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Abstract 
 
 Ni2Si Ohmic contacts were fabricated via pulsed laser deposition on n-SiC.  
The contacts’ electrical, structural, compositional, and surface morphological 
properties were investigated as a function of annealing temperatures ranging 
from 700 to 950 °C.  The as-deposited and 700 °C annealed contacts were non-
Ohmic.  Annealing at 950 °C yielded excellent Ohmic behavior, an abrupt void-
free interface, and a smooth surface morphology.  No residual carbon was 
present within the contact metallization or at the contact-SiC interface, and the 
contact showed no appreciable thickness increase as a result of the annealing 
process.  Our results demonstrate that aside from maintaining the desirable 
electrical integrity associated with Ni and Ni/Si Ohmic contacts, the Ni2Si 
Ohmic contacts possessed improved interfacial, compositional, microstructural, 
and surface properties which are required for reliable high temperature and high 
power device operation. 
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1.  Introduction 

SiC is an excellent candidate for high temperature and high power device 
applications because of its combination of electronic and thermal properties, 
namely, wide energy bandgap, high electric breakdown field, large saturated 
electron drift velocity, and high thermal conductivity [1–5].  Based on these 
properties, devices fabricated from SiC promise superior performance to that of 
present day devices.  In order to realize this enhanced performance for the next 
generation of devices, low resistance, thermally stable, reliable metallizations for 
Ohmic contacts to SiC must be developed.  Recently, there have been a 
considerable number of research efforts focused on the development of Ohmic 
contacts to n-SiC. As a result of these studies Ni-based Ohmic contacts have been 
suggested as superior candidates due to their reproducible low specific contact 
resistance, less than 5.0 H 10-6 Ω-cm2, and good physical thermal stability at 
temperatures up to 500 °C [6–9].  The excellent electrical integrity of Ni-based 
Ohmic contacts is due to the formation of Ni-silicide after high temperature 
annealing at 950–1000 °C [4, 10–13].  Unfortunately, the formation of the 
Ni-silicide, with its desirable low specific resistance, is paralleled by several 
undesirable features.  These features include broadening of the metal-SiC 
interface, a rough interface morphology heavily laden with Kirkendall voids, 
carbon segregation at the metal-SiC interface and/or throughout the metal layer, 
and substantial roughening of the contact surface [4, 11, 12, 14].  Therefore, even 
though Ni contacts possess excellent electrical properties, the features mentioned 
previously will lead to device reliability problems and ultimately cause device 
failure via contact degradation and/or wire bond failure after exposure to long 
term high power and high temperature device operational stresses.   

Improved material properties, with respect to pure Ni contacts, have been 
demonstrated utilizing high temperature (950 °C) annealed Ni/Si multilayers on 
n-SiC [12, 15].  The principle of this approach involved high temperature 
annealing of discrete Si and Ni layers (Ni/Si and/or Si/Ni) on SiC to form Ni2Si 
without decomposition of the SiC substrate, thereby eliminating the possibility of 
residual carbon accumulation and void formation.  Results of this work showed 
that high temperature annealing caused the mutual diffusion of Si and Ni 
necessary to form the orthorhombic Ni2Si phase; however, small amounts of 
residual carbon and interfacial voids were still present within the contact layer 
and at the contact-SiC interface.  Thus, this approach limited but did not 
eliminate the SiC decomposition; consequently, contact-SiC interdiffusion 
occurred.  The goal of the present investigation was to eliminate the residual 
carbon, void formation, and rough surface morphology associated with 
traditional Ni and Ni/Si multilayered Ohmic contacts by fabricating an 
improved Ohmic contact via direct deposition of the intermetallic phase, Ni2Si, 
known to be in thermodynamic equilibrium with SiC at high temperatures  
(900–1000 °C). 
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2.  Experimental 

