance compared to silicon for high
voltage devices. Specifically, 3C-SiC has about a 4
times higher critical avalanche electric field than Si;
6H-SiC has about an 8 times higher critical avalanche
20 electric field than Si; and 4H-SiC has about a 10 times
higher critical avalanche electric field than Si. The
high critical electric field of SiC allows for higher
doping and thinner drift regions thereby reducing the
on-resistance of SicC poweg\devices as compared to
25 conventional Si power devices.
However, a problem currently exists with SicC
devices, namely, that it is difficult to diffuse dopants

REPLACEMENT SHEET
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- ~ conductivity of the device is inproved over conventiona
dévi ces having the sane breakdown vol t age. Figure 3 shows a

trench power MOSFET enpl oyi ng a structure in accordance with the
present invention. 5  Specifically, a P silicon |ayer 30 extending froma
P+ . body 31 is disposed agai nst a gate oxide 32 which |lines

-2-

into the SicC material. Specifically, the diffusion of

dopants into SiC requires temperatures in the range of

1800°C. Another problem with the use of SiC is that the

material exhibits low MOS channel carrier mobility and,
5 therefore, when SiC is used as a channel material in a

semiconductor device, the conductivity of the channel may
be degraded.

SUMMARY OF THE INVENTION

The present invention overcomes the
10 deficiencies in the prior art detailed above by providing
a semiconductor structure which includes a thin epitaxial
layer of Si on a body of SiC material. It is preferred
that the thin epitaxial layer be about 3 pm thick. The
structure of the present invention may be used in a power
15 MOSFET, a trench power MOSFET, a diode, and other
semiconductor devices.
To reduce cost, the SiC layer can be formed on
a highly doped Si substrate (3C-SiC has been reported in
literature to be easily grown on Si). These structures,
20 for example a power MOSFET having an epitaxially grown
silicon layer, may be produced in an existing silicon
power MOSFET fabrication facility using existing
processes.
The drift regions of devices employing the
25 structure of the present invention (such as power
MOSFETs) consist mainly of SiC and, since the doping of
SiC can be =uch higher than that of Si (while supporting
the same voltage as a conventional Si device), the new
device struc-ures of the present invention provide lower
30 on-resistances as compared to conventional Si power
devices. I* should be noted, however, that the breakdown

voltages of Zevice structures of the present invention
REPLACEMENT SHEET
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the trench etched in the silicon. The trench is filled with a

pol y-silicon gate 33. An N+ source diffusion region 34 is diffused
into P regions 30, 31 and a source 10 contact 22 is disposed on regions
31 and 34 and gate oxi de 32. As discussed above, the anmount of charge
I n the SiC material is nmuch higher than that of Si for the sane
br eakdown vol t age. The device of Figure 4 is an alternate
15 enbodi mrent of a MOSFET in accoPdance with the present

invention and is simlar to that of Figure 1. In the devi ce of
Figure 4, the P+ bases 15 and 16 directly contact the SiC drift

region 11, leaving a conparatively narromer epitaxial | ayer 12. 20
The device of Fi

imlar.to uretf;,ja cept that
The Sanct: on2Be: Aten Lt Aetekningiony” thd®crdkicat, faaielas the Fra the N
type region bédygNf chnett ategion jundmndh/fbtmé@tetolgmsttpantly in
Al t hough the_pres nventi Qn_has .been 25 describ relatjon to
particul ar e ﬁEOdlﬁgﬁt + ﬁeyggFage deVICﬁEnﬁebﬁhérgf %ﬁFio Q;?
nodi fi cati onvodtd)other devdsce structures of the present invention are
5 expected to provide 20% - 90% lower on-resistances as
compared to conventional Si devices.
In the new structures of the present invention,
the P body/N” drift region junction can be formed either

completely in Si or at the Si/SiC hetero-junction. For
10 greatest improvement, it is preferred that the Si layer

be thinner and the P body diffusions be made such that

the P body/N™ drift region junctions are formed in Sic.

However, such structures require the diffusion of dopants

into SiC at high temperatures and for long time periods
15 as compared to the diffusion of dopants in Si.

It is noted that structures employing other
high band-gap semiconductor materials can be used in
place of the specified SiC material and still be embraced
by the present invention.

20 BRIEF DESCRIPTION OF THE DRAWINGS
Other features and advantages of the present
invention will become apparent from the following
description of the invention which refers to the
accompanying drawings wherein:
25 Fig. 1 shows a cross-section of a power DMOSFET
device employing a structure of the present invention;
Fig. 2 shows a cross-section of a Schottky
barrier diode device employing a structure of the present
invention;
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will becone apparent to those skilled in the art. It is preferréd,

t herefore,

that the present invention be limted not by the specific

di scl osure herein, but only 30 by the appended cl ai ns.
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25

30

Fig. 3 shows a cross-section of a trench power
MOSFET device employing a structure of the present
invention;

Fig. 4 shows a cross-section of an alternate
embodiment of a power DMOSFET device employing a
structure of the present invention;

Fig. 5 shows a cross-section of an alternate
embodiment of a trench power MOSFET device employing a
structure of the present invention; and

Fig. 6 shows a cross-section of a junction of
P-type silicon and N-type silicon carbide and a
corresponding E field distribution across the junction in
accordance with the device of Fig. 4 of the present
invention.

