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DIFFUSION BARRIER SYSTEMS (DBS) FOR
HIGH TEMPERATURE SEMICONDUCTOR

ELECTRICAL CONTACTS

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional

Patent Application Ser. No. 62/217,216 filed Sep. 11, 2015.
The subject matter of this earlier-filed application 1s hereby
incorporated by reference 1n 1ts entirety.

ORIGIN OF THE INVENTION

The 1nvention described herein was made by employees
of the United States Government and may be manufactured
and used by or for the Government for Government pur-
poses without the payment of any royalties thereon or
therefore.

FIELD

The present mvention generally pertains to formation of
various DBSs, and more specifically, to DBSs that reduce or
prevent diffusion of gold and oxygen through an electrical
metallization stack to an underlying semiconductor.

BACKGROUND

As the operation of certain class of semiconductor elec-
tronic and sensing devices 1s extended to temperatures
greater than 500° C., the degradation of the contact metal-
lization to these devices tend to increase at near exponential
rate. The resultant outcome 1s the correspondingly gradual
operational degradation of the devices, eventually leading to
premature catastrophic failure. The primary mechanisms
responsible for such failures are: (1) oxidation of the contact
metallization by adventitious oxygen diffusion into the met-
allization from outside, which leads to increase in the
resistance of the metallization; (2) the iter-mixing of the
multiple metallization layers that constitute the metallization
system leads to micro-structural phase transformations, void
formation, Kirkendall vacancies, and grain boundary nucle-
ation, which all cooperatively act to degrade the electrical
functional characteristics of the metallization; and (3) 1nter-
metallic diffusion to the semiconductor interface, forming a
new interfacial layer with the semiconductor, thus changing
the metal/semiconductor mterface electronic characteristics
from either ohmic to Schottky or Schottky to ohmic con-
tacts.

Conventional semiconductor pressure sensors are typi-
cally rated up to 125° C. One reason 1s because this class of
semiconductors, such as silicon, 1s limited by their material
properties at higher temperatures and enhanced surface
reactivity with the contact metallization. Extending the
device operation beyond its operating temperature limait
leads to the degradation of performance and eventual cata-
strophic failure 1n a very short time. In the absence of
alternative devices that can operate at higher temperatures,
vartous cooling strategies have been deployed, which
extends sensor operation to ~350° C.

However, by applying this strategy new challenges are
introduced. For example, water cooling can compromise
signal 1ntegrity, since 1t couples externally sourced cold
temperature and the turbulence generated by the flowing
coolant with the temperature of the test environment to

distort the actual reading. Alternatively, the pressure sensors
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are recessed a few 1nches to feet away to a lower temperature
location via an infinite tube. The disadvantages of this

strategy include the introduction of propagation delays of
the pressure waves to the sensor. Considering that the
infinite tube 1s essentially an acoustic filter, the attenuation
of critical thermos-acoustic frequencies that are responsible
for the mstabilities could be missed, thus making it diflicult
to detect and mitigate such instabilities that might damage
engine components. The bulkiness that 1s typically associ-
ated with the water- or gas-cooled sensors makes it diflicult
to be inserted deeper 1nto the environment.

Recent advances made in uncooled Silicon Carbide (S1C)
piezoresistive pressure sensor technology have led to 1ts beta
applications 1 combustor and jet engine ground experi-
ments to directly measure dynamic pressure at temperatures
up to 600° C. Therefore, the technology offers promise for
eventual applications in other high temperature environ-
ments, such as jet engines, nuclear power plants, pharma-
ceutical plants, and automobiles, without the need for cool-
ng.

As S1C pressure sensors are operated at 600° C., the long
term operational reliability may be challenged by the same
prevailing failure mechanisms that are manifested at higher
temperatures. The degradation in the relhiability 1s repre-
sented by the drifts in the zero pressure oflset voltage (ZPO)
when the S1C pressure sensor 1s operating at the fixed 600°
C. over time. Because the ZPO voltage 1s the calibrated
reference voltage prior to pressure sensor use, any deviation
from such reference value during operation will itroduce
significant measurement errors during use. The random
nature of the drift phenomena eliminates the possible imple-
mentation ol commonly practiced temperature compensa-
tion as a solution.

It has been determined that the cause of the ZPO dnit 1s
largely due to the reaction kinetics and thermodynamic
activities occurring within the electrical contact metalliza-
tion and at the metal/SiC interface. At high temperature,
inter metallic diflusion between the metal layers lead to
maternial phase transformation. Also, at high temperature,
there 1s a continuous reaction between the contact metalli-
zation and the underlying S1C semiconductor. The combi-
nation of these results in changes in the resistance of the
metallurgical junction, leading to changes 1 the ZPO as
function of time. The oxidation of the metallization by
migrating oxygen irom the outside leads to premature sensor
degradation. These mechanisms must be eliminated or sig-
nificantly controlled 1n order for the sensor to operate
reliably 1n the duration of the test, with minimal change in
the reference voltage.