The Ni2Si (400 nm) metallization was deposited via pulse laser deposition (PLD) 
on select grade, Si-face, 8° off-c-axis (0001) 4H n-type (2.0 H 1018 cm–3) SiC wafers.  
Prior to metal deposition, the wafers were cleaned in warm electronic grade 
trichoroethane (TCA), acetone, and methanol, followed by a rinse in deionized 
water.  The Ni2Si metallization was ablated from a Ni2Si (99.9% pure) PLD target 
under a base vacuum of less than 1.0 H 10–6 Torr using a Lambda Physik 
Complex 205 excimer laser.  Depositions were performed with the laser directly 
focused onto the rotating target at a 45° incident angle.  The sample-target 
separation distance was 10 cm, and the laser fluence was 10 Jcm–2 with a 
repetition rate of 50 Hz.  The Ni2Si films were deposited at room temperature.  
The Ni2Si-SiC samples were rapid thermally annealed (RTA) in an AG Associates 
RTA for 30 s at 700 and 950 °C.  Material characterization was performed on the 
as-deposited and annealed samples.  The contacts’ electrical quality was 
evaluated via current voltage characteristics using an HP 4140B semiconductor 
test system.  The contacts’ composition, thickness, and interface quality were 
determined via Rutherford backscattering spectroscopy (RBS) analysis with an 
NEC Pelletron accelerator using a 2 MeV He+ ion beam with a scattering angle of 
170° and a solid angle of 5.5 msr.  Simulations were produced using the 
computer code RUMP [16].  The contact structure was analyzed by 
glancing-angle x-ray diffraction (GAXRD) with a Siemens D-5005 powder 
diffractometer using Cu Kα radiation at 50 kV and 40 mA.  Auger electron 
spectroscopy (AES) was employed to assess elemental distribution within the 
contact and across the contact-SiC interface.  AES analyses were obtained using a 
Perkin Elmer PHI660 scanning Auger microprobe.  A Hitachi S4500 field 
emission scanning electron microscopy (FESEM) was utilized to assess the 
contact surface morphology, contact-SiC interface uniformity, and film 
microstructure.  Digital instruments (DI) tapping mode atomic force microscopy 
(AFM) was used to quantify the contacts’ surface roughness. 

3.  Results and Discussion 

The electrical, structural, compositional, and interfacial properties of the PLD 
Ni2Si Ohmic contacts to n-SiC have been investigated as a function of annealing 
temperature.  The I-V characteristics of the as-deposited and annealed contacts to 
n-SiC are displayed in Figure 1.  The as-deposited sample exhibited non-Ohmic 
behavior suggestive of a large barrier height.  Annealing at 700 °C caused no 
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Figure 1.  I-V characteristics of the as-deposited (◊), 700 °C annealed (•), and 950 °C 
annealed (▲) Ni2Si contacts to n-SiC. 

improvement in the I-V characteristics.  However, annealing at 950 °C resulted in 
excellent Ohmic behavior, as demonstrated by the I-V characteristics which 
possess linear characteristics with small resistance and is symmetric with 
reversal of voltage polarity.  Thus, annealing at 950 °C significantly enhanced the 
current conduction through the contacts. 

In order to assess and understand the contacts’ electrical characteristics, RBS, 
GAXRD, AES, and FESEM analyses were performed on the as-deposited and 
annealed contacts.  The RBS spectra for the Ni2Si-SiC contacts are displayed in 
Figure 2.  The surface energies of the film elements are marked by arrows.  The 
high energy edge of the Si signal from the SiC substrate is shifted to lower 
energies with respect to that of the Si in the Ni2Si film because the detected 
particles that are backscattered there lose energy in the overlying film.  From the 
energy width of the Ni signal, the contact thickness was determined to be  
~400 nm.  The width of the Ni signal is the same for the as-deposited and 700 °C 
annealed sample; however, the 950 °C sample is slightly thinner, as indicated by 
the higher energy position of the back edge of the Ni signal and front edge of the 
Si signal in SiC.  The thinner film, 950 °C sample is due to nonuniformity of the 
PLD process.  Slight variations in film thickness across a PLD deposited film are 
inherent to the deposition since PLD maintains uniformity on a very small scale, 
less than 1 H 1 cm2 [17]. 
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Figure 2.  RBS spectra of the as-deposited and annealed Ni2Si-SiC contacts. 

The fact that the back edge of the Ni signal did not shift to lower energies (the 
width of the Ni signal did not increase) as a result of annealing indicates that 
there is no increase of the vertical dimension of the contact as a result of 
annealing.  The contact-SiC interface quality was assessed by comparing the 
slopes of the front edge of the Si signal in SiC and the back edge of the back edge 
of the Ni signal of the as-deposited spectrum with those of the annealed spectra.  
The slopes of the as-deposited and 700 °C annealed contacts appear virtually 
identical; however, the 950 °C annealed contact exhibited a very slight deviation 
in slope with respect to that of the as-deposited and 700°C annealed contacts, 
indicating a minimal amount of interaction between the contact and SiC at this 
temperature.  The RBS data also revealed a small amount of oxygen to be present 
throughout the contact layer for all samples analyzed. 