Fig. 7 shows a cross-—-section of higher voltage
supporting junction of the device structure of Fig. 1 and
corresponding E field distribution.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
In the attached drawings, Figure 1 shows a new
SiC power DMOSFET structure in accordance with the

present invention in which an N type SiC drift region 11.
is disposed on an N* Si substrate 10 of the conventional
type. SiC region 11 is more highly doped than Si and,
thus, SiC region 11 is less resistive than prior art Si
drift regions while still maintaining a high breakdown
voltage. A three micron thick N™ epitaxial layer 12 is
grown on top of the SiC drift region 11. Conventional
power MOSFET junctions (such as P° channel regions 13,

14; P* body regions 15, 16; N* sources 17, 18; poly-
silicon gate 19; gate oxide 20; inter-layer oxide 21; and
overlying source contact 22) are disposed on the N
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VWHAT IS CLAI MED | S:

1. A sem conductor device conpri‘sing:

a 'sem conduct or substrate; a high band-gap material formng
a drift region di sposed on the sem conductor substrate;. and 5

an epitaxial layer of sem conductor materi al di sposed on-the high
band-gap materi al . 2. The sem conductor device of claim
1, wherein the high band-gap material formng a drift region Is a
| ow dielectric constant, high carrier nobility mat eri al .

3. The sem conductor device of claim B - wherein the epitaxial |ayer of

sem conduct or

10

15

20

25

30

material is about three pmthick.

epitaxial layer 12. A drain contact 23 is disposed on
the bottom of substrate .10.

With reference to Figure 6, it will be shown
that the amount of charge in the SiC region 11 is more
than 3 times that of silicon for the same breakdown
voltage. Figure 6 shows a junction 50 of P type Si 51
and N type SiC 52 where the corresponding E-field is also
provided. To get a lower on-resistance for the drift
region compared to Si MOSFET, the drift region damping
{N,) for supporting the high voltage should be high and
the drift region thickness (W) for supporting the high
voltage should be small. In other words, the drift
region should be capable of supporting the blocking
voltage with high doping (N,) and minimum thickness (W).

At the junction 50, Gauss’ Law provides that
the following equations are valid:

Es*Eg; = €g5c*Ege
Eg = (€gic/ €s) *Egc
Eg ® 0.82*Eg., for 3C-SicC

Egc ® 1.21*Eg;, for 3C-SiC

In general, for uniform doping in the drift region, the
following relationships are wvalid:

E, = gNyW./€, where E, is the critical avalanche
breakdown field for this structure at
breakdown

Egc = 1.21%E

dE aN,
slope of E field = -—= = —--
ay €

drift region doping, N,, is proportional to Egg m

REPLACEMENT SHEET|
04 FEB 1997 i

vy A



4. The sem conduct or device of claiml1, wherein the sem conduct or

substrate material is silicon. 5. The sem conduct or
device of claiml, wherein the high band-gap naterial formng a drift
regi on i's silicon carbide. ' 6. The sem conduct or
device of claim1, wherein the epitaxial |ayer of sem conductor
material is silicon. 7. The sem conduct or devi ce of
claim1, wherein the sem conducgor substrate material is silicon,

t he high band-gap material formng a drift region is silicon carbide,
and the epitaxial l|ayer of sem conductor 5 material is silicon.

drift region thickness, W, is proportional €.

The above equation indicates that for the E field to go
down to zero in the shortest distance (for minimum drift
region thickness W), the dielectric constant of drift

5 region material (e) should be as low as possible.

Thus, for higher drift region doping, the drift
region should be made of material with higher critical
avalanche field compared to silicon.

For smaller drift region thickness, the drift

10 region should be made of material with lower dielectric
constant compared to silicon.

Sic has a higher critical avalanche field and a
lower dielectric constant compared to Si. Thus, SiC is
well suited as a drift region material and for lowering

15 the resistance of the drift region, the drift region
should be made substantially of a material like SiC.

With reference to Figure 1, any desired
topology can be employed in providing junctions in the N°
epitaxial layer 12, thereby obtaining other MOS gated

20 devices in accordance with the present invention.

