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Abstract. The structural and electronic properties of nickel-have conductivities oftl0~%° to 10712 (Qcm)~* [1], com-

and phosphorus-doped boron—carbBg(Q) alloy thin films  pared to single-crystal boron carbide which has a conductiv-
grown by plasma-enhanced chemical vapor deposition havty of 1 (2cm)~1 [6]. Similar conductivities {08 (2 cm)~?)

been examined. Th&li-doped boron—carbon alloys were have been observed for sputter-deposited boron—carbon alloy
grown usingcloso1,2-dicarbadodecaboran€,B10H12) as  thin films [7]. Like crystalline boron carbide, the boron—
the boron—carbon source compound and nickelocenearbon alloys consist of an icosahedral network [1, 8], where
(Ni(CsHs)2) as the nickel source. The phosphorus-dopethe icosahedra are composed of boron and carbon atoms.
alloys were grown using the single-source compound: dimerit contrast, the icosahedra in crystalline boron carbide, are
chloro-phospha(lll)-carborangX,B1oH10PCl]2). Nickel dop- almost exclusively constructed from boron atoms with the
ing increased the conductivity, relative to undof®C, by  carbon atoms predominantly participating in the three atom
six orders of magnitude from0=° to 1073 (Qcm)~! and chains that connect the icosahedral network [9—16]. The aver-
transformed the material from a p-type semiconductor tage crystallite size of the PECVD-grown alloys is approxi-
an n-type. Phosphorus doping decreased the conductivitgpately100A [1, 8].

relative to undopedsC, by two orders of magnitude and The PECVD process for growing boron—carbon alloys is
increased the band gap froMm9 eV for the undoped ma- well suited for semiconductor device manufacturing. Diodes
terial to 2.6 eV. Infrared absorption spectra of the nickel- and simple junction field effect transistors have been con-
and phosphorus-dop&3C alloys were relatively unchanged structed from boron—carbon alloy thin films [1, 3, 4, 7]. Typic-
from those of undope8sC. X-ray diffraction suggests that ally, these devices have been constructed from boron—carbon
the phosphorus-doped material may be a different polytyp#hin films grown on eithe8i or a boron thin film. These stud-

from theNi-doped and undopédssC alloys. ies demonstrated that simple devices could be successfully
constructed from boron—carbon alloy materials, regardless of
PACS: 85.30.-z; 85.30.De; 68.55.Ln; 72.20.-| long-range crystallinity.

