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SEMICONDUCTOR STRUCTURE HAVING A
PREDETERMINED ALPHA-SILICON
CARBIDE REGION, AND USE OF THIS
SEMICONDUCTOR STRUCTURE

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation of copending Interna-
tional Application PCT/DE98/00931, filed Apr. 1, 1998,
which designated the United States.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to a semiconductor structure con-
taining an interface between a region made of a predeter-
mined a-silicon carbide polytype and an electrically insu-
lating region, wherein the electrical conductivity in the
silicon carbide region at the interface can be altered by
means of induced charges. Semiconductor structures of this
type are disclosed e.g. in “IEEE Electron Device Letters”,
Vol. 18, No. Mar. 3, 1997, pages 93 to 95. The invention also
relates to the use of the aforementioned semiconductor
structure.

Silicon carbide in monocrystalline form is a semiconduc-
tor material with outstanding physical properties that make
this semiconductor material of interest particularly for
power electronics, even for applications in the kV range,
inter alia on account of its high breakdown field strength and
its good thermal conductivity. Since the commercial avail-
ability of monocrystalline substrate wafers, especially
wafers made of 6H and 4H silicon carbide polytypes, has
grown, silicon carbide-based power semiconductor
components, such as silicon carbide Schottky diodes, are
now also receiving more and more attention. However, the
unipolar silicon carbide power MOSFETS known to date
still pose problems concerning important properties, such as
forward resistance (also known as on-resistance).

Energy gaps of silicon carbide polytypes will be discussed
quite frequently below. It is understood here that the energy
gap values that are to be used for the comparison have to be
determined under the premise of identical preparation, mea-
surement and ambient conditions. The values cited below
each apply to room temperature. “Properties of Silicon
Carbide”, edited by G. L. Harris, INSPEC publishers,
London, GB, 1995, pages 74-80, documents the energy gaps
at a temperature of 4 K for various silicon carbide polytypes.

IEEE Electron Device Letters, Vol. 18, No. Mar. 3, 1997,
pages 93 to 95, discloses a unipolar MOSFET fabricated on
the basis of a 6H silicon carbide wafer by double ion
implantation (so-called DI-MOSFET). In a DI-MOSFET of
this type the current is controlled in a semiconductor region
made of silicon carbide with lateral current flow, the
so-called channel zone which is situated in the silicon
carbide region at an interface between the silicon carbide
semiconductor region and an electrically insulating region
(e.g. SiO,) . Afterwards, the current is passed vertically
through the component in a second silicon carbide semicon-
ductor region, the so-called drift zone.

The DI-MOSFET disclosed affords an improvement of
the forward resistance by comparison with the prior art.
Further improvements, especially in the forward resistance,
which essentially depends on the conductivity of the channel
zone and of the drift zone, are promised in “IEEE Electron
Device Letters”, Vol. 18, No. Mar. 3, 1997, pages 93 to 95,
by a change in material from the 6H silicon carbide polytype
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2

to the 4H silicon carbide polytype. This statement is based
on considerations which take account only of the (bulk)
conductivity in the drift zone. In the case of a vertical current
flow in the direction of the crystallographic c-axis, the 4H
silicon carbide polytype having a free charge carrier mobil-
ity of approximately 800 cm®*V~'s™ determining the bulk
conductivity clearly has an advantage over 6H silicon
carbide, which only has a mobility of approximately 100
cm?V~1s~t, However, this does not take account of the
influence of polytype selection on the second influencing
parameter that is critical for the forward resistance, namely
the conductivity in the channel zone, which is determined by
geometrical parameters and also essentially by the properties
of the boundary layer between the silicon carbide semicon-
ductor region and the electrically insulating region.

Palmour U.S. Pat. No. 5,506,421 discloses a semiconduc-
tor structure in the form of a silicon carbide MOSFET with
a U- or V-shaped trench. Depending on the configuration of
the trench, such a MOSFET is also referred to as a U- or
V-MOSFET, respectively. The actual MOS structure is situ-
ated within the trench, with an electrically insulating region
adjoining the trench wall. Within the silicon carbide region,
the electrical conductivity can be altered, and thus a current
flow can be controlled, in a channel zone adjoining the
lateral trench wall. The preferred silicon carbide polytype
for the silicon carbide region of the MOSFET is the 6H
polytype. The 3C, 2H, 4H and 15R polytypes are mentioned
as alternatives. The trench structure, in particular including
the non-planar course of the interface towards the electri-
cally insulating region, adversely affects the behavior of the
semiconductor structure described in a particular manner.
Thus, high electric field spikes are produced at the corners
of the trench, above all in the electrically insulating region.
As a result, however, the breakdown behavior in the off-state
mode is impaired. In the on-state mode, too, the inclined or
perpendicular orientation of the lateral trench walls with
respect to the main surface of the silicon carbide region can
lead to an unfavorable forward resistance of the channel
zone.