Figure 2 shows a Schottky barrier diode
employing a structure in accordance with the present
invention. Elements similar to those of Figure 1 have
the same identifying numerals. The major differences

25 between the structures of Figure 1 and Figure 2 are that
(i) the region 12 has no junction (rather, a conventional
guard ring can be used); and (ii) the cathode 22a is
preferably a high work function material, such as
molybdenum or the like. As discussed above, the amount

30 of charge in the SiC material is much higher than that of
Si for the same breakdown voltage and, therefore, the

R L
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8. A MOSFET sem conductor device conpri sing:

a 'doped senmi conductor substrate; a doped hi gh band-gap

material formng a drift
and

substrat e;

10
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conductivity of the device is improved over conventional
devices having the same breakdown voltage.

Figure 3 shows a trench power MOSFET employing
a structure in accordance with the present invention.
Specifically, a P silicon layer 30 extending from a P*
body 31 is disposed against a gate oxide 32 which lines
the trench etched in the silicon. The trench is filled
with a poly-silicon gate 33. An N* source diffusion
region 34 is diffused into P regions 30, 31 and a source
contact 22 is disposed on regions 31 and 34 and gate
oxide 32. As discussed above, the amount of charge in
the SiC material is much higher than that of Si for the
same breakdown voltage.

The device of Figure 4 is an alternate
embodiment of a MOSFET in accordance with the present
invention and is similar to that of Figure 1. In the
device of Figure 4, the P* bases 15 and 16 directly
contact the SiC drift region 11, leaving a comparatively
narrower epitaxial layer 12.

The device of Figure 5 is similar to that of
Figure 3, except that the junction between the P* region

31, the P region 30 and the N type region 11 is formed at

the Si/SiC hetero-junction.

Although the present invention has been
described in relation to particular embodiments thereof,
many other variations and modifications and other uses
will become apparent to those skilled in the art. It is

. preferred, therefore, that the present invention be

limited not by the specific disclosure herein, but only
by the appended claims.

regi on di sposed on the doped sem conduct or
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5 a doped epitaxial layer of sem conductor materi a

dlsposed on the high band-gap materi al. 9. The MOSFET
sem conduct or device of claim 8, wherein the doped band-gap materi al
formng a drift region is a low dielectric constant, high carrier
mobi lity material . 10. The MOSFET sem conductor device of
claim 8, wherein the epitaxial |ayer of sem conductor materi al

is about three pmthick. - g8 -~ 11. The MOSFET sem conduct or
device of claim 8, wherein the sem conductor substrate material is
silicon.

WHAT IS CLAIMED IS:
1. A semiconductor device comprising:
a semiconductor substrate;
a high band-gap material forming a drift region
disposed on the semiconductor substrate; and
5 an epitaxial layer of semiconductor material
disposed on the high band-gap material.

2. The semiconductor device of claim 1,
wherein the high band-gap material forming a drift region
is a low dielectric constant, high carrier mobility
material.

3. The semiconductor device of claim 1,
wherein the epitaxial layer of semiconductor material is
about three pgm thick.

4. The semiconductor device of claim 1,
wherein the semiconductor substrate material is silicon.

5. The semiconductor device of claim 1,
wherein the high band-gap material forming a drift region
is silicon carbide.

6. The semiconductor device of claim 1,
wherein the epitaxial layer of semiconductor material is
silicon.

7. The semiconductor device of claim 1,
wherein the semiconductor substrate material is silicon,
the high band-gap material forming a drift region is
silicon carbide, and the epitaxial layer of semiconductor

5 material is silicon.
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12. The MOSFET seniconductor device of claim 8, wherein the high

band-gap material formng a drift region is silicon carbide.

13. The MOSFET semni conductor device of claim 8, wherein the epitaxial
| ayer of sem conductor materi al is silicon. 14. The
MOSFET sem conduct or device of claim 8, wherein the sem conductor
substrate material is silicon, the high band-gap material formng a
drift region is silicon carbide, and the epitaxial |layer of 5

sem conductor material is silicon.- g -

04 FEB 1997

8. A MOSFET semiconductor device comprising:
a doped semiconductor substrate;
a doped high band-gap material forming a drift
region disposed on the doped semiconductor substrate; and
5 a doped epitaxial layer of semiconductor
material disposed on the high band-gap matérial.

9. The MOSFET semiconductor device of claim 8,
wherein the doped band-gap material forming a drift
region is a low dielectric constant, high carrier
mobility material.

10. The MOSFET semiconductor device of claim
8, wherein the epitaxial layer of semiconductor material
. is about three um thick.

11. The MOSFET semiconductor device of claim
8, wherein the semiconductor substrate material is
silicon.

12. The MOSFET semiconductor device of claim
8, wherein the high band-gap material forming a drift
region is silicon carbide.