The BsC alloy thin films grown by PECVD are slightly
p-type, i.e. essentially intrinsic [1, 3,4]. In order to develop
i ) _ ) _ true boron—carbon homojunction devices, it is necessary to
With the growing demand for semiconductor materials whichyevelop n-type materials by means of doping. The doping of
can operate at temperatures in exces8Qf°C, alternatives  poron—carbon alloys has only recently been examined [17],
to silicon are being sought. Although silicon carbide has exyhereas the doping of crystalline boron-rich materials has
cellent thermal properties, it is difficult to manufacture andbeen more extensive|y studied. In particumrhombohedral
package. Alternatives to silicon carbide are the boron-riclhoron, a p-type material, has been doped with, P, and
materials, in particular boron—carbon alloys. Like boron carge [18—20], where only the latter was found to transform
bide, the boron—carbon alloys are refractory materials withhe material to n-type. Even thoug¥in and Fe have the
melting temperatures in excess2#00°C. These alloys typ-  same number of electrons in their outer shedf4they yield
ically have band gaps in excessof eV[1,2] and low num-  p_ and n-type materials, which suggests that they may have
bers of free carriers [1]. markedly different structures. Attempts to dope crystalline
Boron—carbon alloys have been successfully grown byoron carbide withSi (B43C) and P (B1C) failed to trans-
the technique of plasma-enhanced chemical vapor depositi@grm the material to n- type [21, 22]. These examples demon-
(PECVD) [1,3-5]. The alloy forms of boron carbide have strate the complexity of introducing dopants into boron-rich
the chemical compositioBsC. The alloy materials typically materials in order to obtain n-type character.
- In this paper we present the resultsNif and P doping
* Fax: +1-208885-6809, E-mail: dmcilroy@uidaho.edu of boron—carbon alloyBsC) thin films grown by PECVD.
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Transport, device characterization, and spectroscopic studiloy was measured using a double beam, double monochro-
ies have been undertaken. This study demonstrates that theator, Perkin-Elmer Lamda-9 series spectrophotometer. All
alloy polytypes of boron carbide exhibit behavior with dop-X-ray diffraction data were obtained usit@u K, radiation
ing similar to that observed for the single-crystal forms of(» = 1.54A). Infrared absorption spectra have been obtained
B-rhombohedral boron and boron carbide even though the twior undopedNi-doped, and phosphorus-doped boron—carbon
forms have different transport properties. alloys. The experimental details have been discussed in
greater depth elsewhere [2].
Gold pads were sputtered onto the boron—carbon films and
1 Growth and experimental details the rear of theSi substrates for diode device characterization.
Wire contacts were attached to the gold pads with silver paste.
Boron—carbon alloy thin films were deposited on n-typeThis resulted in good ohmic contacts. The conductivity meas-
Si(111) substrates following procedures described in dedrements were obtained using the standard four-point-probe
tail elsewhere [1,4, 8, 23]. Deposition of the films was per-method.
formed in a custom-designed parallel pla&56 MHz radio-
frequency PECVD reactor used in previous studies [1, 4, 23].
The silicon substrates were n-type doped7te 10%/cm®. 2 Results
They were chemically etched and cleaned prior to insertion in
vacuo and set on the lower electrode in the PECVD chambe?.1 Structure and stoichiometry
The substrates were further cleaned Ay~ bombardment
at 300 mTorr 40 W and annealed a400°C in the vacuum 2.1.1 Ni—BsCy.s. Doping of the boron—carbon alloy films
system. During deposition the samples were maintained atith Ni was achieved by introducing nickelocene into the
ground potential and the anode biased@. The plasma growth chamber during deposition. Since nickelocene has
power was30 W and the chamber pressure wi¥) mTorr two cyclopentadiene rings which contain C atoms, we have
The molecule closol,2-dicarbadodecaborane (ortho- made the assumption that fragments of these rings are incor-
carborane) (see Fig. 1a) was used as the source compouparated into the film. Therefore, we will henceforth represent
for growing the boron—carbon alloy films. Nickelocene theNi-doped boron—carbon alloy films B$—BsCy.5, where
(Ni(CsHs),) was used as the nickel source. Nickelocene was is a fractional amount of carbon introduced into the film
introduced into the plasma reactor simultaneously with orthofrom the fragmentation of the cyclopentadiene rings [24]. The
carboranedlosa1,2-dicarbadodecaboran@,810H12)). The  higher concentration of C may decrease the band gap, but
orthocarborane partial pressure vi&¥) mTorrand the nick-  should not change the intrinsic properties of the material [1].
elocene partial pressure ranged fréhmTorr(low doping)  The inclusion ofNi in the boron—carbon alloy films was ver-
to 150 mTorr(high doping). An estimation of &li doping ified with Auger electron spectroscopy (AES). The signature
concentration of> 1 x 10°! has been determined based onof Ni in the Auger spectra suggests that Mieuptake is large
the Ni spectral lines in Auger electron spectroscopy (AES)nd therefore these films are highly dopgs { x 10°Y).
and X-ray emission spectroscopy (XES). Subsequent lower In Fig. 2a we present infrared (IR) absorption spectra of
doping levels, i.e. lower nickelocene partial pressures, haven undopedsC film and a ‘low’-dopedNi—BsCy s film.
been estimated based on the assumption that the leWwdl of Similar IR spectra were obtained for the boron—carbon films
incorporation is proportional to the nickelocene partial preswith ‘high’ Ni doping. The spectra in Fig. 2a are comparable
sure during deposition. The boron—carbon alloy films werdo absorption spectra obtained by Shirai et al. [25] for boron—
typically 2000-2500A thick. carbon alloys. For botBsC andNi—BsCjy5 strong vibration
The boron—carbon—phosphorous or phosphorous-dop@&dodes are observed betwe@®0 cntt and1500 cnrt. The
boron—carbon alloys were grown under the same conditionsode at942 cn? is attributed to BB vibrational modes of
as the undoped boron—carbon alloys, except that a singlé¢he boron network. We have tentatively assigned the con-
source compound dimeric chloro-phospha(111)-carboran@uum of states betweehl100-1500 cnt! to B—C vibra-
([C2B10H10PCll,) (see Fig. 1b) was used in place of or- tional modes. A B-H mode is observed2&35 cnt! and is
thocarborane. These phosphorus-doped films were typicalindicative of the inclusion of H. The IR absorption spectrum
> 1um thick. The optical gap of th®-doped boron—carbon of the Ni—BsCy.;s film in Fig. 2a shows a dramatic decrease