SUMMARY OF THE INVENTION

It is accordingly an object of the invention to provide a
semiconductor structure having a predetermined ci-silicon
carbide region, and the use of this semiconductor structure
in a semiconductor component as well as in a semiconductor
circuit including such a component,that overcomes the
above-mentioned disadvantages of the prior art devices and
methods of this general type, and in particular exhibits
improved properties, such as improved forward resistance. A
further object of the invention is for the semiconductor
structure also to have good breakdown behavior. With the
foregoing and other objects in view there is provided,
according to the invention, a semiconductor structure com-
prising a semiconductor region made of a predetermined
a-silicon carbide polytype other than a 4H and a 6H
polytype, an electrically insulating region, a planar interface
between these regions, and a channel zone adjoining the
planar interface in the silicon carbide region, in which

the energy gap of the silicon carbide region is equal to or

less than that of the 6H silicon carbide polytype,

the electrically insulating region contains a silicon oxide

and/or a silicon nitride at least in a layer adjoining the
interface,

the electrical conductivity in the silicon carbide region at

the interface can be altered by means of induced
charges,
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and a current controllable by the variable electrical con-
ductivity adjoining the planar interface in the silicon
carbide region is guided laterally in the channel zone.

With the above and other objects in view, there are also
provided, according to this invention, a semiconductor com-
ponent comprising a silicon carbide substrate and a semi-
conductor structure according to the invention, and a semi-
conductor circuit in which a semiconductor component
according to the invention is incorporated. In the semicon-
ductor component according to the invention, the silicon
carbide substrate and the semiconductor structure of the
invention can be of the same conduction type or of opposite
conduction types.

The invention is based on the discovery that the distri-
bution of the electrically active defects (traps) at the inter-
face between a semiconductor region and an electrically
insulating region determines the conductivity of the semi-
conductor at the interface and, consequently, essentially
determines the forward resistance of the complete semicon-
ductor structure. Investigations of silicon carbide have
shown that an energy band having a high defect density
forms irrespective of the polytype, with a fixed energy gap
between this energy band and the valence band. This band
has a lower boundary which is rather sharply delimited in
energy terms and is approximately 2.9 eV above the valence
band boundary. Since the energy position of the valence
band is independent of the polytype of silicon carbide,
selecting the polytype according to the invention ensures
that the defect band lies within the conduction band in
energy terms and thus influences the conductivity to a
significantly lesser extent than is the case with the custom-
arily used polytypes having a higher energy gap.

Selecting the a-silicon carbide polytype according to the
invention also results in advantageous semiconductor struc-
tures having improved properties by comparison with the
prior art in addition to the features mentioned in the pre-
amble. In particular the forward resistance can advanta-
geously be reduced, e.g. by a factor of 20.

With the above and other objects in view, additional
advantageous refinements of the semiconductor structure
according to the invention emerge from the embodiments
described below. The following can be regarded as being
particularly advantageous.

In a particularly preferred embodiment of the semicon-
ductor structure, the a-silicon carbide semiconductor region
has an energy gap at least 5 meV (milli-electron volts)
smaller than that of the 6H silicon carbide polytype. The
rhombohedral a-silicon carbide polytypes (R type), in par-
ticular the 15R type and the 21R type, are particularly
advantageous. At room temperature, 15R silicon carbide has
an energy gap of 2.79 eV which, according to the invention,
lies below the comparison value of 6H silicon carbide (2.91
eV). The 4H and 6H silicon carbide polytypes which are
excluded according to the invention are not suitable poly-
types on account of their high energy gaps of 3.15 eV (4H
silicon carbide) and 2.91 eV (6H silicon carbide), despite the
fact that heretofore they have been used almost exclusively
in silicon carbide power electronics.

Also in accordance with this invention, advantageous
charge carrier mobilities perpendicular to the crystallo-
graphic C-axis in the region of the interface (channel zone)
of the semiconductor structure result for the 15R silicon
carbide polytype (greater than or equal to 40 cm?*V~'s™),
whereas the corresponding values for 4H silicon carbide
(less than or equal to 1 cm*V~'s™") and for 6H silicon
carbide (>20 cm*V~'s™') are distinctly lower. To date, the
charge carrier mobility in the adjoining drift zone through
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the substrate volume parallel to the crystallographic c-axis,
which is more favorable with 800 cm*V~'s™! in the case of
4H silicon carbide compared to 330 cm*V~'s™* lin the case
of 15R silicon carbide, has been deemed critical for the
forward resistance. Despite this, however, on account of the
above-described interface influences on the charge carrier
mobility in the channel zone, the resulting forward resis-
tance of 4H silicon carbide is higher by a factor of 20 than
that of 15R silicon carbide.