Accordingly, improved DBSs may be beneficial.

SUMMARY

Certain embodiments of the present invention may be
implemented and provide solutions to the problems and
needs 1n the art that have not yet been fully solved by the
conventional technologies discussed above. For example,
some embodiments of the present invention pertain to DBSs
that prevent diflusion of unwanted elements that would
degrade device operation at 600° C. This 1s an enabler to S1C
sensors and electronics needed to operate reliably and
robustly 1n high temperature environments without the need
for cooling. This may be applied on devices to ensure long
term operational stability. The absence of cooling compo-
nents translates to reduced weight of the packaged sensor,
and also, the absence of a bulky cooling package allows for
case of sensor insertion further into the test article.
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In an embodiment, an apparatus may include a diffusion
barrier system configured to prevent migration of gold,
oxygen, or both on a plurality of ohmic contacts. The
diffusion barrier system may include a first barrier system or
a second barrier system. The first barrier system may include
a first metallization layer, a second metallization layer, and
a third metallization layer, and the second barrier system
comprises a first metallization layer, a second metallization
layer, and a third metallization layer.

In another embodiment, a diffusion barrier system may
include a first barrier system or a second barrier system
configured to prevent migration of gold and oxygen on a
three different ohmic contacts. The first barrier system may
a plurality of metallization layers, and the second barrier
system may include a plurality of barrier systems.

In yet another embodiment, a diffusion barrier system
may include a first barrier system or a second barrier system
configured to prevent migration of gold, oxygen, or both on
a plurality of ohmic contacts.

BRIEF DESCRIPTION OF THE

DRAWINGS

In order that the advantages of certain embodiments of the
invention will be readily understood, a more particular
description of the mvention briefly described above will be
rendered by reference to specific embodiments that are
illustrated 1n the appended drawings. While it should be
understood that these drawings depict only typical embodi-
ments of the invention and are not therefore to be considered
to be limiting of its scope, the mvention will be described
and explained with additional specificity and detail through

the use of the accompanying drawings, 1 which:
FIGS. 1A-1E (sample 1) illustrate a W (300 nm)/Pt (100

nm)/TaS1, (400 nm)/Pt (100 nm) DBS with W:N1 Ohmic
Contact, according to an embodiment of the present inven-
tion.

FIGS. 2A-C (sample 3) illustrate the W (300 nm)/Pt (100
nm)/TaS1, (400 nm)/Pt (100 nm) DBS with Ti/W Ohmic
Contact, according to an embodiment of the present inven-
tion.

FIGS. 3A-3F (sample 2) illustrate W (300 nm)/Pt (100
nm)/TaS1, (400 nm)/Pt (200 nm) DBS with W:N1 Ohmic
contact, according to an embodiment of the present inven-

tion.
FIGS. 4A and 4B (sample 4) illustrate W (300 nm)/Pt (100

nm)/TaS1, (400 nm)/Pt (200 nm)DBS with Ti/W Ohmic
Contact, according to an embodiment of the present inven-
tion.

FIGS. 5A-5F (samples 6a and 6b) illustrate W (300
nm)/T1 (100 nm)/Pt (300 nm) DBS with W:N1 Ohmic
Contact, according to an embodiment of the present inven-
tion.

FIGS. 6A-6F (samples 8a and 8b) illustrate W (300
nm)/T1 (100 nm)/P1 (300 nm) DBS with Ti/YW Ohmic
Contact, according to an embodiment of the present inven-
tion.

FIGS. TA-7D (sample 8b) illustrate diffusion barrier char-
acteristics of the Pt/Ti/W DBS against gold (Au) and oxygen
(O,) after prolonged soak at 700° C. in air (sample 8b),
according to an embodiment of the present invention.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

L1

Some embodiments of the present invention generally
pertain to a series of DBSs within a semiconductor metal-
lization stack. The semiconductor metallization stack may
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prevent degrac ation of the ohmic contact metallization. The
degradation of the ohmic contact metallization has been

determined to be one of the key reasons for the instability of
the S1C sensors during long term operation at 600° C.
Another failure mechanism that was i1dentified was the
inter-metallic diffusion between the ohmic contact metalli-
zation to the S1C semiconductor and the top diil

usion barrier
layer. Extensive failure analyses confirmed that the observed
driit of the zero pressure oflset (ZPO) reference voltage was
largely driven by the zone reaction kinetics and microstruc-
tural phase transformations occurring within the ohmic
contact metallization and at the metal/S1C interface.