Boron @  Hydrogen Fig. 1a,b. Schematic diagrams of the
source moleculesa orthocarborane

(C2B10H12) andb dimeric chloro-phos-
pha(lll)carborane [C2B10H10PCll2)

Chlorine @ Phosphorous
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in the intensity of the B—B and B—C modes. The introduction §
of defects withFe doping has been attributed to the damp- ‘&€
ening of vibrational modes dfe-doped single-crystal boron ™ 1 1 1 1 1 1

carbide [18]. This argument may apply to thééie-BsCy.s 235 30 35 40 45 50 55 60
films. Angle 28 (degrees)
X'ray d'ﬁ_"aCt'on measurements of tM_B5C1+5 films Fig. 3a,b. X-ray diffraction patterns ofa phosphorus-dopedsC and

were essentially equivalent to those of undope@ [1] (see undopedBsC, both grown on Si(111), in theg2range from 20 to 60°.

Fig. 3b), although, we do anticipate a high defect density witiThe large sharp peaks are the13il) and S{222 diffraction lines

Ni doping in light of the attenuation in tH@00-1500 cnt

modes in the absorption spectrumNif—BsCy.s (Fig. 2a).

More detailed structural measurements will need to be pediffraction peak centered around.23is observed for thé-

formed to determine the detailed changes duditdoping. doped material. The calculatedspacing value for this broad
feature is2.10A. In contrast, a double diffraction peak at
43.7° and 442° is observed in Fig. 3b for undopdsC [1,

2.1.2 Phosphorus-dopeBsC. In Fig. 2b we present the IR 8,27]. The calculated spacing for the doublet diffraction

absorption spectrum for phosphorus-dojBf. The spec- peak is2.03A and 1.87A, respectively, which i$%—-10%

trum is very similar to that for the undoped material. Again,smaller than for thé>-doped alloy. The spacings of the

the continuum of states froh100-1500cnT! are B—C vi-  doped and undopeBsC alloys are smaller than th274A

brational modes, the state2f35 cnt? is the B-H mode, and spacing reported for single-crys@&jC [28,29]. The average

the C—H mode is @916 cnT?. Unlike theNi-doped alloy, the  grain size of the phosphorus-doped alloy is approximately

intensity of the B-C modes remains quite strong. In addition57 A, compared to approximatey00A for the undopedsC

the background is much less for tRedoped alloy, compared film. We speculate that the diffraction pattern and smaller

to that for theNi-doped alloy. grain size of theP-dopedBsC may be indicative of a new

X-ray emission from phosphorus is very low and in- polytype [30].

dicates that there is very little phosphorus content in the

PECVD-grownP—BsC films (« 3%). Consequently, these 2.2 Transport and electronic structure

P—BsC films are more akin to a phosphorus-dope alloy

rather than a ternarP—B—C alloy. In Fig. 3 we present 2.2.1 Nickel-dopedsCi.s. The inclusion ofNi in BsC dra-

the X-ray diffraction pattern for thef2range from 20 to  matically increases the conductivity by approximately eight

