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Palladium, Pt, and Cr/Pt contacts to the wide band gap icosahedral boride semiconductor B,As,
have been studied. All Pd and Pt contacts exhibited nonlinear I-V characteristics, while Cr/Pt
contacts were Ohmic. The specific contact resistance was reduced from 6 ) cm? as-deposited to
3X 107 Q cm? after the Cr/Pt contacts were annealed at 750 °C for 30 s in Ar. Annealing at
600 °C or higher drastically reduced the semiconductor sheet resistance, whether annealing was
performed before or after metallization. This apparent activation of the semiconductor is a likely
cause for the improvement in the Ohmic contacts with annealing. © 2005 American Institute of

Physics. [DOI: 10.1063/1.2001760]

There is great interest in increasing the energy density of
power supplies to make systems incorporating microelec-
tronics and microelectromechanical systems (MEMS) more
mobile and autonomous. Chemical batteries have been the
traditional source for mobile energy, but alternative sources
such as fuel cells, flywheels, and photovoltaic devices are
receiving increasing attention. Compact, lightweight, power
sources are needed that can supply energy for years or even
decades."? Radioisotope batteries are an attractive possibil-
ity, as their energy density could be as much as 10°-10*
times higher by weight as chemical energy sources including
batteries, microturbines, or fuel cells.”

Of the various possible nuclear to electrical conversion
technologies, those employing the betavoltaic effect are the
most direct. Beta cells produce electrical energy by coupling
a radioactive beta emitter to a semiconductor junction& and
are analogous to photovoltaics, with a beta source replacing
light as the source of energy. Nearly 50 years ago, Rappaport
et al.” demonstrated Ge and Si beta cells, but their power
output rapidly decreased; in 14 h, the maximum power out-
put decayed by half. Since this initial study, radiation dam-
age to the semiconductor has remained the major impedi-
ment to the development of better beta cells.>®

Recently, boron-based semiconductors have drawn atten-
tion for their unusual property of self-healing of radiation
damage. In a study of electron irradiation effects on a series
of boron compounds, Carrard et al.® demonstrated that nei-
ther defect clusters nor amorphization occurs in compounds
containing boron icosahedra (twelve boron atom clusters).
Regardless of the electron energy or flux employed (high
enough to displace all boron atoms seven times), no defects
were observed in the crystals by transmission electron mi-
croscopy (TEM). In addition to its radiation resistance, the
boron-based semiconductor Bi,As, has a wide band gap
(3.47 eV),” and theory predicts efficiencies greater than 20%
are possible for wide band gap semiconductors.® These char-
acteristics have prompted interest in B,As, for beta cells.'”

The chemical vapor deposition of B,As, on 6H-SiC has
recentlly been developed for the growth of high quality thin
films."™" The in-plane lattice constant for 6H-SiC is nearly
one half that of B,As,, which facilitates epitaxial growth of
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the films. There have been very few reports on the electrical
properties of any of the icosahedral boride semiconductors
(a-rhombohedral boron, boron carbide, B,P,, or B,As,)."*
In general, only p-type conductivity has been observed for
any of these compounds. Our preliminary results indicate
that our B,As, films were all p-type as well.

To better establish the potential of B,As, for homojunc-
tion, heterojunction and Schottky barrier beta cells, investi-
gations of the doping and device processing of B,As, are
needed, including the development of a contact technology.
In this study, Ohmic contacts to B;,As, are reported. The
effect of annealing on the resistance of B,As, epitaxial films
is also described.

All contacts were fabricated on B,As, films deposited
on Si-face, on-axis, semi-insulating 6H-SiC (0001) sub-
strates. The deposition conditions were 1590 °C and
100 Torr for 40 min with 250 sccm of 2% AsH; in H,,
30 sccm of 1% B,Hg in H,, and 5 slm of H, carrier gas. The
nominal thickness of the Bj,As, film was 1.0 um. Before
metallization, samples were first degreased in acetone and
methanol with ultrasonic agitation for 5 min each, rinsed
with deionized (DI) water, and blown dry with N,. Where
indicated, annealing of some samples prior to metallization
was performed in ultrahigh purity (UHP) Ar in a rapid ther-
mal annealing (RTA) furnace, followed by degreasing in ac-
etone and methanol for 5 min each, and a rinse in DI water.
The UHP Ar flowed through a Ti gettering furnace to remove
O, prior to flowing through the RTA furnace. Photolithogra-
phy was performed to fabricate patterns for specific contact
resistance measurements. The circular transfer length method
(CTLM) with contact diameter of 80 um and gap spacings
of 4, 8, 14, 20, 30, 50, and 75 wm was used." At least four
adjacent contacts were used for each CTLM calculation. Pre-
metallization surface treatment was performed using buff-
ered oxide etch (BOE) for 1 min, followed by rinsing the
samples with DI water and blowing them dry with N,.
Samples were then promptly loaded into a dc magnetron
sputtering chamber, the chamber evacuated to a base pres-
sure of 1077 Torr, and metal layers deposited. Liftoff of the
metallization was performed in acetone with ultrasonic agi-
tation followed by a methanol and DI water rinse before the
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FIG. 1. I-V characteristics of the Cr/Pt (50/100 nm) and Pd (100 nm) con-
tacts annealed at 550 °C for 30 s in UHP Ar for a gap spacing of 4 um.

samples were blown dry. Cumulative annealing of the con-
tacts was performed under UHP Ar in the RTA furnace for
30 s each from 260 °C to 750 °C.