A further advantageous embodiment benefits from the fact
that, in order to attain the advantageous conductivity at the
interface, only a narrow semiconductor region in direct
proximity to the electrically insulating region must be
formed from the selected a-silicon carbide polytype accord-
ing to the invention. Thus, semiconductor regions adjoining
this narrow region in direct proximity to the electrically
insulating region can be composed either of the same silicon
carbide polytype or at least partly of a different silicon
carbide polytype or a semiconductor material other than
silicon carbide, or of a complex construction with at least
one semiconductor material other than silicon carbide.

In a further advantageous embodiment, the semiconductor
structure according to the invention can be a MOSFET
structure, in particular a DI-MOSFET structure, or an IGBT
structure. Structures of this type are frequently used in
power electronics.

It is particularly advantageous, moreover, if the semicon-
ductor structure according to the invention is used to con-
struct a semiconductor component or a complex semicon-
ductor circuit.

Other features which are considered as characteristic for
the invention are set forth in the appended claims.

Although the invention is illustrated and described herein
as embodied in a semiconductor structure having a prede-
termined a-silicon carbide region, and use of this semicon-
ductor structure, it is nevertheless not intended to be limited
to the details shown, since various modifications and struc-
tural changes can be made therein without departing from
the spirit of the invention and within the scope and range of
equivalents of the claims.

The construction and method of operation of the
invention, however, together with additional objects and
advantages thereof will be best understood from the follow-
ing description of specific embodiments when read in con-
nection with the accompanying drawing.

BRIEF DESCRIPTION OF THE DRAWING

The single FIGURE of the Drawing diagrammatically
illustrates a DI-MOSFET according to the invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

DI-MOSFET components, such as the semiconductor
structure which is indicated in the figure and designated by
HS, are important unipolar power components. In such
components, the current is on the one hand controlled by
means of a lateral current flow IL and is on the other hand
guided through the component by means of a vertical current
flow IV in the drift zone composed of a silicon carbide
semiconductor layer 3 and a silicon carbide substrate 2.

In this connection, vertical current flow is to be under-
stood to mean a current flow in a direction running perpen-
dicular to a planar interface 20 of the silicon carbide
semiconductor layer 3. Correspondingly, lateral is to be
understood to mean a direction running parallel to a direc-
tion within said interface 20.
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One of the determining parameters for the forward resis-
tance of the DI-MOSFET component is the conductivity in
the region of the lateral current path IL, the so-called
channel. These channels form in the on state, as a result of
induced charges, as regions of larger base regions 11 which
are adjacent to planar interfaces 20. The crucial interfaces 20
are emphasized by bolder lines in the figure. The semicon-
ductor structure is situated exactly in these regions of the
DI-MOSFET component. At least this region of the base
region 11, which is near the interface and adjoins the
electrically insulating region formed by a first insulating
material layer 134, is composed of an a-silicon carbide
polytype with a smaller energy gap than that of 6H silicon
carbide. A 15R silicon carbide polytype, or a 21R silicon
carbide polytype, for example, is suitable. It must thus be
ensured that the desired advantageously high channel con-
ductivity and, as a consequence thereof, the low forward
resistance of the structure are established.

The electrically insulating region disposed above the base
region 11 can be constructed of a single layer, as in the
exemplary embodiment illustrated in the figure. In accor-
dance with other advantageous embodiments, however, a
plurality of layers, preferably made of different materials,
can also be provided for this region.

L 4-5 in particular and preferably of thermal SiO,
material, such as silicon dioxide afforded by the oxidation of
elemental silicon at an elevated temperature.

The first insulating material layer 13a (illustrated in the
FIGURE), the so-called gate oxide, can advantageously be
composed of SiO, material, in particular of thermal SiO,
material. However, in other embodiments, this layer can also
be composed of a non-oxidic electrically insulating material,
in particular of Si;N, silicon nitride.

The method of operation of the DI-MOSFET components
of FIG. 1 is explained in more detail below. Source regions
are designated by 10, base regions by 11, base contact
regions by 12, a first insulating layer by 13a, a second
insulating layer by 13b, a gate electrode by 14, a source
electrode by 15 and a drain electrode by 16. The second
insulating layer 13b (insulating silicon oxide and/or nitride)
serves to effect insulation between gate electrode 14 and
source electrode 15 and is composed of an SiO, deposited by
means of an LPCVD process (Low Pressure Chemical Vapor
Deposition). Each base region 11 is implanted as a 15R
silicon carbide or 21R silicon carbide semiconductor region
into a silicon carbide layer 3 grown epitaxially on a silicon
carbide substrate 2 and is doped oppositely to the silicon
carbide layer 3. The p-n junctions 17 formed in each case
between the base regions 11 and the silicon carbide layer 3
essentially take up the reverse voltage when the
DI-MOSFET component is reverse-biased. At least one
source region 10 doped oppositely to the base region 11 is
implanted into each base region 11, and therefore forms a
respective p-n junction 18 of the source region 10 with the
associated base region 11. Each source region 10 is electri-
cally short-circuited with the associated base region 11 via
the source electrode.