60° of (a) aP—doped BC film approximatelyl um thick  orders of magnitude from0~° (2 cm)~* at room tempera-

and (b) a2500A-thick BsC film. The strong sharp peaks ture for undopedsC to 6.67 x 10-2 (2 cm)~—. Similar in-

are theSi (111) and (222 diffraction lines. A single broad creases in the conductivity with carbon doping of boron-rich
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solids have been observed [31]. In Fig. 4 we have plotted the 2.0

conductivity of Ni—BsCy,s for a low nickel concentration Applied
(< 1x 10%), as determined from the spectral intensity of the —~ |5 Bias (V)
Ni feature in the corresponding Auger spectrum) as a func-<é =T
tion of the reciprocal temperature. The linear region of the —
conductivity in Fig. 4 has been fitted to the Arrhenius rela- «  1.OF
tionship, e
5 05¢F
Ino =Inog— Ea/ksT , @ 2
ok-- i/ (a)

whereoy is the initial conductivity,E, is the thermal activa- Lot bt
tion energykg is Boltzman’s constant, arifl is the tempera- -6 -4 -2 0 2 4 6
ture. This gives an apparent activation energy0@00 eV, Applied Bias (V)
which is much less than the25 eV value obtained for un-
dopedBsC [1]. Werheit et al. [32] found evidence of states ob-——---—- el
pinned approximatel200 meVbelow the conduction edge. —~ ! |
Our data for theNi-doped boron—carbon alloy also suggest <:IL -20}+ !
the presence of donor states approximag&d9 meVbelow ~ I :
the conduction band edge. £ -40} :

The 1-V curves of two diodes constructed with @ ! I
Ni—BsCys grown on n-typeSi(111) are displayed in panels 5 -gol !
(b) and (c) in Fig. 5. When compared to the diode constructed®© : :
with BsC (Fig. 5a), the results in Figs. 5b and 5c indicate ™ -go ! (b)
thatNi doping transform®8sC from p-type to n-type. These PR U P P T
diodes rectify with reverse bias, i.e. the nickel-doped boron— 6-4-2 0 2 4 6
carbon alloy appears n-type relative to the lightly doped Applied Bias (V)
n-type silicon substrate.

With the ‘high’ nickel doping, a negative differential re- o

sistance, or a valley in the current, occurs in the effective—
forward bias direction for diodes formed on n-type silicon, §
as well as on p-typ&i, as seen in Fig. 5¢c. This behavior is ~ -30
characteristic of a tunnel diode [33—41] and is consistent with &
degenerative doping and the introduction of donor states be-£ -~100
low the conduction band minimum.

In Fig. 6 we present one of the few homojunction
diode ever constructed exclusively with boron—carbon thin

r

ICu

-150

(c)
films [24]. The diode was constructed by growing p-type 200t 4t . 1,4y

-6 -4 -2 0 2 4 6
Applied Bias (V)

Fig. 5a—c.The diodel -V characteristics af BsC/n-Si(111),b Ni—BsCy5/
n-Si(111) with a ‘low’ nickel concentration, andthe |-V curve of a tun-
4-2 nel diode ofNi—Bs5Cy45/n-Si(111) with a ‘high’ nickel concentration. The
inset ina is a schematic of th8sC/n-Si(111) diode

|
|
H

L 2
Ln (o) (Ohm-cm) :

BsC on n-typeNi—BsCy 5. The temperature dependence of
the rectifying properties of the diode is also displayed in
Fig. 6. For temperatures exceedb@p K, the leakage current
increases by less thdmmA at—4 V. The temperature depen-
dence of this homojunction diode is much less significant than
for earlierBsC/n-typeSi(111) heterojunction diodes [4]. The
natural log of the leakage currenk] as a function of recip-
1-10 rocal temperature is plotted in Fig. 4. A fit of the data gives an
activation barrier height 00 meV,
d-i2 This activation barrier is dependent on the nickel dop-
) , L L ing level. In Fig. 7 we have plotted the activation barrier,
15 20 25 30 35 40 45 50 55 determined from the leakage current, as a function of nick-
1000/T (I/K) elocene partial. pressure during depo§ition. Assuming that
Fig. 4. (a) The natural log of the conductivity di—BsCy.5 as a function the Ni tha-ke into_the film is proporﬂpnal _tO -the nicke-
of reciprocal temperature, where the line is a fit of the data, and (b) the nal-ocen.e partial pressure, the rgsults of Fig. 7 indicate th.at the
ural log of the leakage current ofNi—BsCy,5/BsC diode as a function of ~de€nsity of states introduced into the gap increases With
reciprocal temperature concentration.

