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Trimethylboron (TMB) was investigated as ap-type dopant source for the vapor–liquid–solid
growth of boron-doped silicon nanowires(SiNWs). The boron concentration in the nanowires was
measured using secondary ion mass spectrometry and results were compared for boron-doping using
TMB and diboranesB2H6d sources. Boron concentrations ranging from 131018 to 431019 cm−3

were obtained by varying the inlet dopant/SiH4 gas ratio. TEM characterization revealed that the
B2H6-doped SiNWs consisted of a crystalline core with a thick amorphous Si coating, while the
TMB-doped SiNWs were predominantly single crystal even at high boron concentrations. The
difference in structural properties was attributed to the higher thermal stability and reduced
reactivity of TMB compared to B2H6. Four-point resistivity and gate-dependent conductance
measurements were used to confirmp-type conductivity in the TMB-doped nanowires and to
investigate the effect of dopant concentration on nanowire resistivity. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1792800]

Silicon nanowires(SiNWs) are of interest for use as
building blocks in the bottom-up assembly of nanoscale de-
vices and circuits.1,2 A number of prototype devices have
been demonstrated including field effect transistors,3 chemi-
cal and biological sensors,4 and p–n junctions.5 The ability
to control the conductivity of the nanowires through inten-
tional doping without unwanted changes in crystallinity is
important for the realization of nanowire-based electronics.3

Vapor–liquid–solid(VLS) growth is the most common
method used for the synthesis of SiNWs. In this technique,
gold sAud is used to catalyze the decomposition of a source
gas, such as silanesSiH4d, resulting in the formation of a
Au–Si liquid alloy provided that the temperature is greater
than the eutectic temperature(,363°C).6,7 A single crystal
SiNW is then precipitated from the liquid alloy when it be-
comes supersaturated with Si.6,7 For boron-doped SiNWs,
diboranesB2H6d has been used as ap-type dopant source in
combination with SiH4 during VLS growth.8 However, pre-
reaction between the two sources resulted in the deposition
of a thick amorphous Si layer on the outer surface of the
nanowire during growth. While this radial growth can be
used to formi-Si/p-Si core-shell structures,9 it is undesired
for the fabrication of uniformly boron-doped nanowires. In
this study, the use of trimethylboron[sCH3d3B or TMB] has
been investigated as an alternativep-type dopant source for
SiNW growth due to its reduced reactivity compared to
B2H6.

Anodized alumina membranes, with nominal pore diam-
eters of 80 and 200 nm, were used as a platform for VLS

growth of the boron-doped SiNWs, using a process similar to
that reported previously.10 VLS growth of boron-doped
SiNWs was carried out in an isothermal quartz tube reactor
at 500°C with a total reactor pressure of 12 Torr using a
10% mixture of SiH4 in H2 as the source gas and either TMB
(200 ppm in H2) or B2H6 (100 ppm in H2) as the dopant gas.
The total gas flow rate was held constant at 100 sccm. The
boron to silicon ratio in the inlet gas streamsfB:Siggasd was
varied from 4.0310−6 to 1.6310−2 by changing the inlet gas
flow rates of the dopant gas(TMB or B2H6) and SiH4.

The nanowires were grown to a nominal length of
30 mm, such that they protruded approximately 25mm out
of the top surface of the membrane. All analyses were con-
ducted on nominally undoped, TMB-doped, and B2H6-doped
SiNWs to compare the doping efficiency of the two dopant
sources. Secondary ion mass spectrometry(SIMS) was used
to measure the boron concentration of the nanowires using a
3 keV O2

+ beam. SIMS was carried out on the surface of
membrane samples that contained a large collection of
nanowires for boron detection. SiNWs were released from
the membrane surface by mechanical agitation in an ultra-
sonic bath and suspended in isopropyl alcohol(IPA) for
structural and electrical characterization.