The base regions 11 are preferably doped with boron and
are consequently p-conducting. Moreover, they can be
doped more heavily by additional implantation of aluminum
for a higher latch-up strength underneath the source region
10 and in the base contact region 12 at the source electrode
15, and thus be p*-conducting. The source regions 10 and
the silicon carbide layer 3 are preferably doped with nitro-
gen and are thus n-conducting. The drain electrode 16 is
disposed on that side of the silicon carbide substrate 2 which
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is remote from the silicon carbide layer 3. In particular, an
implanted, more heavily doped drain region can also be
provided in the silicon carbide substrate 2. The DI-MOSFET
thus has a vertical construction.

If, in the embodiment illustrated, the silicon carbide
substrate 2 is of the same conduction type as the silicon
carbide layer 3 that has been grown upon it, then a MOSFET
structure is present. If, on the other hand, the silicon carbide
substrate 2 is of the opposite conduction type to the silicon
carbide layer 3, then between layer 3 and substrate 2 an
additional pn junction is connected between source electrode
15 and drain electrode 16 and an IGBT structure is present
in that case.

It is understood that the conduction types of all the
semiconductor regions mentioned may also be interchanged
in each case.

We claim:

1. A semiconductor structure having breakdown behavior
and forward resistance, comprising;

semiconductor region made of a predetermined c.-silicon

carbide polytype other than a 4H and a 6H polytype;
an electrically insulating region;

a planar interface between said semiconductor region and

said electrically insulating region;

a channel zone adjoining said planar interface in said

semiconductor region;

an energy gap of said semiconductor region less than that

of the 6H silicon carbide polytype;

said electrically insulating region containing a thermal

silicon oxide or a silicon nitride at least in a layer
adjoining said interface;

the electrical conductivity in the silicon carbide region at

said interface to be altered by induced charges; and

a current controllable by the variable electrical conduc-

tivity adjoining said planar interface in said silicon
carbide region guided laterally in said channel zone.

2. The semiconductor structure according to claim 1,
wherein said energy gap is smaller than that of the 6H silicon
carbide polytype by at least 5 milli-electron volts.

3. The semiconductor structure according to claim 1,
wherein said a-silicon carbide polytype is an R type.

4. The semiconductor structure according to claim 3,
wherein the R type is a 15R type or a 21R type.

5. The semiconductor structure according to claim 1,
wherein said electrically insulating region is formed of
thermal SiO,.

6. The semiconductor structure according to claim 1,
wherein said electrically insulating region is formed by a
plurality of layers.

7. The semiconductor structure according to claim 6,
wherein said electrically insulating region includes a layer of
SiO, and at least one layer formed of silicon nitride.

8. The semiconductor structure according to claim 1,
wherein all of said semiconductor region is made of the
same a.-silicon carbide polytype.

9. The semiconductor structure according to claim 1,
including at least one additional semiconductor region.

10. The semiconductor structure according to claim 9,
wherein said at least one additional semiconductor region
includes a second silicon carbide polytype.

11. The semiconductor structure according to claim 10,
wherein said at least one additional semiconductor region
includes a semiconductor material other than silicon carbide.

12. A semiconductor component, comprising a silicon
carbide substrate and a semiconductor structure according to
claim 1.
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13. The semiconductor structure of claim 1, wherein the
forward resistance is at most one-twentieth that of a semi-
conductor structure having a semiconductor region made of
a 4H polytype a-silicon carbide.

14. The semiconductor structure of claim 1, wherein the
entire interface between said semiconductor region and said
electrically insulating region is planar.

15. The semiconductor structure of claim 1, further com-
prising a drift zone within said semiconductor region adja-
cent to said channel zone, wherein the controllable current
within said channel zone is conducted vertically through
said drift zone and flows substantially parallel to the crys-
tallographic c-axis of said a-silicon carbide polytype.
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16. A MOSFET structure, comprising a semiconductor
component according to claim 12, wherein said substrate
and said semiconductor structure are of the same conduction
type.

17. An IGBT structure, comprising a semiconductor com-
ponent according to claim 12, wherein said substrate and
said semiconductor structure are of opposite conduction
types.

18. A semiconductor circuit, comprising a semiconductor
component according to claim 12.





