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We have fabricated tungsten-diamond-like-nanocomposite (W-DLN) Schottky 
contacts on n-type and p-type 6H SiC (Si-face). The as-deposited n-type and p- 
type contacts are rectifying and measurement results suggest that the electrical 
characteristics are dominated by the properties of the tungsten SiC interface. 
The n-type contacts have a reverse leakage current density of 4.1 x 10 -3 Acm -2 and 
the p-type contacts have a reverse leakage current density of 1.4 x 10 -7 Acm -2 at 
-10 V. The n-type contacts have an current-voltage (I-V) extracted effective r 
of 0.7 eV with an ideality factor of 1.2 and a capacitance-voltage (C-V) extracted 
0Bn of 1.2 eV. The p-type contacts have an I-V extracted effective �9 of 1.8 eV with 
an ideality factor of 1.7. Non-ideal I-V and C-V characteristics may be due to 
surface damage during W-DLN deposition. 
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INTRODUCTION 

Large bandgap semiconductors have been widely 
investigated for use in optoelectronic applications. 
However, research interest in large bandgap and SiC 
electrical devices has recently increased due to the 
commercial availability of high quality SiC and gen- 
eral advances in large bandgap material fabrication 
techniques. SiC is a promisinghigh temperature and 
high voltage semiconductor because of its large 
bandgap (2.2 eV for 3C, 3.0 eV for 6H, and 3.2 eV for 
4H) and its thermal stability. For power applications, 
SiC's large bandgap translates into a high critical 
electric field. A high critical electric field allows de- 
vice designs which have lower series resistance and 
lower power dissipation for a given breakdown volt- 
age. For high temperature applications, SiC's large 
bandgap results in fewer intrinsic carriers at a given 
temperature. This enables devices to operate at high 
temperatures because the intrinsic carrier concen- 
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tration remains low relative to the impurity doping 
concentration. The critical electric field and the intrin- 
sic carrier concentration (at 27~ for silicon, GaAs, 
and 4H SiC are given in Table I. 

High voltage and high temperature electronics of- 
fer the potential for substantial cost savings by im- 
proving existing electronic systems and by the ad- 
vancement of electronic systems into new areas of 
application. Since high voltage devices may experi- 
ence significant self-heating, the development of reli- 
able, thermally stable device structures will benefit 
both high voltage and high temperature applications. 

Basic SiC processing technology has been rapidly 
evolving through advances in oxide growth, ion im- 
plantation doping, mesa etching, and contact forma- 
tion. These advances have allowed the development 
and demonstration of relatively complex integrated 
circuits ( N V R A M s ,  1 CCDs, 2 and complementary metal 
oxide semiconductor [CMOS] logic 3) and high perfor- 
mance discrete power devices (IGBTs, 4 SITs, 5 metal- 
oxide semiconductor  field effect  t r ans i s to r s  
[MOSFETs], G,7 PN diodes, 8 and Schottky diodes). 9 
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T a b l e  I. C r i t i c a l  E l e c t r i c  F i e l d  a n d  I n t r i n s i c  
C a r r i e r  C o n c e n t r a t i o n  for  S i l i c o n ,  GaAs,  

a n d  4 H  SiC 

Ecs n i at  27~ 
M a t e r i a l  V / c m  c m  -3 

Si 3 x 105 1.45 • 101~ 
GaAs 4 • 105 1.79 • 106 
4H SiC 2.4 • 106 1.6 • 10-* 

Fig. t. Basic structure of diamond-like-nanocomposite. Structure 
contains carbon networks terminated by hydrogen and silicon net- 
works terminated by oxygen. Carbon to carbon bonds are predomi- 
nately sp 3 or diamond-like bonds. 

However, new contact technologies have not been 
developed which fully leverage the high voltage and 
high temperature  capabilities of SiC. The high tem- 
perature  performance of some device structures has 
been limited by the lack of a high temperature  contact 
technology. High temperature  JFETs  have been re- 
ported to operate for 30 h at 600~ in air with the only 
reported degradation being due to the oxidation of the 
metals used for electrical contacts. 1~ Thus, high tem- 
perature contacts are a critical technology impeding 
further  device and system development. 

