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[0001] TITLE

METHODS OF MAKING SEMICONDUCTOR DEVICES HAVING IMPLANTED
SIDEWALLS AND DEVICES MADE THEREBY

[0002] This application claims the benefit of Provisional U.S. Patent Application Serial
No. 61/267,524, filed on December 8, 2009, which is incorporated by reference herein in
its entirety.

[0003] The section headings used herein are for organizational purposes only and should

not be construed as limiting the subject matter described herein in any way.

[0004] BACKGROUND

[0005] Field
[0006] This application relates generally to semiconductor devices and to methods of

making the devices.

[0007] Background of the Technology

[0008] A field-effect transistor (FET) is a type of transistor commonly used for weak-
signal amplification (e.g., for amplifying wireless signals). The device can amplify
analog or digital signals. It can also switch DC or function as an oscillator. In an FET,
current flows along a semiconductor path called the channel. At one end of the channel,
there is an electrode called the source. At the other end of the channel, there is an
electrode called the drain. The physical diameter of the channel is fixed, but its effective
electrical diameter can be varied by the application of a voltage to a control electrode
called the gate. The conductivity of the FET depends, at any given instant in time, on the

electrical diameter of the channel. A small change in gate voltage can cause a large
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variation in the current from the source to the drain thereby allowing for amplification of

signals.

[0009] A PiN diode is a diode with a wide, lightly doped ‘near’ intrinsic semiconductor
region between p-type semiconductor and n-type semiconductor regions. A junction
barrier Schottky (JBS) diode is also referred to as a merged PiN Schottky diode since it

contains both PiN and Schottky barrier (i.e., metal-semiconductor) junctions.

[0010] Vertical Junction Field Effect Transistor (VJFET) and Static Induction Transistor
(SIT) devices in SiC have been described in U.S. Patent Nos. 5,903,020 and 6,767,783;
and in U.S. Patent Application Publication No. 2007/0187715 Al. In the case of an SIT,
a short channel length is typically preferred in order to keep the frequency response high.
Therefore a shallow p+ gate implant that does not create sidewall implantation on the
trenched source fingers is preferred. In the power VIFET structure, however, it is
preferred to have a long channel length in order for the device to be able to prevent the
electric field under high reverse bias from reducing the channel barrier and causing
increased drain-source leakage currents or total breakdown. In U.S. Patent Application
Publication No. 2007/0187715 Al, angled implantation on the source finger sidewalls is
disclosed as a method to create a long gate doping profile along the source channel
length. This method has several disadvantages, however. Namely, the wafer has to be
rotated during implantation in order to prevent implant shadowing in the trenched
structure. Additionally, the angled implant causes uniform implantation along the vertical
axis of the structure from the channel into the source region causing two adjoining
heavily doped regions (source and gate). The close nature of these two regions result in
poor voltage handling capability. Additionally, angled implantation along this axis can

create significant channeling of the ions resulting in a non-symmetrical gate-source



WO 2011/071973 PCT/US2010/059374

junction, particularly for SiC substrates which are typically cut off-axis (e.g., at an angle

of 2-8 degrees).

[0011] Accordingly, there still exists a need for improved methods of making

semiconductor devices.

[0012] SUMMARY

[0013] A method of making a semiconductor device is provided which comprises:

patterning an etch mask on an implant mask layer, wherein the implant mask layer
is on a channel layer of a semiconductor material of a first conductivity type and wherein
the channel layer is on an upper surface of a semiconductor substrate of the first
conductivity type;

selectively etching through the implant mask layer and into the channel layer
using the etch mask to form one or more raised source regions each having an upper
surface and sidewalls adjacent etched regions of the channel layer each having a bottom
surface;

implanting ions into the channel layer through the implant mask layer to form
implanted regions of a second conductivity type in the semiconductor material on the
bottom surfaces of the etched regions, wherein the ions are implanted at an angle of +/-
10 ° from perpendicular to the upper surface of the semiconductor substrate and wherein
at least some ions impinging on the implant mask layer are scattered by the implant mask
to form implanted regions of the second conductivity type on the sidewalls of the raised
regions, wherein the implanted regions on the bottom surface of the etched regions are

connected to the implanted regions on adjacent sidewalls of the raised regions.
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[0014] A semiconductor device made by a method as set forth above is also provided.

[0015] These and other features of the present teachings are set forth herein.

[0016] BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The skilled artisan will understand that the drawings, described below, are for
illustration purposes only. The drawings are not intended to limit the scope of the present

teachings in any way.