GAXRD results showed the as-deposited contact to be amorphous.  The GAXRD 
data for the contacts annealed at 700 and 950 °C confirmed the presence of the 
Ni2Si phase.  The AES depth profiles for the as-deposited and 950 °C annealed 
contacts are displayed in Figures 3(a) and 3(b).  The AES elemental depth profile 
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Figure 3.  AES elemental depth profiles of the (a) as-deposited and (b) 950 °C annealed 
Ni2Si contact to n-SiC. 

for the as-deposited sample shows a very sharp interface between the contact 
metallization and the SiC substrate; however, a slight oxygen enrichment is 
observed at the contact-SiC interface.  The interfacial oxygen is most likely due to 
lack of an oxide etch step prior to the metal deposition.  The AES depth profile 
for the annealed 950 °C sample shows the contact-SiC interface to be fairly 
abrupt with no interfacial oxygen present.  The high temperature anneal (950 °C) 
appears to have caused dissolution of the interfacial oxide, which in turn 
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prompted the excellent electrical properties of this contact.  The negligible level 
of the carbon signal within the annealed contact and at the contact-SiC interface 
indicates that no residual carbon is present within the film or accumulated at the 
interface as a result of the high temperature annealing process.  The absence of 
residual carbon within the contact metallization is extremely desirable from the 
standpoint of device reliability.  Carbon inclusions at the metal-SiC interface 
and/or within the contact layer are considered a potential source of electrical 
instability, especially after prolonged operation of the devices at high 
temperatures [18].  At elevated temperatures, redistribution of carbon inclusions 
will arise, resulting in significant degradation of the contact’s electrical and 
microstructural properties [19].  Thus, the direct deposition of Ni2Si served to 
eliminate carbon accumulation within the film and at the metal-SiC interface. 

Carbon inclusions/segregation are not the only reason for high power and 
temperature device operation reliability problems.  The microstructure of the 
contact-SiC interface and nature of the contact surface both strongly influence 
device operational reliability.  It has been established that annealing Ni-based 
contacts on SiC causes extensive voiding (Kirkendall voids) at the original 
metal-SiC interface, substantial expansion of the contact thickness, and extreme 
surface roughness [4, 12].  The voids at the interface will cause internal stress and 
possible delimination of the contact layer, which will compromise device 
reliability [12].  The internal stress and contact delimination will be significantly 
amplified under the extreme thermal and electrical stresses typical of the high 
temperature and high power device operational environments and will 
ultimately result in device failure.  For device applications, Ohmic contacts must 
be wire bonded to a die package.  A rough surface morphology will most likely 
cause wire bonding difficulty and/or failure under the extreme thermal fatigue 
during high power and high temperature device operation [4, 11].  Figure 4 
displays the FESEM secondary electron cross-sectional micrographs of the as-
deposited and 950 °C annealed contacts to SiC.  For both the as-deposited and 
annealed samples, the metal-SiC interfaces were morphologically abrupt, and the 
contact thickness remained unchanged and uniform over large lateral distances 
with no evidence of void formation or contact delamination as a result of the 
annealing process. 

Plan-view FESEM micrographs (Figure 5) of the as-deposited and annealed 
contacts show the surfaces to be homogenous, smooth, and crack and pinhole 
free.  Quantification of the surface roughness was achieved via AFM.  The 
average root mean square roughness values (Rrms) for the as-deposited and 
950 °C annealed contacts were 0.037 nm and 0.067 nm, respectively.  The extreme 
surface smoothness of the annealed Ni2Si contact promotes strong reliable wire 
bonding and will insure maintenance of wire-contact mechanical durability 
during high power and high temperature device operation. 
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Figure 4.  Cross-sectional FESEM micrographs of  (a) as-deposited and (b) 950 °C 
annealed Ni2Si Ohmic contacts to n-SiC. 
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Figure 5.  Plan-view FESEM micrographs showing the surface morphology of the  
(a)  as-deposited and (b) 950 °C annealed Ni2Si Ohmic contacts to n-SiC. 
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Our results have demonstrated that excellent electrical and enhanced structural, 
compositional, and interfacial properties have been achieved by direct deposition 
of the intermetallic phase, Ni2Si, on n-SiC.  The enhanced contact properties were 
attained with a minimal number of processing steps with respect to that of Ni/Si 
multilayer Ohmic contacts [15].  The enhanced material properties and ease of 
fabrication make this contact attractive for high temperature and high power 
device applications.  Future work will focus on extended static and acute pulsed 
thermal fatigue testing in order to quantify the thermal reliability of this contact 
as a function of compositional, structural, and mechanical properties. 