Ln (L) (A)
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Fig. 8. The Tauc plot of a phosphorus-doped boron—carbon alloy thin film
(P—BsC). Egq identifies the position of the band gap26 eV

Applied Bias (V)

Fig. 6. The |-V curve of aNi—BsCy.5/BsC diode with a ‘low’ Ni concen-
tration at temperatures @96 K and523 K. The inset is a schematic of the

diode construction 3 Discussion

It is the icosahedral network of the boron—carbon alloys
which gives them their unique transport properties. Conse-
guently, the introduction of dopants can have dramatic effects
on their transport. In order to understand fully how the differ-
ent dopants may affect bulk transport, it is important to un-
derstand how dopants are accommodated within the icosahe-
dral network. Dopants can be introduced into the icosahedral
network either by substitution or by network modification.
The effects of the two pathways are as yet unclear. Through
the correlation of the structural and stoichiometric properties
with transport properties, this issue may be resolved.

0.35

0.30

0.25

0.20 3.1 Structure and stoichiometry

A

Activation Energy (eV)

3.1.1 Nickel-dopedsC,,s. X-ray diffraction indicates that
the structure oBsC andNi- BsCy, 5 appear to be equivalent.
This is consistent with studies d¢fe-doped single crystals
of p-rhombohedral boron where th& atoms filled in voids
rather than displacing boron atoms within the lattice [18, 44].
Kuhlmann et al. [18, 44] found that even at Beconcentra-
tion as large a€%, the unit cell off-rhombohedral boron
increased by less th@n5%. The lack of any apparent change
in the crystal structure dfli—BsCy 5 is consistent with crys-
tallographic studies dfe-dopedB-rhombohedral boron.

The filling of voids with Fe doping of -rhombohedral
boron has been attributed to the dampening of vibrational
2.2.2 Phosphorus-dopéeBisC. The conductivity of the phos- modes in IR absorption spectra in thE50-600 cnt
phorus-doped boron—carbon alloyigi7 x 10711 (Qcm)~!  range [18, 44]. In the IR absorption spectrumNif-BsCy. s
[30]. This is approximately two orders of magnitude less tharnn Fig. 2a we see that there is significant dampening of vi-
the conductivity of undopeBsC alloy [1]. This suggests that, brational modes below500 cnt?, which includes the B—C
like the undoped material, the phosphorus-doped alloy is alsmodes betweerd100-1500cnt. The B—C modes are ei-

a near-perfectly compensated material with very few carrither icosahedral breathing modes or B—C chain-stretching
ers. The optical gap of the phosphorus-dope@ alloy has modes. The dampening of modes beld®00 cn!, can be
been determined by plottingrE)Y/? versus energyH), as  explained in either of two ways. The first is thdt is in-
seen in Fig. 8. From the standard Tauc plot [42], the bandorporated into the voids in the icosahedral network. The
gap has been determined to B& eV. This value is more alternative explanation is thati alters the symmetry at the
consistent with the band gap Bf2P [43] than for undoped sites of inclusion such that these modes are no longer allowed.
PECVD-grownBsC which has a band gap of typically be- Both explanations are consistent with the X-ray diffraction of
tween0.7 and0.9 eV [1, 2]. In contrast to the single-crystal Ni—BsCy.s which indicated that the icosahedral crystalline
material, the concentration of phosphorus in B alloy  network structure oBsC remains intact witiNi doping. Sub-

is <« 3%. traction of a smooth background from tiNdi—BsCy,s IR

A

5 1 i i 1 i L
04 06 08 1.0 12 14 1.6
Ni(Cp) 2Io-carborane

Partial Pressure Ratio

Fig. 7. The activation barrier oNi—BsCyg/BsC homojunction diodes as
a function of nickelocene partial pressure during film deposition