[0018] FIGS. 1A-1E are schematics illustrating the manufacture of a VIFET device
wherein: FIG. 1A shows the starting device structure prior to implantation; FIG. 1B
shows the deposition of a patterned etch mask that will be used to define the width and
pitch of the source fingers; FIG. 1C shows the etching of the implant mask and channel
layer; FIG. 1D shows the implantation of the p+ gate using ion implantation at an angle of
0° (i.e., perpendicular to the substrate surface); and FIG. 1E shows the resulting dopant

profile in the device after implantation and removal of the implant mask.

[0019] FIG. 2 is a schematic showing the top view of an exemplary layout of a source
finger array having a periodic array structure which allows sufficient scattering

implantation on the sidewalls of each source finger.

[0020] FIG. 3A is simulation showing the dopant profile resulting from near vertical
implantation into a trenched structure with sufficient implant mask and finger pitch to

allow significant scattering implantation to occur and dope the sidewalls.

[0021] FIG. 3B is simulation conducted under similar conditions as that of FIG. 3A but

wherein the device does not have an adjacent source finger to provide ion scattering.

[0022] FIG. 4 is a graph showing the effect of scattering on the threshold voltage of a SiC

VIJFET.
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[0023] DESCRIPTION OF THE VARIOUS EMBODIMENTS

[0024] For the purposes of interpreting this specification, the use of “or’" herein means
“and/or” unless stated otherwise or where the use of “and/or” is clearly inappropriate.

The use of “a” herein means “one or more” unless stated otherwise or where the use of

PN ’

It 3 . . . It . . »
one or more’” is clearly inappropriate. The use of “comprise,” “‘comprises,

AN TR

“comprising,” “include,” “includes,” and “including’ are interchangeable and not
intended to be limiting. Furthermore, where the description of one or more embodiments
uses the term “‘comprising,” those skilled in the art would understand that, in some
specific instances, the embodiment or embodiments can be alternatively described using
the language “consisting essentially of” and/or “consisting of.” It should also be
understood that in some embodiments the order of steps or order for performing certain
actions is immaterial so long as the present teachings remain operable. Moreover, in

some embodiments two or more steps or actions can be conducted simultaneously.

[0025] Methods of making a Vertical Junction Field Effect Transistor (VJIFET) with a
long channel length by 0 degree implantation using intentional scattering of the ions from

adjacent structures and devices made thereby are provided.

[0026] While the invention can be applicable to any vertical device that has an exposed
sidewall requiring implantation (e.g., diode, transistor, vertical resistor), the specific
embodiment of this invention enables a long channel VIFET that can be made in either
the enhancement or depletion mode. The long channel of the device enables a high
‘blocking gain’ (a sharp transition from forward conduction to reverse blocking stage)
while maintaining a long high-potential barrier to leakage currents from drain to source

under high reverse bias.

[0027] Methods of using a trench and masking structure to create an ion implantation
(i.e., doping) profile on a vertical trench sidewall in a semiconductor device are
described. According to some embodiments, a long trenched channel Vertical Junction

Field Effect Transistor in SiC is provided wherein angled sidewall implantation is not
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employed.

[0028] As described herein, the scattering of ions out by a masking layer creates a doping
profile on the edge of a trenched semiconductor sidewall. The methods described herein
can be used in the gate region of a VIFET. However, the methods described herein can
be used to make any semiconductor structure which would benefit from an implanted
sidewall, including, but not limited to, static induction transistors (SITs), bipolar junction

transistors (BJTs), and junction-barrier Schottky diodes (JBS).
[0029] A method of making a VJFET is depicted in FIGS. 1A-1E and described below.

[0030] FIG. 1A shows the starting semiconductor structure prior to implantation process.
As depicted in FIG. 1A, the device prior to implantation comprises an implant mask layer
10 on channel layer 12. As also shown in FIG. 1A, channel layer 12 is on drift layer 14
and drift layer 14 is on semiconductor substrate 16. Drain contact 18 is shown on
substrate opposite drift layer 14. Although a drift layer is shown in FIG. 1A, the drift

layer is optional (i.e., the channel and drift layers can be a single layer).

[0031] Drift layer 14 and channel layer 12 can be epitaxially grown. The doping type and
concentration can be varied to provide desired characteristics for the device. For an n-
channel VJFET, the substrate can be n-type with a nitrogen doping concentration of ~
1x10"%/cm’ to 1x10°%cm’. The drift and channel nitrogen doping levels can be between
1x10'*/cm® and 1x10'%/cm’. The thickness of the drift layer can be <100 um and the

thickness of the channel layer can be between 0.25 um and 5 um.