D I A M O N D - L I K E - N A N O C O M P O S I T E  AND 
M E T A L - D L N  

Metal-diamond-like nanocomposite (Me-DLN) is a 
potentially interesting high temperature  contact ma- 
terial because DLN provides stability to the contact 
material. Me-DLN is formed by codepositing metal  
and DLN. The DLN structure provides an excellent 

stabilizing matrix host structure for metals, 11 pre- 
venting diffusion and oxidation of the incorporated 
metal. The resulting Me-DLN structure is signifi- 
cantly more robust while retaining many of the desir- 
able electrical properties of the metal. 

The basic amorphous structure of DLN consists of 
two random interpenetrating networks of carbon and 
silicon which are stabilized by hydrogen and oxygen, 
respectively (amorphous C:H, amorphous Si:O). The 
two networks also mutual ly stabilize each other by 
weak chemical forces. Depending on the concentra- 
tion, the metal is distributed within the Me-DLN as 
isolated atoms or as a third network. 12 The films are 
diamond-like in that  they contain carbon in a predomi- 
nantly sp 3 bonding configuration (diamond bonding), 
but  the presence of the silicon network distinguishes 
them from conventional diamond and diamond-like 
carbon films. 12 A schematic representat ion of the 
DLN structure is depicted in Fig. 1. DLN is deposited 
by a plasma ion beam line-of-sight vacuum deposition 
process. 12 A RF bias of 0.5 to 5.0 kV is applied to the 
target sample during the deposition. 1~ 

The thermal stability of a metal semiconductor 
contact depends on the stability of the ambient  metal  
interface, the metal, and the metal  semiconductor 
interface. The thermal stability ofMe-DLN, Me-DLN 
semiconductor interfaces, and alternating stacks of 
DLN and Me-DLN have been demonstrated by high 
temperature vacuum anneals. DLNis stable at 1200~ 
for several hours. Me-DLN remains amorphous (no 
metal carbide formation) and alternating stacks of 
DLN and Me-DLN retain abrupt  interfaces with no 
signs of intermixing after a 600~ anneal for 10 h. Me- 
DLN semiconductor interfaces remain abrupt  with no 
signs of intermixing aider a 850~ anneal. 11 

Me-DLN also exhibits excellent thermal stability in 
air. Plat inum-DLN has been shown to be stable in air 
up to 800~ ~1 Lithium-DLN has also been shown to 
have only a small amount  of surface oxidation when 
exposed to air while comparable lithium thin films 
were completely oxidized when exposed to the same 
conditions. ~1 Therefore, Me-DLN should provide an 
interface which does not oxidize and consequently has 
a thermally stable interface with an air ambient. 

The electrical properties of Me-DLN may be con- 
trolled by selecting the metal  species and con- 
centration. Many different metals (lithium, silver, 
copper, aluminum, zinc, magnesium, niobium, tanta- 
lum, chromium, molybdenum, tungsten, rhenium, 
iron, cobalt, and nickel) have been successfully incor- 
porated into DLN. The possible range of metal con- 
centrations (up to 50% while maintaining a Me-DLN 
structure) allow Me-DLN to have a variable resistiv- 
ity from 10 -4 to 1014 g~ cm. 13 

The electrical properties of a Me-DLN SiC contact 
should depend on the metal incorporated into the Me- 
DLN. SiC has been shown to have a metal semicon- 
ductor barrier  height which strongly depends on the 
work function of the metal. Titanium, nickel, and gold 
contacts to n-type 4H SiC form barrier heights that  
have a linear dependence on the metal  work function 
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with a slope of 0.7. 24 Therefore, a microelectronics 
system combining SiC and Me-DLN has potential 
advantages based on the ability to select the metal 
incorporated and the capability to withstand high 
temperatures  in air. 

EXPERIMENTAL PROCEDURE 

In this work, tungsten-DLN (W-DLN) has been 
deposited onto 6H SiC (Si-face) n-type epitaxial lay- 
ers grown on a heavily doped n-type substrate  and p- 
type epitaxial layers grown on a heavily doped p-type 
substrate.  The SiC material  was obtained from Cree 
Research of Durham, NC. The n-type epitaxial layer 
doping is 1.5 x 1026 cm -3 and the layer thickness is 3.0 
~m. The p-type epitaxial layer doping is 1.4 x 10 TM cm ~ 
and the layer thickness is 5.0 ~tm. Approximately 
2000/k of W-DLN (30% to 40% tungsten) was de- 
posited onto the SiC samples through a shadow mask 
with circular openings of 250 ~tm in diameter. The W- 
DLN was deposited by Advanced Refractory Tech- 
nologies, Inc. Prior to W-DLN deposition, the SiC 
samples were degreased, etched in hydrofluoric acid 
(HF), rinsed in deionized (DI) water,  blown dry in Nz, 
and in situ plasma cleaned. After W-DLN deposition, 
a shadow mask fringing effect was observed making 
the effective device diameter approximately 340 ~m. 
After W-DLN deposition, unannealed large area back- 
side contacts were fabricated. The basic device struc- 
ture is shown in Fig. 2. 

