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We have nickel doped boron carbide grown by plasma enhanced chemical vapor deposition. The
source gas closo-1,2-dicarbadodecabor@ntho-carboranewas used to grow the boron carbide,
while nickeloceng Ni(CsHs),] was used to introduce nickel into the growing film. The doping of
nickel transformed g-type, B;.C material, relative to lightly doped-type silicon, to amn-type
material. Bothn-n heterojunction diodes ant p heterojunction diodes were constructed, using as
substrates- andp-type S(111), respectively. With sufficient partial pressures of nickelocene in the
plasma reactor, diodes with characteristic tunnel diode behavior can be successfully fabricated.
© 1996 American Vacuum Society.

l. INTRODUCTION investigated?~!* Nickelocene, NiCsHz),, has been shown
Through the decomposition of cluster borane moleculed® be a suitable source compound for the deposition of nickel

by plasma-enhancéd' and synchrotron radiation-inducst containing thin films:? Nickelocene is volatile and far less
chemical vapor deposition, heterojunction devices of borofoXiC than nickel-tetracarbonyl, though a number of other
and boron carbide have been successfully fabricated. Thedickel ~containing  organometallic compounds may be

techniques have not only been used to construct simple gguitable™” Since both orthocarborane and nickelocene are

odes, but have also successfully yielded field effecgasily sublimed from the solid, introduction of suitable mix-
transistors. Until now, no attempts have been made to inten-tures into the plasma reactor can be readily accomplished. In
tionally dope the intrinsic films of boron carbide using the this paper we present the device characteristics of diodes
technique of plasma enhanced chemical vapor depositiofonstructed with nickel doped boron carbide grown by
(PECVD. PECVD. To the best of our knowledge, this is the first suc-
The introduction of metal dopants into boron carbide iscessful demonstration of metal doping of boron carbide films
not a trivial process. Initial attempts to dope molecular filmsgrown by PECVD. Both high and low levels of Ni doping of
of the precursor cluster molecule closo-1,2-boron carbide have been investigated. The diode devices
dicarbadodecaborari€,B,H;,), otherwise known as ortho- have markedly different behaviors depending upon the nickel
carborane, with the common dopant mercury weredoping.
unsuccessfui. Mercury was found to segregate to the mo-
lecular film-substrate interface and is indicative of the weak
interaction between Hg and orthocarborane. While initially
disappointing, subsequent attempts to dope molecular films
of orthocarborane did prove to be succes8fuSuch mo- Il. EXPERIMENT
lecular films can be doped with soditfid The possibility of
doping boron carbide with Hg cannot be excluded based on Thep-n andn-p heterojunctions were formed by depos-
these results. This work, nonetheless, did suggest that dopiriég boron carbide thin films om-type andp-type S{111)
of this material may be a complex process. This is particusubstrates, respectively, following procedures described in
larly true since the suitability of orthocarboraf@,B,H,,)  detalil elsewheré? Deposition of films was performed in a
for the chemical vapor deposition of a® films has been custom designed parallel plate 13.56 MHz radio-frequency
establishe?® and because this molecule is very similar to PECVD reactor used in previous studigsThe silicon sub-
the “building block” of boron carbide. strates were doped toxXZ0'%¥cm®. The S{111) substrates
Nickel, however, is a very promising dopant for the boronsurfaces were prepared by Aion sputtering in the plasma
rich solids. A molecular nickel carborane complex has beerieactor. ~ The  source  molecule gas  closo-1,2-
synthesized by inorganic chemfstand the inclusion of dicarbadodecaboranéortho-carborang was used as the
nickel in other boron rich solids is well established. Nickel is source compound for growing the boron carbide, while nick-
a common component in the boron carbide supercond@ctorelocene[Ni(C5H5)2] was used to introduce nickel into the
and the reactions of nickel with boron phosphide have beegrowing film. As discussed above, nickelocg(CsHs),]
was simultaneously introduced into the plasma reactor with
dElectronic mail: pdowben@unlinfo.unl.edu orthocarborangcloso-1,2-dicarbadodecaboraf@,B;H;,) 1.
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Fic. 1. Thel -V characteristics and the corresponding schematic diagrams of the diode&@fBgT/n-Si(111), (b) lightly Ni doped B,C onn-Si(111), and

(c) heavily Ni doped BC on n-Si(111). The shift in polarity of the diode demonstrates the relativgype behavior following nickel doping and the
characteristic behavior with sufficiently high levels of nickel dopiege the tejt

Ill. RESULTS AND DISCUSSION current(less than 5uA at 25 °Q. Figure 1a) also demon-

strates thep-type character of undoped PECVD boron car-
Typical BsC/n-type silicon heterojunctions have been rou- pide in this geometry.

tinely formed by this techniqu¥.* An example of one such The inclusion of Ni into the boron carbide films with the
diode device is presented in Figal An examination of the introduction of nickelocene into the plasma reactor has been
-V curve in Fig. 1a) shows the excellent diode character- verified with Auger electron spectroscop§ES). The signa-
istics of devices built using the technique of PECVD. Theseture of Ni in the Auger spectra suggest that the Ni uptake is
devices typically have onsets of 1 eV with very little leakagelarge and that these films are highly dopeellx 107Y). The

J. Vac. Sci. Technol. B, Vol. 14, No. 4, Jul/Aug 1996
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Fic. 2. Thel -V characteristics and corresponding schematic diagrams of the diode&irbghtly Ni doped B,C onp-Si(111) and(b) heavily Ni doped BC
on p-Si(111).

-V curves of two diodes constructed with Ni-doped borondoped boron carbide heterojunction diodes app@arge

carbide grown om-type Si111) are displayed in panel®) relative to the lightly dopea-type silicon substrate. This is

and(c) in Fig. 1. The diode constructed with a “low” level consistent with the fabrication af-p heterojunction diodes

of Ni doping corresponded to a partial pressure of nickel-on p-type silicon, again by including nickelocene with the

ocene to orthocarborane &f0.1 during film growth. The orthocarborane as an additional source gas, as seen in Fig. 2,

“high” doping corresponded to a relative partial pressurefor the nickel doped boron carbide.

ratio ~9, respectively. With the “higher” nickel doping, a negative differential
With the inclusion of Ni, the boron carbide films which resistance, or a valley in the current, occurs in the effective

are normallyp-type relative ton-type silicon, evolve to an forward bias direction for diodes formed on batkype sili-

n-type material. This is evident from the device characteriscon andp-type silicon substrates, as seen in Fig&) nd

tics of the diode shown in Fig.(f). This results in the for- 2(b). This behavior is characteristic of a tunnel dibtend is

mation of rectifying diodes with reverse bias. Thus the nickelconsistent with degenerative doping of a pinned state relative

JVST B - Microelectronics and Nanometer Structures
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IV. SUMMARY

In summary, nickelocene can be used to dope PECVD
boron carbide. The mildlyp-type boron carbide, &, rela-
tive to n-type silicon, is strongly-type following the doping
with nickel. With sufficient doping levels, the resulting het-
erojunction diode acts like a tunnel diode. All evidence sug-
gests that nickel populates states within the gap of this nor-
mally highly resistive materialt?
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