[0032] It is also possible to have a heavily doped >5x10'® n+ cap layer (not shown) on

top of channel layer 12.
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[0033] The implantation mask can be any of a variety of materials including a photoresist
material, an oxide, a nitride, and deposited metals. The thickness of the implant masking
material can be > 0.5 um. The thickness of the implant masking material can be varied

depending upon the height of the semiconductor trench structure.

[0034] FIG. 1B shows the deposition of patterned etch mask 20 on implant mask layer
10. Patterned etch mask 20 is used to define the source finger width and pitch. The
material used for patterned etch mask 20 can be a conventional semiconductor etch mask

material such as an oxide, a metal, or a photoresist.

[0035] FIG. 1C is a schematic showing implant mask layer 10 and channel layer 12 being
selectively etched using etch mask 20. Typically for SiC materials, the etch process will
be performed by a dry Reactive Ion Etch (RIE) or Inductively Coupled Plasma (ICP)
based plasma etch. The etching will continue through the implant/etch mask and continue
to etch the SiC of channel layer 12 to a predetermined depth. The height of the etched
channel 22 will be dependent on the design of the device. An exemplary etched channel

height is 0.25 to 5 pm.

[0036] As shown in FIG. 1D, after the channel etch is completed, the implantation 24 of
the p+ gate is performed using ion implantation at 0 degrees. Although 0° implantation is
shown, alternate slight angles can be used. When an angled implantation is employed,

the wafer can be rotated during the implantation process.

[0037] As shown in FIG. 1D, the ions arrive at the structure at an angle of 0 degrees (i.c.,
perpendicular to the wafer surface) and either enter the semiconductor surface between
the source fingers thereby creating the bottom of the gate profile, or enter the
implantation mask on top of the source fingers. Some of the ions that enter the

implantation mask will encounter a scattering event and will have enough energy to exit
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the implantation mask at an angle that results in the ion being implanted in the source
finger sidewall. The implantation dose and energy are variable depending on the amount
and depth of the intended sidewall implantation. To have a deeper junction, the

implantation energy should be high (e.g., 250 keV -2 MeV).

[0038] FIG. 1E is a schematic cross-sectional view of the device showing the resultant
doping profile after the implantation and removal of implant mask 20. As can be seen
from FIG. 1E, a p+ implanted regions are now formed along the sidewalls of the source
fingers and at the bottom of the finger. As shown in FIG. 1E, the implanted sidewall
regions are connected to the implanted region at the bottom of the trenches. This enables
a long channel length 32 along the sidewall of the source fingers. This is compared to the
short channel described in U.S. Patent No. 5,903,020, wherein the implantation is only at
the bottom of the trench which results in a short channel device optimum for a SIT

device.

[0039] The subsequent processing can include implant activation and contact formation

on the gate 30, drain 19, and source 28 of the device.

[0040] FIG. 2 is a schematic top down view of a device having a source finger array with
a periodic array structure which allows sufficient scattering implantation on each source

finger.

[0041] The structure is shown as a vertical array, but can be circular, hexagonal, etc, as
long as there is an adjacent structure that causes scattering of the implantation into a

sidewall.

[0042] Implant can be tilted 0 - 10 degrees and the substrate can be rotated during the

implantation process to ensure that all sides of the structure are equally doped.
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[0043] As set forth above, there does not need to be a separate channel and drift layer in

the VJFET structure.

[0044] The dopant concentrations and thicknesses of the various layers of the device
described herein can be varied to produce a device having desired characteristics for a
particular application. Similarly, the dimensions of the various features of the device can
also be varied to produce a device having desired characteristics for a particular

application.

[0045] The layers of semiconductor material can be formed by epitaxial growth on a

suitable substrate. The layers can be doped during epitaxial growth.

[0046] EXPERIMENTAL

[0047] Aspects of the present teachings may be further understood in light of the
following examples, which should not be construed as limiting the scope of the present

teachings in any way.

[0048] Numerical simulations were performed to demonstrate the effect and give an
accurate representation of the doping profile due to scattering from the implantation
mask. FIG. 3A shows a simulation of the doping profile using near vertical implantation
into a trenched SiC structure with sufficient implant mask and finger pitch to allow
significant scattering implantation to occur and dope the sidewalls. As shown in FIG. 3A,
the sidewall doping creates a long channel that extends from the bottom of the trench to

near the top of the semiconductor surface.

[0049] FIG. 3B is the same simulation as FIG. 3A but without the adjacent scattering
finger to provide the ion scattering. Notice that there is minimal implantation on the

sidewall of the source finger resulting in a short channel.
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[0050] FIG. 4 is a graph showing the effect of scattering on the threshold voltage of a SiC
VIJFET. As can be seen from FIG. 4, as the trench spacing is increased, the threshold
voltage of the device is reduced. While not wishing to be bound by theory, this
phenomenon is believed to be due to the reduction of sidewall dose scattered off the
adjacent finger profile as the trench spacing is increased. Conversely, the threshold
voltage as shown in FIG. 4 increases as the trench spacing is reduced as a result of the
increased implant scattering causing a higher level of doping (and longer channel) on all

adjacent fingers.