0.1

E
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spectrum indicates that the concentration of H in the boronat room temperature. Similarly, the conductivity of iron-
carbon alloy does not significantly increase withdoping.  doped p-rhombohedral boron increased by approximately
This is an important issue since the incorporation of excesthree orders of magnitude frorhx 10-3 (Qcm)~! to ap-
hydrogen could passivate tiNi donor states and leave the proximatelyl (2 cm)~! at room temperature [19]. The con-
material p-type. duction mechanism dfli—BsC;.,s can be broken down into
two regimes: a high-temperature regime where the conduc-
tivity obeys the Arrhenius relationship and a low-temperature
3.1.2 Phosphorus-dopeBsC. In contrast toNi doping, the regime where the conduction is better described in terms of
broad diffraction peak in Fig. 3a d?-dopedBsC indicates a hopping mechanism. This is apparent from the deviation
that the inclusion of phosphorus does modify the structuref the linear dependence of the conductivity at low tem-
of the boron—carbon alloy. This suggests that phosphoryseratures in Fig. 4. Similar behavior has been observed for
cannot simply go into voids in the icosahedral network,single-crystal boron carbide [22] and amorphous silicon car-
but probably substitutes into the network. This is consisbide [45]. This is in contrast té-e-dopedp-rhombohedral
tent with phosphorus doping of single-crystal boron carboron where the transport was found to obey Mott's law
bide andB-rhombohedral boron [20,22]. In both of these o = o exp(To/T)¥* for variable range hopping over a large
systems, phosphorus is substituted for C or B sites in theange of temperatures [19]. While the conduction mechan-
diagonal chains which connect the icosahedral network. Thems ofNi—BsC,,; andFe-dopedd-rhombohedral boron ap-
larger covalent radii oP, relative to B and C, may subse- pear to be different, the fact that the conductivity of both of
quently distort the lattice and explain the change observethese undoped materials increases with doping supports our
in the X-ray diffraction pattern of thé&-doped material in earlier conjecture thatli atoms go into voids in the icosahe-
Fig. 3a. This is consistent with observed lattice distortiongral network.
of single-crystalB;_xCx when the C concentration exceeds A fit of the linear region in Fig. 4 yields an activa-
20% [31, 32]. Chain vacancies as large2i®6 are expected tion energy of0.200€eV. This is significantly lower than
for single-crystal boron carbide [16]. the activation energy o01.25 eV for undopedBsC [1], but
We expect the density of chain vacancies to be higher it is comparable to activation energies of single-crystal
the alloys than in the single-crystal materials, because of thgoron carbide{40-160 me\j [9, 46], and phosphorus-doped
short-range order of the boron—carbon alloys. Subsequently;rhombohedral boron2@0-240 me\j [22]. The dramatic
if the dominant mechanism fd? incorporation is by substi- decrease in the activation energy of the boron—carbon alloy
tution, then a reduction in chain sites will greatly inhibit the with nickel doping indicates that additional states are in-
fractional amount of phosphorus introduced into the boron+troduced into the gap. Using optical techniques, Werheit et
carbon alloy. This is substantiated by an X-ray emission linal. have observed such states Ferdopedp-rhombohedral
for phosphorus, that at best is very weak compared to theoron [32], Si-doped p-rhombohedral boron [21], and
Auger signal observed fo¥i—BsCy.s. MgAIB 14-type borides [32]. The large background begin-
The IR absorption spectrum of the-doped alloy in ning at approximately2700 cnt! in the IR spectrum of
Fig. 2b exhibits the same general structure as the spectruNi—BsCy,s (Fig. 2a) is indicative of new optically allowed
for undopedBsC. The B—C vibrational modes between 1100transitions and supports our conclusion tNatdoping intro-
and1500 cn1? of the P- doped material are still quite strong, duces states into the gap.
in contrast to the spectrum &fi—BsC;,s. The large back- SinceNi doping (as discussed in more detail in the next
ground above500 cntt observed for théi-doped alloy is  section) ofBsC leads to an n-type material, we can now
also absent from thE-doped material. Common to all these explain the origin of the increased background absorbance
alloy materials are the B-H and C—H vibrational modes atibove approximatel§800 cnt! in Fig. 2. Since donor states
2535 and2916 cnt?, respectively. The strong similarities are approximatel200 meVbelow the conduction band edge,
between theP-doped and undoped boron—carbon alloys, inoptical transitions at about600 cnt! and higher are pos-
conjunction with the striking differences from tidi-doped  sible from the donor states to the conduction band continuum,
material, argues strongly in favor of phosphorus substitutione. the greater the energy of the radiation, the greater the ab-
rather than the filling of voids, as appears to be the case faorption efficiency. The introduction of donor states with
Ni-doping. Substitution of phosphorus for C or B atoms in thedoping clearly adds charge carriers. This leads to a decline
chains would shift the B—C vibrational modes, but would nei-in the resistivity with increased doping. The increase in the
ther attenuate nor modify the symmetries of these modes. Theumber of charge carriers also has the effect of decreasing the
IR spectra also substantiate the observed differences betweghermal activation barrier, as seen in Fig. 7. This is the type of
the two doped materials with X-ray diffraction. These differ- behavior one would anticipate.
ences should be manifested in the electronic properties of the The reduced conductivity of phosphorus-dopBeC
doped materials. (from1x10°°(Qcm)~! to 1.47x 10 (Qcm)~1) is con-
sistent with phosphorus doping@irhombohedral boron [20]
and boron carbide [22], where reductions in the conductiv-
3.2 Conductivity of nickel-dopeBsC,s and ity of approximately two orders of magnitude were observed.
phosphorus-dope&sC If phosphorus were incorporated into the voids in a man-
ner similar to that postulated faxi, we would anticipate
The conductivity ofBsC, similar to that of3-rhombohedral an increased conductivity, contrary to our results. The incor-
boron, increases with the introduction of select dopantgporation of phosphorus substitutionally with strong covalent
In the case ofNi doping, the conductivity increases from bonds will tend to localize the extra electron of phosphorus,
10-° (2cm)~?! for undoped films t06.67 x 103 (Qcm)~t  relative to B and C, more efficiently than is anticipated with
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the filling of voids. These results and the change in X-rayCBM