In some embodiments, a series of metallization schemes
have been developed to significantly reduce the inter-me-
tallic diflusion and phase transformations at high tempera-
tures, significantly reducing the observed drifts in the ZPO.
Examples of combination metallization stacks of the diffu-

sion barrier mechanisms are as follows:
1. S1C/W N1/ W/S1/Pt/ TaS1,/Pt/Au system

2. S1C/ T/ W/ TaS1,/ W/S1/Pt/'TaS1,/Pt/Au system

3. S1C/W NL/W/SI/TVPH/Au system

4. S1C/ T/ W/ TaS1,/ W/S1/T1/Pt/ Au system

5. S1C/Pt,'11,:51,/W/S1/Pt/TaS12/Pt/Au system

6. S1C/Pt T1,:S1,/W/S1/'T1/PtYAu system

Functional Operation

In any of the above combinations, starting from the left,
S1C 1s the semiconductor in which the sensor 1s fabricated.
This 1s followed by the ohmic contact metallization, which
1s either a single element or alloy. In the above examples 1,
3,5, and 6, W_:N1, and Pt :T1,:S1,, are ohmic contact alloys
to the S1C surface. In the example 2, the eventual reaction
between T1/W leads to the formation of ohmic contact to the
S1C. The electrical characteristics and mechanical integrity
of the metal/S1C interfaces should be maintained and undis-
turbed by protecting the metal/S1C interfaces from inter-
metallic diffusion or oxygen (O,) and gold (Au) diffusion
from the outside (migrating from the right).

Put simply, the next stack of metallization layers act as the
first barrier against metallic or oxygen diffusion from the
right into the ohmic contact region.

In certain embodiments, the diffusion barrier should not
diffuse into the ohmic contact region via inter-metallic
migration process to the extent of disturbing the S1C ohmic
contact interface. For example in example 1 above, the
W/S1 layer 1s the diffusion barrier that protects the W_:N1,
ohmic contact metallization from aggressive metal mlgra-
tion from the right. The stack of Pt/TaS1,/Pt 1s the next level
diffusion barrier, where TaS1, 1s Tantalum Silicide 1n some
embodiments. This barrier prevents or significantly slows
down the diffusion of the gold (Au) from the bond pad. Also,
oxygen (O, ) that diffuses through the gold (Au) bond pad 1s
prevented by this stack from migrating toward the ohmic
contact. Due to the immiscibility of platinum (Pt) 1n tungsten
(W), the W/Pt interface remains largely unchanged.

Example Embodiment

In some embodiments, variants of Ti/Pt and Pt/TaSi,
compositions were investigated 1n conjunction with tungsten

(W) as eflective diflusion barriers against oxygen (O,) and
gold (Au) at temperature as high as 700° C. Some of these

embodiments may prevent the migration of these species to
the ohmic contact interface. The ohmic contact metallization

scheme adopted 1n some embodiments was an alloy of

W75:N125 at. % and Ti/W. The former was previously
reported 1n U.S. Pat. No. 8,373,175 to remain ohmic on
n-type and p-type 4H—S1C after several hours at 1,000° C.
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in nitrogen ambient. Certain embodiments may be directed
to developing the appropriate diffusion barriers on the ochmic
contact that would effectively prevent gold (Au) and oxygen
(O,) migration into the ohmic contact interface during
operation of the device 1n a less benign environment at high
temperature.

Experimental Procedure

In the experimental procedure, the starting water included
a 4H—S1C semi-insulating substrate on which a 2-um,
n-type epitaxial layer was homoepitaxially grown by chemi-
cal vapor deposition. Several square (1 cm®) samples were
cut from the main watfer and solvent cleaned with acetone
and 1sopropanol, followed by immersion 1n equal volume of
hydrogen peroxide (H,O,) and sulturic acid (H,SO,). This
was followed by rinsing in de-10ni1zed water and blow drying
with mitrogen. A 200 nm thick ohmic contact layer of
W75:N125 at. % was sputtered from an alloy target and a
protective 10 nm S1 layer on samples 1, 2, 5, and 6. These
samples were annealed at 1000° C. 1n argon (Ar) flow rate
of 6 slpm for 30 minutes. Ohmic contact layers of T1 (50
nm)/W (200 nm) were sequentially sputter deposited on
samples 3, 4, 7, and 8, followed by the same above anneal
condition. See Table 1 below for the detailed metallization
schemes.

For the second level metallization, sequential layers of W
(300 nm)/S1 (10 nm) were deposited on samples 1 to 4,
tollowed by 900° C. anneal for 30 minutes. The second level
metallization stacks on samples 5 and 7 and samples 6 and

8 were 11 (100 nm)/Pt (200 nm) and T1 (100 nm)/Pt (300

nm), respectively. These second layer T1/Pt, four samples
were then annealed at 700° C.
For the third layer metallization, samples 1 and 3 and

samples 2 and 4 recerved Pt (100 nm)/TaS1, (400 nm)/Pt
(100 nm) and Pt (100 nm)/TaS1, (400 nm)/Pt (200 nm),
respectively, followed by a 700° C. anneal.

Finally, a 1 um thick gold (Au) film was sputter deposited
on all the samples. For clarity, complete metallization depo-
sition sequences are shown in Table 1. There are several
reasons why several anneal steps have been taken. For
example, the residual stress that exists 1 the film after

deposition should be minimized before the next layer is
deposited. Failure to perform each of these anneal steps
could lead to stress build-up and eventual film delamination,
cracking or tear.