Cr/Pt (50/100 nm), Pd (100 nm), and Pt (150 nm) con-
tact samples were compared. Palladium and Pt contacts were
chosen because they have high work functions, while Cr/Pt
contacts were chosen because there are conductive chro-
mium borides with excellent thermal stability. For the Cr/Pt
contacts, Cr was deposited directly on the B,As,, followed
by deposition of the Pt. Figure 1 shows the I-V characteris-
tics of the Cr/Pt and Pd contacts annealed at 550 °C for 30 s
in UHP Ar for a gap spacing of 4 um. Linear I-V curves
were observed for all three Cr/Pt (50/100 nm) contact
samples, whereas the two Pd (100 nm) and one Pt (150 nm)
samples exhibited nonlinear I-V characteristics before and
after annealing. Similar results for Cr/Pt and Pt contacts
were also obtained on other B|,As, epilayers. The specific
contact resistance and semiconductor sheet resistance for the
Cr/Pt (50/100 nm) contacts are plotted as a function of an-
nealing temperature in Figs. 2 and 3, respectively. A high
specific contact resistance of 6 () cm? and semiconductor
sheet resistance of 1X 10% /(] were observed for the as-
deposited condition, corresponding to a resistivity of 1
X 10* Q) cm. These values were significantly decreased after
annealing at 600 °C or higher. After the Cr/Pt contacts were
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FIG. 2. The specific contact resistance of the Cr/Pt (50/100 nm) contacts to
(@) as-received B,As, and (O) B,As, activated at 600 °C for 30 s in UHP
Ar.
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FIG. 3. The semiconductor sheet resistance of the Cr/Pt (50/100 nm) con-
tacts to (@) as-received B,As, and (O) B,,As, activated at 600 °C for 30 s
in UHP Ar.

annealed at 700 °C for 30 s in UHP Ar, their specific contact
resistance and the semiconductor sheet resistance dropped to
3X107* Q cm? and 2 X 10° Q/07, respectively. Consistent
with our observations for the Cr/Pt contacts, the resistance
of the Pd contacts was reduced after annealing at 600 °C, but
the I-V curves were still nonlinear. Moreover, the Pd con-
tact’s surface morphology degraded annealing at 600 °C for
30 s in Ar. An agglomeration or dewetting of the Pd film is
shown in Fig. 4. The Pt contacts also showed visible degra-
dation in surface morphology after annealing at 550 °C, and
the contacts never became Ohmic. In contrast, the surface
morphology of the Cr/Pt contacts remained smooth after an-
nealing at 600 °C for 30 s in UHP Ar, as shown in Fig. 5.
The lower specific contact resistance and greater thermal sta-
bility of the Cr/Pt contacts indicate that they are better than
Pd and Pt for making Ohmic contact to B,As,.

As shown in Figs. 2 and 3, annealing greatly reduced the
specific contact resistance of the Cr/Pt contacts and the
semiconductor sheet resistance, which indicates that the heat
treatment affects not just the contact but also the semicon-
ductor. Auger depth profiling was performed to examine the
effect of annealing the Cr/Pt contacts and the semiconductor
prior to metallization (not shown). There was no evidence for
reaction of B,As, with the SiC substrate or any composi-
tional shift of the B,As, semiconductor (within 1 at %). To
further investigate the effect of the heat treatment, additional
samples were annealed at 550, 600, and 750 °C for 30 s in

FIG. 4. SEM image of the Pd (100 nm) contact after annealing at 600 °C
for 30 s in UHP Ar. The edge of the patterned contact is shown at the bottom
of the image.
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FIG. 5. SEM image of the Cr/Pt (50/100 nm) contact after annealing at
600 °C for 30 s in UHP Ar. The edge of the patterned contact is shown at
the bottom of the image.

UHP Ar prior to metallization (referred to hereafter as acti-
vation annealing). Cr/Pt contacts were next deposited on the
activated semiconductor film, and /-V characteristics were
measured on the contacts for the as-deposited condition and
after annealing for 30 s in UHP Ar from 260 °C to 750 °C.

Figure 2 shows the specific contact resistance of the
Cr/Pt contacts versus annealing temperature for the epilayers
activated at 600 °C for 30 s in UHP Ar. The corresponding
semiconductor sheet resistance is shown in Fig. 3. Similar
results were obtained for Cr/Pt contacts on B,As, epilayers
activated at 550 °C and 750 °C. As shown in Fig. 2, the
specific contact resistance decreased only slightly from 1
X102 Qcm? for the as-deposited condition to 4
% 107 € cm? when contacts to the semiconductor activated
at 600 °C were later annealed at 600 °C. Furthermore, the
semiconductor sheet resistances remained in the range of
10°—10° /00 with annealing of the contacts. Further an-
nealing of the contacts at 750 °C increased the specific con-
tact resistance.

The specific contact resistance and semiconductor sheet
resistance are significantly lower before annealing the metal-
lization when contacts are prepared on the activated samples
(Figs. 2 and 3). Annealing of the contacts to these layers
changed these values only slightly. Thus, the semiconductor
sheet resistance appears to have approached a minimum
value during the activation anneals. Although the mechanism
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by which annealing reduces the semiconductor sheet resis-
tance is not currently known, it is conceivable that hydrogen
incorporated during growth of the semiconductor is released
or redistributed during annealing, as occurs in Mg-doped
GaN. If such a change results in an increase in the concen-
tration of electrically active acceptors, the resistivity of the
semiconductor and the specific contact resistance would both
be reduced.

In summary, Pd and Pt contacts to B,As, exhibited non-
linear I-V characteristics, whereas Ohmic contacts were
achieved using Cr/Pt contacts. Annealing the B,As, epilay-
ers decreased the specific contact resistance of the Cr/Pt
contacts and the semiconductor sheet resistance, whether
performed before or after the metal contacts were deposited.
The activation anneals prior to metallization reduce the spe-
cific contact resistance and the semiconductor sheet resis-
tance, which might be attributed to an increase in acceptor
concentration in the B{,As, epilayers after annealing.
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