13. The MOSFET semiconductor device of claim
8, wherein the epitaxial layer of semiconductor material
is silicon.

14. The MOSFET semiconductor device of claim
8, wherein the semiconductor substrate material is
silicon, the high band-gap material forming a drift
region is silicon carbide, and the epitaxial layer of

REPLACEMENT SHEET
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- 1d - 15. A sem conductor diode conprising: - .-,
a doped sem conduct or substrate; a doped hi gh band- gap
material formng a drift

—10_

15. A semiconductor diode comprising:
a doped semiconductor substrate;
a doped high band-gap material forming a drift
region disposed on the doped semiconductor substrate; and
5 a doped epitaxial layer of semiconductor
material disposed on the high band-gap material.

16. The semiconductor diode of claim 15,
wherein the doped high band-gap material forming a drift
region is a low dielectric constant, high carrier
mobility material.

17. The semiconductor diode of claim 15,
wherein the epitaxial layer -of semiconductor material is
about three pm thick.

18. The semiconductor diode of claim 15,
wherein the semiconductor substrate material is silicon.

19. The semiconductor diode of claim 15,
wherein the high band-gap material forming a drift region
is silicon carbide.

20. The semiconductor diode of claim 15,
wherein the epitaxial layer of semiconductor material is
silicon.

21. The semiconductor diode of claim 15,
wherein the semiconductor substrate material is silicon,
and the high band-gap material forming a drift region is
silicon carbide.
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regfon di sposed on the doped sem conductor substrate; and 5 ' a

doped epitaxial |ayer of sem conductor mat eri al di sposed on the high
band-gap nateri al . 16. The sem conductor di ode of claim
15, wherein the doped high band-gap material formng a drift

region is a low dielectric constant, high carrier mobility material.
17. The sem conductor di ode of claim15, wherein the epitaxial |ayer
of sem conductor material is about three pmthick.

18. The sem conductor di ode of claim 15, wherein the sem conduct or

substrate material is silicon.
-ll_

22. The semiconductor device of claim 1, in
which the semiconductor is a trench power MOSFET.

23. The semiconductor device of claim 1,
further comprising power MOSFET junctions disposed above
the epitaxial layer and including P* body regions, N*
sources; a poly-silicon gate; gate oxide and an overlying
5 source contact all disposed above the epitaxial layer.

24. The semiconductor device of claim 21,
further including a drain contact disposed below the
semiconductor substrate.

25. The semiconductor device of claim 8,
wherein the high voltage supporting P body/N" drift
junction is formed at epitaxial layer/high band-gap
material hetero-junction.

26. The semiconductor device of ®laim 8,
wherein the high voltage supporting P body/N  drift
junction is formed in epitaxial layer with high band-gap
material disposed deeper from surface compared to

5 junction.

27. The semiconductor device of claim 8,
wherein the high voltage supporting P body/N™ drift
junction is formed at in high band-gap material with the
epitaxial layer/high band-gap hetero-junction disposed

5 shallower from surface compared to the P body/N drift

junction.
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19. fhe sem conduct or di ode of claim 15, wherein the high band-gap

material formng a drift region I's silicon carbide.

20. The sem conduct or di ode of claim 15, wherein the epitaxial |ayer
of sem conductor material is silicon. _ 21. The

sem conduct or di ode of claim 15, W&t ei n the sem conductor substrate
material is silicon, and the high band-gap nmaterial formng a drift
region is silicon carbide.

SiC SEMICONDUCTOR DEVICE

ABSTRACT OF THE DISCLOSURE

A semiconductor device structure having an
epitaxial layer, formed of silicon for example, is
disposed on a high band-gap material, such as silicon
carbide, which is in turn disposed on a semiconductor
substrate, such as silicon. The high band gap material
achieves a charge concentration much higher than that of
a conventional semiconductor material for the same
breakdown voltage.

Fig. |
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22. The seni conductor device of claim1l, in whi ch the sem conductor is

a'trench power MOSFET. 23. The sem conduct or devi ce of
claim1l, further conprising power MOSFET junctions di sposed above
the epitaxial layer and including P+ body regions, N+
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sources; a poly-silicon gate; gate oxide and an overlying 5 source

contact all disposed above the epitaxial |ayer. 24. The
sem conduct or device of claim 21, further including a drain contact
di sposed bel ow t he sem conduct or substrate. 25. The
sem conduct or device of claim 8, - wherein the high voltage supporting
P body/ N drift junction is fornmed—at epitaxial |ayer/high band-gap
mat eri al hetero-junction. 26. The sem conduct or devi ce of
cl aim 8, wherein the high voltage supporting P body/N drift
junction i g f ,N epi jaxi | ayer with high band-gap mat eri al
di sposed p% rﬁj%\ su%i?ze Qprrpar ed to 5 junction.
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27. 'The sem conduct or device of claim 8, wherein the high voltage

supporting P body/ N drift junction is fornmed at in high band-gap
material with the epi taxi al | ayer/ high band-gap hetero-junction
di sposed 5 shal |l ower from surface conpared to the P body/N drift
junction. -3 -
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