Next, each sample was subsequently cut into quarters and
labeled a-d. Samples labeled “d” were heated 1n an atmo-
spheric oven at 700° C. for 30 minutes, to simulate the
packaging conditions the subsequent devices would encoun-
ter. Small amount of Dupont 5063D gold (Au) paste was
applied on samples labeled “c” and also heat treated in
atmospheric oven for thirty minutes. This was performed to
simulate the condition during packaging when the gold (Au)
paste 1s attached to the subsequent device and fired. Samples
“d” were periodically heat treated under the same condition
and analyzed. This was to help understand the transient
migration ol gold (Au) though the metallization stack.

The samples with the metallization stacks would be
periodically treated 1n atmosphere and extracted for analy-
s1s. Material analyses employing Auger Electron Spectros-
copy (AES), Focused Ion Beam Scanning Electron Micros-
copy (FIB-SEM), and Energy Dispersive Spectroscopy
(EDS) were used to analyze the new product formations,
zonal reactions and intermixing, phase transformations,
microstructural transformations, and the migration of gold
(Au) and oxygen (O,) through the metallization stack.
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Layer 1 and Layer 2 and Layer_ 3 and

Sample anneal anneal anneal

# temperature temperature temperature Layer _4

1 W75:Ni25 W (300 nm)/S1 Pt (100 nm)/TaS1, Au
(200 nm)/S1 (10 nm)-900° C. (400 nm)/Pt (100 (1 um)-
(10 nm)- nm)-700° C 600° C.
1000° C.

2 W75:Ni25 W (300 nm)/S1 Pt (100 nm)/TaSi1, Au
(200 nm)/S1 (10 nm)-900° C. (400 nm)/Pt (200 (1 pm)-
(10 nm)- nm)-700° C 600° C.
1000° C.

3 T1 (530 nm)W W (300 nm)/Si Pt (100 nm)/TaS1, Au
(200 nm)/TaS1, (10 nm)-900° C. (400 nm)/Pt (100 (1 um)-
(10 nm)- nm )-700° C 600° C.
1000° C.

4 Ti (530 nm)/W W (300 nm)/S1 Pt (100 nm)/TaS1, Au
(200 nm)/TaSi, (10 nm)-900° C. (400 nm)/Pt (200 (1 um)-
(10 nm)- nm )-700° C 600° C.
1000° C.

5 W75:Ni125 T1 (100 nm)/Pt Au (1 pm)-600° C
(200 nm)/S1 (200 nm)-700° C.
(10 nm)-.
1000° C.

6 W75:Ni25 T1 (100 nm)/Pt Au (1pm)-600° C
(200 nm)/S1 (300 nm)-700° C.
(10 nm)-
1000° C.

7 T1 (530 nm )W  T1 (100 nm)/Pt Au (1 pm)-600° C
(200 nm)/TaS1, (200 nm)-700° C.
(10 nm)-
900° C.

8 T1 (530 nm )W  T1 (100 nm)/Pt Au (1pm)-600° C
(200 nm)/TaS1, (300 nm)-700° C.
(10 nm)-
900° C.

FIGS. 1A-1E (sample 1) illustrate a W (300 nm)/Pt (100
nm)/TaS1, (400 nm)/Pt (100 nm) DBS with W:Ni1 Ohmic
Contact, according to an embodiment of the present inven-
tion.

FIG. 1A 1s a graph 100 illustrating the AES depth profile
of a complete metallization stack of sample 1 immediately
alter gold (Au) anneal at 600° C. for 30 minutes in flowing
argon (Ar) as discussed earlier and 1n accordance with Table
1. It should be noted that this final anneal step promotes
improved adhesion between gold (Au) and the surface of the
previously annealed metallization stack. At the S1C inter-
face, the W73:Ni125 at. % alloy have reacted with the Si1C to
form silicides of nickel (N1) and tungsten (W) and carbide of
tungsten (W). This 1s illustrated in FIG. 1A and the FIB-
FE-SEM cross-section image 102 of FIG. 1B and mapped to
the corresponding AES depth profile. The thickness of the
tungsten (W) layer above the alloy remains largely
unchanged, indicating little intermixing with the underlying

alloy after successive 900, 700, and 600° C. anneals (see
Table 1).
At the Pt/W interface, PtS1 has formed and difh

used
slightly 1nto the tungsten (W) layer. The PtS1 1s from an
apparent 2Pt—TaS1,—=2PtS1+Ta reaction, with the discern-
able free tantalum (Ta) layer. This reaction and imntermixing
zone 1s also illustrated in the FIB-SEM 1mage 102 of FIG.
1B, which shows a well-defined PtS1/W zone. One would
readily appreciate that the reaction and intermixing zone 1s
the region of the unreacted TaSi1,, which 1s seen 1n the AES
and as dark gray in the SEM image. Zonal reaction sym-
metry 1s evident at both ends of the TaSi, layer, as the
reaction/diffusion zone at the gold (Au) interface 1s a mirror
image of the one at the tungsten (W) interface. After a subset
of sample 1 was soaked 1n atmospheric oven at 700° C. for
30 minutes, 1t was taken out and analyzed. The results 104
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and 106 are shown 1 FIGS. 1C and 1D for the AES depth
profile and FIB-FE-SEM, respectively.