4.  Conclusions 

We have achieved excellent electrical properties for pulse laser deposited Ni2Si 
Ohmic contacts on n-SiC annealed at 950 °C for 30 s.  The excellent electrical 
properties were paralleled by an abrupt void-free contact-SiC interface, retention 
of the contact width, smooth surface morphology, and absence of residual carbon 
within the contact layer or at the interface. The detrimental effects of contact 
delamination due to stress associated with interfacial voiding, and wire bond 
failure due to extreme surface roughness, have been eliminated for this Ohmic 
contact. Additionally, electrical instability associated with carbon inclusions at 
the contact-SiC interface after prolonged high temperature and power device 
operation has also been eliminated. Thus, the electrical, structural, and 
compositional integrity of this contact bodes well for its reliability under the 
influence of high temperature and high power operational stress environments.  

 8



 

5. References 

1. Neudeck, P. G.  Journal of Electronic Materials.  Vol. 24, p. 283, 1995. 

2. Pearton, S. J., F. Ren, R. J. Shul, and J. C. Zolper.  Electrochemical Society Proc.  
Vol. 97, no. 1, p. 138, 1997. 

3. Melloch, M. R., and J. A. Cooper.  MRS Bulletin.  Vol. 23, p. 42, 1997. 

4. Crofton, J., L. M. Porter, and J. R. Williams.  Phys. Stat. Sol, vol. 202, p. 581, 
1997. 

5. Porter L. M., and R. F. Davis.  Mat. Sci. and Eng.  Vol. B34, p. 83, 1995. 

6. Cole, M. W., C. W. Hubbard, D. Demaree, C. G. Fountazoulas, A. Natarajan,  
R. A. Miller, D. Harris. K. Xie, and P. Searson.  Electrochemical Society Proc.  
Vol. 28, p. 71, 1998. 

7. Adams, S., C. Severt, J. Lenord, S. Liu, and S. R. Smith.  Trans. Second Intl. 
High Temperature Electronics Conference.  D. B. King and F. V. Thome, eds.,  
vol. 2, no. 9, 1994. 

8. Stekl, A. J., J. N. Su, P. H. Yih, C. Yuan, and J. P. Li.  “Amorphous and 
Crystalline Silicon Carbide V.”  M. G. Spencer, R. P. Devaty, J. A. Edmond,  
A. Kahn, and M. M. Rahman, eds., IOP Conf. Series, vol. 137, p. 653, 1994. 

9. Luckowski, E. D., J. R. Williams, M. J. Bozak, T. Issacs-Smith, and J. Crofton.  
Mat. Res. Soc., Proc.  Vol. 423, p. 119, 1996. 

10. Crofton, J., P. G. McMullin, J. R. Williams, and M. J. Bozack.  Journal of Applied 
Physics.  Vol. 77, p. 1317, 1995. 

11. Crofton, J., L. Beyer, T. Hogue, R. R. Siergiej, S. Mani, J. B. Cassidy,  
T. N. Oder, J. R Williams, E. D. Luckowski, T. Issacs-Smith, V. R Iyer, and  
S. E. Mahney.  Proceedings of the Fourth High Temperature Electronics Conference.   
Vol. 4, p. 84, 1998. 

12. Marinova, T., A. Kakanakova-Georgieva, V. Krastev, R. Kakanakov,  
M. Neshev, L. Kassamakova, O. Noblanc, C. Arnodo, S. Cassette,  
C. Brylinski, B. Pecz, G. Radnoczi, and G. Vincze.  Materials Science and 
Engineering.  Vol. B46, p. 223, 1997. 

13. Goesmann, F., and R. Schmid-Fetzer.  Materials Science and Engineering.   
Vol. B46, p. 357, 1997. 

14. Getto, R., J. Freytag, M. Kopnarski, and H. Oechsner.  Materials Science and 
Engineering.  Vol. B61–62, p. 270, 1999. 

 9



15. Kakanakova-Georgieva, A., T. Marinova, O. Noblanc, C. Arnodo, S. Cassette, 
and C. Brylinski.  Thin Solid Films.  Vols. 343–344, p. 637, 1999. 