I -Vmeasurements  of the n-type and p-type contacts 
were completed by directly probing the individual 
contacts and measuring the I-V characteristics on a 
HP  4145 parameter  analyzer. The C-V measure- 
ments of the n-type and p-type contacts were also 
completed by directly probing the individual W-DLN 
contacts and measuring the C-V characteristics on a 
HP  4275 LCR meter. All measurements  were per- 

Fig. 2. Device structure of W-DLN Schottky contacts to n-type and p- 
type 6H SiC. 

formed at room temperature.  

R E S U L T S  

The forward bias I-V characteristics for the n-type 
and p-type contacts are plotted in Fig. 3. The I-V 
extracted effective %n is 0.7eV with an ideality factor 
of 1.2 and the I-V extracted effective %~ is 1.8 eV with 
an ideality factor of 1.7. A I-V extracted %n of 0.79eV 
with an ideality factor of 1.08 and an I-V extracted %o 
of 1.57 eV with an ideality factor of 1.20 have beefi 
reported for tungsten SiC Schottky contacts. 15 Simi- 
lar results have been reported for W-DLN Schottky 
contacts on n-type GaAs 11 with an I-V extracted %, of 
0.82 to 0.86 eV and an ideality factor of 1.2 to 1.5. The 
reverse bias I-V characteristics for the n-type and p- 
type contacts are shown in Fig. 4. The n-type contacts 
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Fig. 3. Forward bias characteristics ot W-DLN SiC (Sifface) n-type and 
p-type Schottky contacts. 
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Fig. 4. Reverse bias characteristics of W-DLN SiC (Si-face) n-type and 
p-type Schottky contacts. 



196 Schoen, Woodall, Goel, and Venkatraman 

1.2 1016 

v,lr - ~ ,  

"e 

1.0 10 ~6 

8.0 lO ts 

6.0 10 Is 

4.0 10 Is 

2.0 10 Js 

0.0 I0 ~ 
0 

W-VLN ~pe  J 

. ,  I - -  I l . . . .  

-5 -10 -15 -20 

Voltage (V) 

Fig. 5. 1/C2-V plot of W-DLN SiC (Si-face) n-type and p-type Schottky 
contacts. 
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Fig. 6. C-V plot of W-DLN SiC (Si-face) n-type and p-type Schottky 
contacts. 

have a reverse leakage current  density of 4.1 • 10 -3 
Acm -2 a t - 1 0  V and the p-type contacts have a reverse 
leakage current  density of 1.4 • 10 -7 Acre -2 at -10  V. 

The 1/C~-V plots for the n-type and p-type contacts 
are given in Fig. 5. The n-type contact has a C-V 
extracted Vb~ of 1 V or a %, of 1.2 eV. A C-V extracted 
Vb~ and %p were not calculated for the p-type contact 
since the 1/C2-V curve shows an obvious offset in 
capacitance. A %p of 2.22 eV with no capacitance 
offset has been reported for tungsten SiC Schottky 
contacts. 15 The C-V plots for the n-type and p-type 
contacts are given in Fig. 6. A summary  of the W-DLN 
and reported tungsten I-V and C-V results are given 
in Table II. 

DISCUSSION 

The as-deposited n-type and p-type contacts are 
rectifying and the electrical characteristics correlate 

Table II. Measured Values for W-DLN SiC (Si-Face) 
Schottky Contacts and Reported Values for 

Tungsten SiC Schottky Contacts ~5 

Schottky IV r CV % 
Type (eV) n (eV) 

W-DLN n-type 0.7 (effective) 1.2 1.2 
W n-type 15 0.79 1.08 
W-DLN p-type 1.8 (effective) 1.7 
W p-type ~5 1.57 1.20 2.22 

well with previously reported tungsten SiC Schottky 
contact results. This suggests that  the electrical char- 
acteristics are dominated by the properties of the 
tungsten SiC interface. The large ideality factor, 
barrier height deviations, non-ideal leakage current, 
and shift in the p-type C-V may be due to deposition 
interface damage and nonuniform contact material  at 
the semiconductor interface. Because the target  semi- 
conductor was in-situ plasma cleaned before deposi- 
tion and biased during deposition, fast charged par- 
ticle interface damage is likely. Deposition of W-DLN 
onto silicon, germanium, and GaAs has been shown to 
cause interface damage in the form of dislocation 
loops. Silicon dislocation loops to a depth of 10 to 15 
nm and germanium and GaAs dislocation loops to a 
depth of 30 to 50 nm have been observed. 11 