Starting from the S1C interface, the most prominent
change from the pre-atmospheric soaking is the indication of
gold (Au) agglomeration following migration from the top
surface. This can be observed at the S1C ohmic contact

interface in the AES profile. Electrically, this has the poten-
tial to cause instability as a result of the disturbance of the
ohmic contact region, 1f the device 1s operated at 700° C.
Also observed in the AES profile 1s another gold (Au)
pile-up of about 20 at. % concentration level at the WNi1
alloy-W 1nterface. Although not clearly discernable in the

FIB-FE-SEM, 1t can be seen as light gray smudges strad-
dling both sides of the WN1—W demarcation.

Another section with significant microstructural transfor-
mation and reactions 1s the previous TaSi, layer. The plati-
num (Pt) at both sides of this layer has undergone significant
migration spreading and merged within the TaSi1, layer. The
zone reaction symmetry, although of a different microstruc-
ture and concentration profile, 1s still evident as there 1s little
inbound or outbound migration of platinum (Pt). Essentially,
platinum (Pt) mobility 1s largely confined to the gold (Au)
and tungsten (W) boundaries. The relatively low level
(approximately 6 at. %) of gold (Au) within this previous
TaS1, layer suggests the presence of small and more tortuous
grain boundary migration path. Lending credence to this
suggestion 1s that the gold (Au) distribution within the TaS1,
layer, as shown 1n FIB-FE-SEM of FIG. 1D, 1s non uniform
and sporadic. The Au layer remains largely free of out-
diffusing elements, particularly silicon (S1) from the TaSi,
that would have promoted Au—=S1 eutectic formation at both
ends of the gold (Au) layer. It can also be seen that oxygen
(O,) did not migrate through the metallization stack. Also,
the surface morphology of the post-700° C. atmospheric
soak, as shown 1n 1mage 108 of FIG. 1E, does not have the
characteristics pitting of Au—=S1 eutectic surface. Thus, this
may suggest that the 1:4:1 Pt/TaS1,/Pt combinational ratio
prevents the presence of high concentration of free silicon
(S1), which would out-migrate and form the Au—=Si1 eutectic
at either side of the gold (Au) layer.

The most significant result of this barrier scheme 1s the
absence of oxygen (O,) at the concentration level that would
be deleterious to the 1ntegr1ty of the metallization system. Of
concern, however, 1s that at 700° C., gold (Au) broke
through the two barrier stages and appears at the SiC
interface.

FIGS. 2A-C (sample 3) 1llustrate the W (300 nm)/Pt (100
nm)/TaS1, (400 nm)/Pt (100 nm) DBS with Tt/W Ohmic
Contact, according to an embodiment of the present inven-
tion. After soaking 1n air at 700° C. for 30 minutes, the AES
depth and FIB-FE-SEM image profiles were analyzed and
are shown 1n graphs 200 and image 202 of FIGS. 2A and 2B,
respectively. For this 1:4:1 Pt/TaS1,/Pt DBS on the Ti/W
Ohmic Contact, very little migration, 1f any, of gold (Au)
and oxygen (O,) was observed. The S1C zone reaction was
essentially the formation of stable silicide phases of titanium
(T1) and tungsten (W). The top surface of the gold (Au)
appears to be pitted, as shown 1mages of 202 of FIG. 2B and
204 of FIG. 2C, which 1s a characteristic of Au—S1 eutectic
formation.

A subset from sample 2 having DBS of W (300 nm)/Pt
(100 nm)/TaS1, (400 nm)/Pt (200 nm) (1:4:2 Pt/TaS1,/Pt)
deposited on W75:N1235 ohmic contact was similarly soaked
in atmospheric oven separately at 600° C. and 700° C. for 30
minutes and subsequently analyzed. See, for example, FIGS.

3A-3C (sample 2).

5

10

15

20

25

30

35

40

45

50

55

60

65

8

The AES depth profile of the reference sample subset that
was annealed 1 Ar for 30 minutes at 600° C. 1s shown 1n
graph 300 of FIG. 3A. For all practical purpose, the depth
profile 1s the same as that of FIG. 1A except for two distinct
variations. First, post-anneal gold (Au) surface morpholo-
gies are diflerent, as shown 1n 1mage 108 of FIG. 1F and 308
of FIG. 3E, respectively, with sample 1 (image 108 of FIG.
1E) characterized by wavy striations while sample 2 (1mage
310 of FIG. 3F) exhibits a relatively smoother surface
morphology. Second, the characteristic symmetrical zone
reactions exhibited in sample 1 at both sides of the TaSi,
layer 1s absent 1n sample 2.