16. Doolittle, L. R.  Nucl. Instrum. Methods.  Vol. B9, p. 344, 1985. 

17. Bunshah, F.  Handbook of Deposition Technologies for Films and Coatings.  
Los Angeles:  Noyes Publications, 1994.  

18. Rastegaeva, M. G., A. N. Andreev, A. A. Petrov, A. I. Babanin, M. A. 
Yagovkina, and I. P. Nikitina.  Materials Science and Engineering.  Vol. B46, 
p. 254, 1997. 

19. Pecz, B., G. Radnoczi, S. Cassette, C, Brylinski, C. Arnodo, and O. Noblanc.  
Diamond and Related Materials.  Vol. 6, p. 1428, 1997. 

 10



 
 
NO. OF NO. OF  
COPIES ORGANIZATION COPIES ORGANIZATION 
 
 2 DEFENSE TECHNICAL  1 DIRECTOR 
  INFORMATION CENTER   US ARMY RESEARCH LAB 
  DTIC OCA   AMSRL CI AI R 
  8725 JOHN J KINGMAN RD   2800 POWDER MILL RD 
  STE 0944   ADELPHI MD 20783-1197 
  FT BELVOIR VA 22060-6218  
  3 DIRECTOR 
 1 HQDA   US ARMY RESEARCH LAB 
  DAMO FDT   AMSRL CI LL 
  400 ARMY PENTAGON   2800 POWDER MILL RD 
  WASHINGTON DC  20310-0460   ADELPHI MD 20783-1197 
  
 1 OSD  3 DIRECTOR 
  OUSD(A&T0/ODDR&E(R)   US ARMY RESEARCH LAB 
  DR RJ TREW   AMSRL CS IS T 
  3800 DEFENSE PENTAGON   2800 POWDER MILL RD 
  WASHINGTON DC  20301-3800   ADELPHI MD 20783-1197 
  

ABERDEEN PROVING GROUND  1 COMMANDER GENERAL 
   US ARMY MATERIAL CMD 
 2 DIR USARL   AMCRDA TF 
  AMSRL CI LP (BLDG 305)   5001 EISENHOWER AVE 

   ALEXANDRIA VA 22333-0001 
 
 1 INST FOR ADVNCD TCHNLGY 

 THE UNIV OF TEXAS AT Q
 AUSTIN 

  3925 W BRAKER LN STE 400 
  AUSTIN TX 78759-5316 
 
 1 DARPA 
  SPECIAL PROJECTS OFFICE 
  J CARLINI 
  3701 N FAIRFAX DR 
  ARLINGTON VA  22203-1714 
 
 1 US MILITARY ACADEMY 
  MATH SCI CTR EXCELLENCE 
  MADN MATH 
  MAJ HUBER 
  THAYER HALL 
  WEST POINT NY 10996-1786 
 
 1 DIRECTOR 
  US ARMY RESEARCH LAB 
  AMSRL D 
  DR D SMITH 
  2800 POWDER MILL RD 
  ADELPHI MD 20783-1197 

 11



 
 
NO. OF  
COPIES ORGANIZATION  
 
 1 ARL ALC  
  CHIEF ARL SEDD 
  RF ELECTRONICS DIV 
  B WALLACE 
  2800 POWDER MILL RD 
  ADELPHI MD 20783 
 
 1 ARL SEDD  
  CHIEF ARL SEDD 
  RF ELECTRONICS DIV 
  T OLDHAM 
  2800 POWDER MILL RD 
  ADELPHI MD 20783 
 
 1 ARL SEDD  
  BRANCH CHIEF 
  RF ELECTRONICS DIV 
  M PATTERSON 
  2800 POWDER MILL RD 
  ADELPHI MD 20783 
 
 1 ARL SEDD 
  RF ELECTRONICS DIV 
  B GIEL 
  2800 POWDER MILL RD 
  ADELPHI MD 20783 
 
 1 ARL SEDD  
  RF ELECTRONICS DIV  
  M DUBEY 
  2800 POWDER MILL RD 
  ADELPHI MD 20783 
 
 1 ARL SEDD 
  RF ELECTRONICS DIV 
  K JONES 
  2800 POWDER MILL RD 
  ADELPHI MD 20783 
 
 
 

 12



 

 13 



 

INTENTIONALLY LEFT BLANK. 

 14


	Acknowledgments
	Contents
	List of Figures
	1.  Introduction
	2.  Experimental
	3.  Results and Discussion
	4.  Conclusions
	5.References