diffraction of BsC with phosphorus doping supports the in- OODDODDDO
terpretation that phosphorus is substitutionally incorporated
into the icosahedral network. This is consistent with simi- Donor States

lar findings for phosphorus doping pfrhombohedral boron,

where phosphorus is substitutionally incorporated into the .

chain positions connecting the icosahedral network [20]. Ei """"""""
The effects ofP-doping of BsC are dramatically illus-

trated in the Tauc plot in Fig. 8, which indicates that the

band gap of phosphorus-dopBgIC is 2.6 eV. This is an in-

crease of approximateli.7 eV relative to the undoped ma-

terial. The increased band gap of phosphorus-ddpgd

is yet another example of the diverse effects that different V BM

dopants have on the eIeCtronI(_: structure of the boron_carb%. 9. Schematic energy band representations of donor states in the band

alloys. The2.6-eV-band gap with phosphorus doping lendsgap of a semiconductoE; represents the Position of the Chemical potential

further weight to our hypothesis thhli is incorporated into in the gap for the intrinsic semiconductor materials

the icosahedral network, possibly into chains connecting the

icosahedra.

the undoped, or p-type material, is positive with respect to
3.3 Device properties of nickel-dop@%Ci, the nickel-doped material. This conclusively demonstrates the
n-type properties of thili-doped material. To the best of our
Heterojunction diodes constructed withi—BsCys thin knowledge, this is the first successful construction of a boron-
films provide further insight into the changes to B¥C elec-  based homojunction diode. The diode has very good rectify-
tronic structure wittNi-doping. Thel-V curve in Fig. 5a of  ing properties with an onset voltage of approximaglyand
a diode constructed with undoped PEC\H3C alloy film  aleakage current of less thaBpA at—4 V.
on n-typeSi demonstrates the p-type character of this mate- The rectifying properties of the homojunction diode at an
rial and has the expected rectifying character with forwarclevated temperature are also displayed in Fig. 6. The onset
bias. In contrast, thé—V curve in Fig. 5b of a@\i—BsCy,s  voltage decreases systematically with increasing temperature
alloy film grown on n-typeSi rectifies with reverse bias. and eventually reaches a value of approximatelyV at
This demonstrates that thiei-doped material is an n-type 523 K. However, the temperature dependence of the leakage
semiconductor and that this forms ah—n heterojunction, currentis very small and indicates that the tunneling effect is
whereNi—BsCy ¢ is more n-type than th8i substrate. The small and therefore these boron—carbon homojunction diodes
transformation ofBsC with Ni doping agrees with stud- should be stable against breakdown via tunneling. A fit of
ies of B-rhombohedral boron which changed from p-typethe temperature dependence of the leakage current gives an
to n-type with Fe doping [18,19]. The n-type behavior of activation energy 0200 meVfor this Ni-doping level. This
BsC with Ni doping is significant sincEeis the only previ- BsC/Ni—BsCy,s homojunction diode is much more imper-
ously known dopant to cause this type of transformation irvious to thermal breakdown than earl@sC/n-typeSi(111)
a boron-rich material with icosahedral structure. Naively, onéneterojunction diodes [4] and demonstrates the need for n-
might reach the conclusion that all metal dopants will resultype boron—carbon alloy thin films in order to further the
in an n-type boron-rich material, yet studiesMh doping development of high temperature boron—carbon devices.