[0051] The implant mask thickness can be in the range of 0.5 pm to 5 pm and can be
composed of oxide, photoresist, metal layers, or multilayer stacks suitable for implant

blocking at the applicable implant energy.

[0052] The implant energy used to optimize the scattering effect can range from 60 keV -
380 keV for shorter fingers and closely spaced trench structures to 1 MeV for deep and

uniform implantation where significant scattering effects are desired.

[0053] While the foregoing specification teaches the principles of the present invention,
with examples provided for the purpose of illustration, it will be appreciated by one
skilled in the art from reading this disclosure that various changes in form and detail can

be made without departing from the true scope of the invention.

10
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WHAT IS CLAIMED IS:

1. A method of making a semiconductor device comprising:

patterning an etch mask on an implant mask layer, wherein the implant mask layer
is on a channel layer of a semiconductor material of a first conductivity type and wherein
the channel layer is on an upper surface of a semiconductor substrate of the first
conductivity type;

selectively etching through the implant mask layer and into the channel layer
using the etch mask to form one or more raised source regions each having an upper
surface and sidewalls adjacent etched regions of the channel layer each having a bottom
surface;

implanting ions into the channel layer through the implant mask layer to form
implanted regions of a second conductivity type in the semiconductor material on the
bottom surfaces of the etched regions, wherein the ions are implanted at an angle within
+/- 10 ° from perpendicular to the upper surface of the semiconductor substrate and
wherein at least some ions impinging on the implant mask layer are scattered by the
implant mask to form implanted regions of the second conductivity type on the sidewalls
of the raised regions, wherein the implanted regions on the bottom surface of the etched

regions are connected to the implanted regions on adjacent sidewalls of the raised regions.

2. The method of Claim 1, wherein the channel layer is on a drift layer of the
semiconductor material of the first conductivity type which is on the semiconductor

substrate.

3. The method of Claim 2, wherein the channel and drift layers each have a
dopant concentration and wherein the dopant concentration of the channel layer is lower

than the dopant concentration of the drift layer.

11
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4. The method of Claim 1, wherein the energy of the ions during implantation is

250 keV to 2 MeV.

5. The method of Claim 1, wherein the implant mask layer is on a source layer of
a semiconductor material of the first conductivity type and wherein the source layer is on

the channel layer.

6. The method of Claim 5, wherein the source and channel layers each have a
dopant concentration and wherein the dopant concentration of the source layer is higher

than the dopant concentration of the channel layer.

7. The method of Claim 1, wherein the first conductivity type is n-type and the

second conductivity type is p-type.

8. The method of Claim 1, wherein the channel layer and the semiconductor

substrate comprise SiC.

9. The method of Claim 1, wherein the implant mask layer has a thickness of at

least 0.5 um.

10. The method of Claim 1, wherein the channel layer has a thickness of 0.25 to

5 um and a dopant concentration of 1x10"*/cm’ to 1x10'%/cm’.

11. The method of Claim 2, wherein the drift layer has a thickness of <200 um

and a dopant concentration of 1x10'*/cm’ to 1x10"*/cm’.

12. The method of Claim 5, wherein the source layer has a dopant concentration

of > 5x10"%/cm’.

13. The method of Claim 1, wherein the implantation mask comprises a

photoresist material, an oxide, a nitride or a metal.

12
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14. The method of Claim 1, wherein the substrate has a dopant concentration of

1x10"%/cm® to 1x10%%/cm’,

15. The method of Claim 2, wherein the implant mask layer is on a source layer
of a semiconductor material of the first conductivity type and wherein the source layer is

on the channel layer.

16. The method of Claim 1, further comprising annealing the device to activate

the implanted ions.

17. The method of Claim 1, further comprising forming source contacts on the
upper surfaces of the raised source regions, forming gate contacts on the implanted
regions on the bottom surfaces of the etched regions and forming a drain contact on the

substrate opposite the channel layer.

18. The method of Claim 1, wherein the one or more raised source regions

comprises a plurality of spaced elongate segments in the form of fingers.

19. The method of Claim 1, wherein the ions are implanted into the channel layer
at an angle of +/- 0.1 ° from perpendicular to the upper surface of the semiconductor

substrate.

20. The method of Claim 1, further comprising rotating the substrate during

implantation.

21. A semiconductor device made by the method of Claim 1.

13
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