Also, the silicon (S1) concentration 1n the TaS1, matrix has
dropped and the platinum (Pt) at both sides have largely
merged. This may be seen 1n the accompanying FIB-SEM,
as shown in image 302 of FIG. 3B. After the 700° C.
atmospheric thermal soak for 30 minutes dramatic changes
have taken place at both sides of the gold (Au) layer. For
example, at the top layer, the surface morphology has
transformed from the previously smooth surface, as shown
in 1image 308 of FIG. 3E, to a surface densely populated with
sub-micron solid globules and pitting. This 1s shown 1n
image 310 of FIG. 3F. The corresponding AES depth profile
reveals a top gold (Au) layer with intercalating silicon (S1)
at the surface and sub-surtace, which 1s due to the formation
of Au—=Si1 eutectic. In this sample, silicon (S1) had made 1ts
way 1nto the gold and was partially oxidized at the surface.
Not surprising, and as revealed 1n the AES profile (graph 304
of FIG. 3C and graph 306 of FIG. 3D), the resulting eutectic
at the surface was invitation to surface oxidation of the
silicon (S1) at 700° C. atmospheric treatment. This partial
oxidation extends as deep as 300 nm 1nto the gold (Au) layer.
The presence of an Au—=S1 eutectic at the top surface may
create a weak bond between the gold (Au) bond pad and the
gold (Au) paste that would later be applied, resulting 1n
premature device failure by detachment. There appears to be
some evidence of gold (Au) diflusion through the TaS1, layer
(<4 at. %) and a lower concentration that 1s sporadically
distributed 1n the second stage tungsten (W) diffusion bar-
rier. There also appears to be some broadening of gold (Au)
and TaSi, matrix layers, resulting in overall thickness
increase ol the metallization stack. Similar to FIG. 1,
inbound or outbound platinum (Pt) migration appears to be
largely constrained by tungsten (W) at the bottom and gold
(Au) at the top. However, the extra Pt 1n this system resulted
in the freeing of excess silicon (S1) 1n the TaS1,, allowing 1t
to out diffuse and form the surface and sub-surface Au—=Si1
cutectic. The microstructural profile at the SiC ohmic con-
tact interface 1s largely unchanged and there 1s little evidence
of gold (Au) or oxygen (O, ) migration to the ohmic contact

and S1C interface.
FIGS. 4A and 4B (sample 4) illustrate the results of the

AES depth profile and the FIB-FESEM of W (300 nm)/Pt
(100 nm)/TaS1, (400 nm)/Pt (200 nm) (1:4:2 Pt/TaS1,/Pt)
DBS with TvYW Ohmic Contact, according to an embodi-
ment of the present invention. For the most part, graph 400
of FIG. 4A and image 402 of FIG. 4B reveal that there was
no significant gold (Au) migration and no platinum (Pt)
migration towards the ohmic contact after 30 minutes soak
at 700° C. 1 arr.

In general, the 1:4:2 Pt/ TaS1,/Pt barrier system character-
istically exhibit the release of free silicon (S1) from the
Pt—TaS1, reaction that subsequently out diffuses to the gold
(Au) top surface and forms a eutectic layer. The presence of
Au—=Si1 eutectic at the gold (Au) surface presents an active
surface for oxidation. During packaging, gold (Au) die
attach 1s applied onto the gold (Au) bond pad and cured 1n
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atmospheric oven between 15 and 30 minutes. During the
curing process oxygen front the environment and possibly
within the gold (Au) attach will diffuse and migrate toward
the gold (Au) bond pad. Meanwhile, free silicon (S1) from
the Pt+TaS12 reaction migrates and forms Au—=Si1 eutectic at
the gold (Au) bond pad surface. Thus, there 1s a reaction
between oxygen (O,) and the eutectic that forms an oxide
between the gold (Au) attach and gold (Au) bond pad. This
results 1n poor mechanical adhesion between the two gold
(Au) surfaces. Overall, intermetallic mixing was signifi-
cantly minimized, as well as the non-disruption of the ohmic
contact region, by gold (Au) and oxygen (O,) thereby
preserving the mtegrity of the ohmic contact characteristics.
The migration of gold (Au) toward the underlying metalli-
zation stack was also significantly mitigated.

Pt/TiVW DBS

Samples 3 to 8 with W/T1/Pt DBS were evaluated for their
diffusion barrier properties on both W:Ni and Ti/W ohmic
contacts.

FIGS. 5A-5F illustrate W (300 nm)/'T1 (100 nm)/Pt (300
nm) DBS with W:Ni1 Ohmic Contact (Sample 6a and b),
according to an embodiment of the present invention. The
W:N1/S1C zone reaction (after 600° C. anneal 1n argon for 30
minutes) shown in graph 300 of FIG. 5A (sample 6a) 1s
similar to that observed in graph 100 of FIG. 1A and graph
300 of FIG. 3A, with formation of silicides of tungsten (W)
and nickel (N1) and variants of tungsten carbide to form the
ohmic contact after 1000° C. anneal. The Ti/Pt layers on
tungsten (W) appear to prevent migration of gold (Au)
toward the SiC interface. Little W/T1/Pt intermixing 1s also
observed, while a low concentration of silicon (S1) has
out-diffused from the S1C to the Pt/T1 layer. The oxygen (O,)
observed in the Ti/Pt bi-layer was due to the premature
oxidation of the surface prior to the gold (Au) deposition, as
was the case with samples 1-4. The FIB-FEM cross-section
image 502 of FIG. 5B corresponding to graph 500 FIG. 5A
1s shown after the 600° C. anneal. The dark features within
the Ti/Pt matrix in 1mage 502 of FIG. 5B are indicative of
oxygen (O,), as stated earlier.