The boron concentration of the intentionally doped
SiNWs is plotted in Fig. 1 as a function of the B:Si inlet gas
ratio. The boron concentration obtained in the nominally un-
doped nanowires ranged from approximately 131017 to
131018 cm−3. These values represent the lower detection
limit for boron in Si during the SIMS measurements. Conse-
quently, it was difficult to accurately determine boron con-
centrations lower than,131018 cm−3 in the nanowires us-
ing SIMS analysis. In addition, it was not possible to
compare residual carbon levels in nominally undoped, TMB
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and B2H6-doped SiNWs using SIMS due to the effect of
surface layer organic contaminants on the measurement. Bo-
ron concentrations ranging from 131018 to 431019 cm−3

were measured in the SiNWs doped with TMB demonstrat-
ing that this dopant source can be used for controlled boron
incorporation.

Transmission electron microscopy(TEM) was used to
characterize the structural properties of the nanowires. A sus-
pension containing individual SiNWs was dropped onto
lacey carbon grids. Experiments were conducted on a JEOL
2010F field-emission TEM(FE-TEM) operated at 200 kV.
TEM micrographs of TMB-doped and B2H6-doped SiNWs
that had similar boron concentrationss2–431019 cm−3d are
shown in Fig. 2. The majority of the TMB-doped SiNWs
were found to be either single- or bi-crystalline, similar to
that reported previously for nominally undoped nanowires.11

As shown in Fig. 2(a), a representative TMB-doped SiNW is
approximately 50 nm in diameter and single crystalline with
a f111g growth direction and is covered by a thin 2 nm na-
tive oxide layer. In contrast, the representative B2H6-doped
SiNW shown in Fig. 2(b) consisted of a crystalline Si core,
approximately 30 nm in diameter, and an amorphous Si
shell, approximately 30 nm thick, similar to that previously
observed in B2H6-doped SiNWs.9

The different nanowire structures obtained with B2H6
and TMB can be explained by comparing the thermal stabil-

ity and reactivity of the two sources with SiH4. B2H6 in the
gas phase decomposes at relatively low temperature forming
monoboranesBH3d.12 The B–B bond dissociation energy of
B2H6 is approximately 27 kcal/mol.12 Furthermore, B2H6 is
known to react with SiH4 leading to an increase in the Si
growth rate for B2H6-doped films.13–15 The increase in Si
thin film deposition rate is believed to be responsible for the
formation of the amorphous Si outer layer on the
B2H6-doped nanowires. TMB decomposes via the sequential
loss of methyl groupsCH3d. The B–C bond dissociation en-
ergy in TMB is approximately 87 kcal/mol, leading to an
increased thermal stability for TMB compared to B2H6.

16

The reduced reactivity of TMB enables the growth of highly
B-doped SiNWs without a thick amorphous Si coating.

Four-point resistance and gate-dependent conductance
measurements were carried out on nominally undoped,
TMB-doped sfB:Siggas=1.6310−2d, and B2H6-doped
sfB:Siggas=1.4310−2d SiNWs with nominal 80 nm diameter
to determine resistivity and doping type. Electrical character-
ization was conducted using a back-gated structure that in-
cludes four topside electrodes as shown in Fig. 3. The two
internal electrodes serve as voltage probes for four-point re-
sistance measurements and as drainsDd and sourcesSd elec-
trodes for gate-dependent measurements. Samples were fab-
ricated by integrating as-grown nanowires onto thermally
oxidizedn++-Si substratesstox=160 nm,r,0.001V cmd by
electrofluidic alignment17 of individual SiNWs between pairs
of lithographically defined electrodes. Topside electrodes
were patterned in double-layer resist using electron-beam li-
thography (LEICA EBPG5-HR) followed by liftoff of
Tis80 nmd /Aus200 nmd deposited by thermal evaporation.
The separation between theD /S electrodes varied from 1.6
to 3.2mm for different devices on the test structure. All post-
growth thermal treatment(e.g., contact anneal) was avoided
to minimize unwanted impurity diffusion and activation that
would make direct comparison of the as-grown SiNWs dif-
ficult.

Current–voltage characteristics measured betweenD /S
electrodes separated by 2.2mm for nominally undoped,
TMB-, and B2H6-doped SiNWs are plotted in Fig. 4(a) and
show thatIDS is linear and symmetric withVDS for TMB- and
B2H6-doped SiNWs. Variations in current of up to a factor of
three were observed for different devices fabricated from the
same growth run due to differences in wire diameter and

FIG. 1. (Color online) Boron concentration in SiNWs obtained by SIMS
measurements as a function of the B:Si ratio in the inlet gas.