of g-rhombohedral boron found that the material remained
p-type [18].
The 1-V curve in Fig. 5c of a diode constructed with 4 Summary
a highly doped % 1 x 10?Y) Ni—BsCy, alloy films exhibits
a negative differential resistance, or a valley in the currentVe have examined the effects of phosphorus and nickel dop-
in the reverse bias direction and is characteristic of a tuning on the structural and electronic properties of boron—
nel diode. The tunneling behavior is dueNbd donor states carbon alloys. X-ray diffraction studies indicate that the struc-
just below the conduction band minimum. This is illustratedture of theNi-doped material is essentially unchanged from
in the diagram of the electronic structure 9f—BsCy, 5 in that of undopedsC. In contrast, a single broad diffraction
Fig. 9. The conductivity measurements Nf—BsCy,s (see peak is observed for the-doped alloy, rather than the dou-
Fig. 4) position these stateX)0 meVbelow the CBM. The ble diffraction peak of undopeBsC. These results indicate
tunneling of these states generates a current into the condubat the boron—carbon alloy structure is dependent on the
tion band ofNi—BsCy.s, Which opposes the direction of the type of dopant. The structure ™i—BsC;,s and BsC ap-
conduction electrons which flow from théi—BsCy. 5 alloy  pear similar, as are their vibration modes. Nonetheless, the
into the n-typeSi. At approximatelb V the tunneling current  low energy modes betwe@®0-1500 cnt?! are dramatically
is overwhelmed by the conduction current and normal diodsuppressed withNi doping, whereas absorption at higher en-
behavior is established. ergies & 2700 cnT?!) increases significantly. Similarly, the
With the development of a PECVD process for grow-absorption spectra dP-dopedBsC is very similar to un-
ing n-type boron—carbon alloys, it is now possible to con-dopedBsC. Based on the X-ray diffraction and absorption
struct homojunction diodes usirB5C andNi—BsCy,5. An spectroscopy, we have postulated tNats incorporated into
example of the rectifying properties of such a device is disvoids in the icosahedral network, whikesubstitutes for B
played in Fig. 6. Note that the diode is in forward bias whenand C atoms in the icosahedral network. This issue, along
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with a better understanding of the microstructure in generalj12
must be pursued. 13

The conductivity increased by six orders of magnitude
with Ni doping and decreased by two orders of magni-

of Ni—BsCys was found to obey the Arrhenius relation-
ship. The activation energy @00 meVof moderately doped
Ni—BsCy,s5 (> 10%Y) indicates that new states are introduced
just below the conduction band. We have argued that the
increased conductivity witiNi doping is consistent with in-
corporation ofNi into voids in the icosahedral network and

that the reduced conductivity with phosphorus doping is con-20:

sistent with substitution into the boron—carbon icosahedral,;
network.

Diodes constructed wittNi—BsCy.s thin films demon-
strated thaiNi doping transforms undopegsC from an in-
trinsically p-type material to an n-type material. While it is
unclear if phosphorus-dope&5C remains p-type, the band
gap does increase 6 eV to 2.6 eV, relative to undoped
BsC. The n-type property oNi—BsCy, 5 is consistent with
Fedoping off-rhombohedral boron. These results, combined
with the conductivity measurements, further support the con-
clusions thati is incorporated into voids in the icosahedral

network and that phosphorus substitutes for B and C in thes.
27.

chains connecting the icosahedral network.
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