After annealing at 700° C. for 30 minutes 1n air, the AES
depth profile 1s shown 1n graph 504 of FIG. SC and the
corresponding cross section FIB FESEM 1mage 506 of FIG.
5D 1s also shown. Starting from the metal/S1C reaction zone,
no significant change had occurred in the reaction zone
width, just as little microstructural changes had occurred
when FIGS. 5B and 5C are compared. This may suggest that
the reactions had largely completed. W/T1/Pt reaction 1s
essentially similar to that shown in graph 500 of FIG. 5A,
with very little intermixing. The mward diffusion of gold
(Au) was ellectively prevented by the T1/Pt bi-layer. There

appears to be a significant contrast between the surface
morphologies of the W/T1/Pt and the W/Pt/TaS1,/Pt DBS.

The surface morphology of the W/T1/Pt DBS 1s character-
istically very smooth after both anneal steps (see 1mage 508
of FIG. 5E and image 510 of FIG. 5F), which contrasted the
pitted surfaces of the latter. Thus W/T1/Pt DBS essentially
climinates the deleterious eflects of the Au—S1 eutectic that
forms at the gold (Au) surfaces and resulting 1n uneven
surface and pitting.

FIGS. 6 A-6F (Sample 8) illustrates Pt (300 nm)/T1 (100
nm)/W (300 nm) DBS with TYW Ohmic Contact. After
annealing at 600° C. and 700° C., the ohmic contact con-
stituents (titantum and tungsten silicides and titanium car-
bide) remained undisturbed. See graph 600 of FIG. 6 A and
image of FIG. 6B. The AES depth profile of graph 600 and
corresponding FIB-FESEM image 602 after 600° C. are
shown 1n FIGS. 6A and 6B, and similarly, the AES depth
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profile of graph 604 and corresponding FIB-FESEM 1mage
606 after 700° C. are shown 1n FIGS. 6C and 6D. The inward

migration of gold (Au) was also contained by the Ti/Pt
bi-layer. No new oxygen (O,) was able to penetrate into and
beyond the T1/Pt layer, thereby preventing the oxidation of
the metallization. The surface morphology, shown 1n 1images
608 and 610 of FIGS. 6FE and 6F, respectively, appears to
remain smooth after both anneals.

To explore the long-term diffusion barrier characteristics
of the W/T1/Pt system on T1/W ohmic contact, a sample was
soaked at 700° C. for additional 5 hours. The AES depth
proflle and the corresponding FIB FE-SEM images are
shown 1n graph 700 of FIG. 7A and image 702 of FIG. 7B,
respectively. The time at 700° C. was extended for a total of
123 hours in air. The results are shown 1n AES depth profile
of graph 704 (FIG. 7C) and FIB FE-SEM 1mage 706 (FIG.
7D), respectively. The results after both extended time are
comparable to previous anneals of FIGS. 6 A-6F.

Put simply, gold (Au) and the adventitious oxygen (O,)
diffusions appeared to be through platinum (Pt) grain bound-
aries and less through platinum (Pt) grains. The platinum
(Pt) grain boundaries are pre-diffused with titanium (11)
clement and the grain boundary width 1s on the average
about 7 nm, which thus presents a tortuous path for further
gold (Au) and oxygen (O,) migration.

One or more embodiments of the present invention pre-
vent diffusion of unwanted elements that would degrade
device operation at 600° C. This 1s an enabler to S1C sensors
and electronics needed to operate reliably and robustly 1n
high temperature environments without the need for cooling.
This may be applied on devices to ensure long term opera-
tional stability of the devices. The absence of cooling
translates to reduced weight of the packaged sensor. The
absence of a bulky cooling package allows for ease of sensor
insertion further into the test article.

It will be readily understood that the components of
various embodiments of the present invention, as generally
described and illustrated in the figures herein, may be
arranged and designed in a wide variety of different con-
figurations. Thus, the detailed description of the embodi-
ments, as represented in the attached figures, 1s not intended
to limit the scope of the invention as claimed, but 1s merely
representative of selected embodiments of the mnvention.