In addition, W-DLN will likely form a nonuniform 
contact to SiC. If  W-DLN deposits stochiometrically 
onto the semiconductor surface, it will form a nanoscale 
nonuniform interface where some regions have tung- 
sten in intimate contact with the semiconductor while 
other regions have either C:H or Si:O in intimate 
contact with the semiconductor. It has been shown 
that  the I-V measured barrier height will be domi- 
nated by the low barrier height interface regions. T M  In 
addition, the ideality factor will depend on the abso- 
lute and relative sizes of the regions. 1~ The large 
ideality factor might also be at tr ibuted to an interface 
damage recombination mechanism or a voltage de- 
pendent  variation in the barrier height. 

The reverse leakage current  for the n-type contact 
is significantly larger than the reverse leakage cur- 
rent  for the p-type contact which is consistent with 
the larger I-V measured effective barrier height of the 
p-type contact. However, the reverse leakage cur- 
rents for both the n-type and p-type contacts are 
larger than the respective barrier heights would theo- 
retically predict. The reverse leakage currents show a 
stronger voltage dependence than predicted by ther- 
mionic emission, 17 image-force barrier height lower- 
ing, 17 and thermionic field emission. TM In addition, 
neither contact is near the parallel plane breakdown 
voltage nor is the depletion region punched through 
the epitaxial layer to the substrate  at 100 V reverse 
bias. 

Therefore, the higher than expected reverse leak- 
age currents for both the n-type and the p-type con- 
tacts is likely due to a voltage dependent  barrier  
height mechanism and multiplication effects. At 100 
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V reverse bias, the maximum parallel plane electric 
field is about 7.5 • 105 V/cm. However, without edge 
termination,  field enhancement  at the edges of the 
circular devices can be greater  by a factor of 2 or more, 
which may lead to carrier multiplication effects thereby 
increasing the reverse leakage current.  

The n-type contact 1/C2-V and C-V plots are normal, 
but  the p-type 1/C2-V plot is shifted in the direction of 
a larger than  expected 1/C 2 value or a smaller than  
expected capacitance. This shift might be accounted 
for by the presence of a positive charge near  the 
interface (perhaps from deposition interface damage) 
which effectively makes the depletion region width 
larger for a given applied voltage. This increase in the 
depletion width would correspond to a decrease in the 
capacitance. The p-type contact C-V curve shows the 
offset in capacitance tha t  is shown in the 1/C 2 curve. 
The C-V curve also shows tha t  as the contact is 
strongly forward biased, the capacitance begins to 
increase significantly, perhaps by the neutral izat ion 
of a net  positive charge near  the interface. 

It  may  be possible to prevent  deposition interface 
damage during Me-DLN deposition by ei ther chang- 
ing the bias of the target  semiconductor or by employ- 
ing a different deposition method. A special method of 
DLN formation by reflected-flow has been cited as a 
way to prevent  the bombardment  of the semiconduc- 
tor surface by fast charged particles during Me-DLN 
growth. 11 Solving the problem of deposition interface 
damage may allow the formation of nearly ideal metal  
semiconductor contacts with Me-DLN. 

C O N C L U S I O N  

The I-V and C-V characteristics of the as-deposited 
W-DLN Schottky contacts suggest tha t  the electrical 
properties of the interface are controlled by the prop- 
erties of the tungsten SiC interface. Therefore, the 
selection of metal  incorporated into a Me-DLN SiC 
contact should strongly influence the electrical prop- 
erties of the contact. Me-DLN has previously been 
shown to provide a protective host matr ix  which 
prevents metals  from oxidizing, reacting, and diffus- 
ing. Hence, it may be possible to fabricate nearly ideal 
high tempera ture  contacts with defined electrical 
properties by incorporating a specific metal  into Me- 

DLN. Based on these measurements ,  W-DLN and 
Me-DLN SiC contacts are a potential  enabling tech- 
nology for high tempera ture  rectifying and ohmic 
contacts. 
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