FIG. 2. HRTEM images of(a) TMB-doped sfB:Siggas=1.6310−2d SiNW
with [111] growth orientation. A thin oxide layer was observed on the outer
surface.(b) B2H6-dopedsfB:Siggas=1.4310−2d SiNW consisting of a crys-
talline Si core surrounded by an amorphous Si shell.

FIG. 3. FESEM image of the back-gated test structure used for four-point
resistance and gate-dependent conductance measurements. A 3D schematic
of the back-gated test structure is shown as an inset at the top left along with
a high magnification image of the SiNW at the top right.
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contact resistance. The resistance of nominally undoped,
TMB-doped, and B2H6-doped SiNWs found from the slope
of these data sets isRT,13108, 33106, and 23107 V,
respectively, which includes contributions due to nanowire
and contact resistance. The SiNW resistance was isolated
from contact resistance using the four-point configuration
where the differential voltageDV developed across the two
internal voltage probes was divided by the current forced
between the two external electrodes. This gives resistances
of RSiNW,33107, 13106, and 73106 V, respectively, for
the same SiNWs, and indicates that the contact resistance
varies from RC,1–35 MV in these structures. Nanowire
resistivity was determined fromRSiNW using dimensions
measured by field-emission scanning electron microscopy
(FESEM), and was found to berSiNW,9.0, 0.5, and
1.5 V-cm (see Fig. 3). The nanowire resistivity is higher
than would be expected in bulk Si at similar acceptor con-
centrations. This may be the result of inaccuracies in the
SIMS calibration, incorporation of compensating Au impuri-
ties during VLS growth,18 or a reduction in hole mobility due
to enhanced scattering. It should be noted that these values
only provide an estimate of the nanowire resistivity because
the effects of surface depletion or accumulation on the actual
cross-sectional area responsible for conduction and the effect
of the voltage probe contact barriers on channel potential are
not taken into consideration. In addition, it is unlikely that

the boron concentration in the SiNWs doped with B2H6 is
uniform due to the presence of the thick amorphous shell
structure. However, the trend to lower resistivity with the
addition of TMB- or B2H6-dopant gases during VLS growth
is consistent with the results of the SIMS analysis.

Gate-dependent I–V measurements of nominally un-
doped and TMB-doped SiNWs are plotted in Figs. 4(b) and
4(c). The nominally undoped SiNWs show a decrease inIDS
as VGS is increased fromVGS=0 to the turn-off voltage of
VGS,5 V. These characteristics are consistent with those ex-
pected for gate field modulation of the Schottky barrier
formed between the S/D electrodes and SiNWs withp-type
background concentration.19 In comparison, the TMB-doped
SiNWs have anIDS that is approximately 30 times larger than
the nominally undoped SiNWs atVGS=0 V and smaller
modulation ofIDS with increasingVGS. These nanowires re-
main conductive for gate voltages as large asVGS=40 V due
to the heavierp-type doping and the relatively thick gate
oxide. These gate-dependent I–V measurements further sub-
stantiate the SIMS and resistivity measurements, which indi-
cate that boron is being incorporated into the SiNWs during
synthesis.

In summary,p-type SiNWs have been successfully syn-
thesized by using TMB as an alternative dopant source com-
pared to B2H6. SIMS results demonstrated that incorporation
of boron into SiNWs using TMB can be achieved and varied
by changing thefB:Sig inlet gas ratio during VLS growth.
Furthermore, high boron incorporation was not observed to
alter the crystallinity of the SiNWs as occurs when B2H6 was
used. Four-point resistivity and gate-dependent measure-
ments confirmp-type conductivity in TMB-doped SiNWs.
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FIG. 4. (a) Two-point I –V of nominally undoped, B2H6-doped(left current
axis), and TMB-doped SiNWs(right current axis). Gate-dependentI –V of
the same(b) nominally undoped and(c) TMB-doped SiNW. The topmost
curve in (b) and (c) plots are measured underVGS=0 V. The gate voltage
step for the nominally undoped SiNWs isVGS= +1 V and that of the TMB-
doped SiNWs isVGS= +10 V.
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