The features, structures, or characteristics of the invention
described throughout this specification may be combined 1n
any suitable manner in one or more embodiments. For
example, reference throughout this specification to “certain
embodiments,” “some embodiments,” or similar language
means that a particular feature, structure, or characteristic
described in connection with the embodiment 1s 1included 1n
at least one embodiment of the present invention. Thus,
appearances of the phrases “in certain embodiments,” “in
some embodiment,” “in other embodiments,” or similar
language throughout this specification do not necessarily all
refer to the same group of embodiments and the described
features, structures, or characteristics may be combined 1n
any suitable manner 1n one or more embodiments.

It should be noted that reference throughout this specifi-
cation to features, advantages, or similar language does not
imply that all of the features and advantages that may be
realized with the present invention should be or are in any
single embodiment of the invention. Rather, language refer-
ring to the features and advantages 1s understood to mean
that a specific feature, advantage, or characteristic described
in connection with an embodiment 1s included 1n at least one
embodiment of the present invention. Thus, discussion of
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the features and advantages, and similar language, through-
out this specification may, but do not necessarily, refer to the
same embodiment.

Furthermore, the described features, advantages, and
characteristics of the invention may be combined in any
suitable manner i one or more embodiments. One skilled 1n
the relevant art will recogmze that the invention can be
practiced without one or more of the specific features or
advantages of a particular embodiment. In other instances,
additional features and advantages may be recognized in
certain embodiments that may not be present 1n all embodi-
ments of the mvention.

One having ordinary skill in the art will readily under-
stand that the invention as discussed above may be practiced
with steps 1n a different order, and/or with hardware ele-
ments in configurations which are different than those which
are disclosed. Therefore, although the mvention has been
described based upon these preferred embodiments, 1t would
be apparent to those of skill in the art that certain modifi-
cations, variations, and alternative constructions would be
apparent, while remaining within the spirit and scope of the
invention. In order to determine the metes and bounds of the
invention, therefore, reference should be made to the
appended claims.

The 1nvention claimed 1s:

1. An apparatus, comprising:

a silicon carbide (S1C) substrate;

an ohmic contact metallization layer disposed directly on
the S1C substrate;

a diffusion barrier stack disposed directly on the ohmic
contact metallization layer, wherein the diffusion bar-
rier stack comprises a platinum (Pt) layer and an
additional layer formed of titanium (11) or tantalum
silicide (TaS1,); and

a contact pad dlsposed on the diffusion barrier stack,
wherein the diffusion barrier stack 1s configured to
prevent diffusion of free silicon into the contact pad
during operation at a temperature of 600° C.

2. The apparatus of claim 1, wherein the diflusion barrier
stack 1ncludes a tungsten and silicon layer upon which the
platinum layer 1s disposed.

3. The apparatus of claim 1, wherein the additional layer
1s a titanium layer upon which the platinum layer 1s dis-
posed.

4. The apparatus of claim 1, wherein the diffusion barrier
stack comprises the platinum layer, a tantalum silicide layer
disposed on the platinum layer, and a second platinum layer
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disposed on the tantalum silicide layer, wherein the addi-
tional layer i1s the tantalum silicide layer.

5. The apparatus of claim 4, wherein the the platinum
layers possess the same thickness.

6. An apparatus, comprising;:

a silicon carbide (S1C) substrate;

an ohmic contact metallization layer disposed directly on
the S1C substrate;

a diflusion barrier layer disposed on the ohmic contact
metallization layer, wherein the diffusion barrier layer
comprises platinum (Pt) and an additional material
selected from the group consisting of titanium (11) and
tantalum silicide (TaS1,); and

a contact pad metallization layer disposed on the diffusion

barrier layer, wherein the contact pad metallization

layer 1s exposed to oxygen, wheremn the diffusion

barrier layer 1s configured to prevent diflusion of free
s1licon 1nto the contact pad metallization layer durmg a
period of operatlon at 600° C., wherein the diflusion
barrier layer i1s configured to prevent diffusion of the
oxygen nto the ohmic contact metallization layer dur-
ing the period of operation.

7. The apparatus of claim 6, wherein the ohmic contact
metallization layer 1s constructed of an alloy of nickel and
tungsten, wherein the ohmic contact metallization reacts
with the S1C substrate to form silicides of nickel and
tungsten and a carbide of tungsten.

8. The apparatus of claim 6, wherein the ohmic contact
metallization layer 1s constructed of one of W, :Ni, and
Pt 11,:51,.

9. The apparatus of claim 6, wherein the contact pad 1s
disposed directly on the diffusion barrier layer.

10. The apparatus of claim 9, further comprising the a
tungsten and silicon layer disposed between the ohmic
contact metallization layer and the diffusion barrier layer.

11. The apparatus of claim 6, wherein the diflusion barrier
layer includes TaSi,.

12. The apparatus of claim 11, wherein the diffusion
barrier layer comprises a {first platinum layer, a tantalum
silicide layer disposed on the first platinum layer, and a
second platinum layer disposed on the tantalum silicide
layer.

13. The apparatus of claim 12, wherein the wherein the
tantalum silicide layer 1s thicker than the first and second
platinum layers.

14. The apparatus of claim 12, wherein the the first and
second platinum layers possess the same thickness.
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