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The ability to manipulate the conductivity of nanowires (NWs) a 300 nm thermally oxidized degenerately doped p-Si (0.001
through chemical surface modification is important for the realiza- Q-cm™! resistivity) substrate. For each device, the extrinsic
tion of NW-based electronic devices and chemical sehd®xide- conductivity @ex) Was determined using two-point probe methods,
coated Si NWs have been functionalized with amino siloxanes to and the intrinsic conductivityg,) was determined by four-point
impart pH sensitivity to the NW conductangExposure of oxidized probe methods. Voltage-dependent back-gate measurements, to
Si NW to 4-nitrophenyloctadecanoate or to tetraethylammonium determine the performance of Si NWs as FETs, were also
bromide has also been shown to improve the NW conductance andperformed. Measurements were performed 6118 devices from
to improve on-off ratios in Si NW-based field-effect transistors  each type and from different batches of Si NWs.

(FETs)? although the mechanism by which these treatments modify ~ For all samples, the four-point—V data were linear and
the interface state density at oxide-coated Si NWs is not clear. Oxidesymmetric about zero bias and showed higher conductivities than
coating of a Si NW is thought to induce trap states at the,/SiO those obtained using two-point methods (cf. Figure 2S). Comparison
interface? In addition, oxide coating of a Si NW is thought to act betweenl—V curves of the different samples, taken at zero back-
as a dielectric that lowers, and ultimately can limit, the effect of gate voltage\(g), indicated that the average conductance of,SiO
gate voltage on manipulating the conductance between the sourceSi NWs (@ex = 20 & 9 nS;gi, = 41 & 15 nS) was much less than
and drain of Si NW-based FEPsMacroscopic, planar Si(111)  that of H-Si NWs (@ex = 96 + 20 nS;gi» = 186+ 43 nS), which,
devices that are not oxidized but H-terminated exhibit low interface in turn, was less than that of GHSi NWs (@ex = 120+ 21 nS;
state density, yet are relatively unstable to oxidation and defect g, = 279+ 38 nS).

formation in the presence of &rWe report herein that Si NWs Figure 1 depicts the normalized average conductantg &t0
modified by covalent StCHs functionality, with no intervening  V of the various Si NWs versus time in air, as determined by two-
oxide, show atmospheric stability, high conductance values, 10w point (yex = Gex/(Qex)t=0; Figure 1a) and four-point/, = gin/(Qin)i=o;
surface defect levels, and allow for the formation of air-stable Si- Figure 1b) measurements. For $i€5i NWSs, yex andy;, remained

NW FETs having or-off ratios in excess of Fover a relatively constant, within experimental error, as a function of time. For both
small gate voltage swingH2 V). H—Si NWs and CH-Si NWs, the rate of decrease i (i.e.,

The Si NWs investigated were prepared by vagiuid—solid AyedAt) andyi, (i.e., Ayin/At) showed three main “time” regions,
growth technique8yielding p-type Si NWs doped with B to free-  0—3, 3-168, and 168672 h: [Aye/Atlo-3 h > [AyedAtls-168 n
carrier densities of (34) x 10" cm 2 The NWs grew along the > [Aye/Atlies-672 1 [Ayid/Atlo-3 n > [Ayin/Atls-168 n > [Ay,/
(111) direction. Transmission electron microscopy (TEM) data Atl16s-672 » and, mostly, at each time regiofAye /At > Ayi/At.
indicated that these NWs consisted almost entirely of smooth 62 y,, andy;, of the H-Si NWs continued to decrease even after 672
=+ 5 nm diameter Si cores coated with $idhe SiQ sheath was h (4 weeks) of exposure to air, whereas after 168 h imajrand
relatively uniform on an individual wire, but the coating thickness y,, of CH;—Si NWs stabilized to within 80% and 85% of their
varied in the range of 612 nm between different wires (cf. Figure initial values, respectively. The electrical and chemical passivation
1S(a) and (b)). Some of these NWs were then terminated with H, of Sj NWs by alkyl termination is in accord with the behavior of
by etching in buffered HF followed by exposure to Maq)®® alkylated (111)- and (100)-oriented crystalline Si surfaces, which
TEM images for freshly prepared H-terminated Si NW samples show surface recombination velocities €100 cm s? for over 1
showed a similar core diameter to the sitdated Si NWs butno  month in air and substantial resistance to air oxidation for a period
detectable Si@by energy dispersive spectroscopy (EDS) (cf. Figure of monthsé
1S(c)). The outer surface of these-Bi NWs was nearly uniform As shown in Figure 2, in a typical S§9Si NW device, g,
and exhibited a low concentration of TEM-detectable defects. Some responded weakly to the applied gate voltagewith gi, decreasing
of these NWs were then methyl-terminated using a two-step from 255 nS at,= —5 V to 4 nS atV,= +5 V, and showing no
chlorination/alkylation routé? TEM images of freshly prepared sjgnificant on-off state transition within this gate-bias region. This

CHs;—Si NW samples showed features similar to those ofSH behavior is in accord with prior work showing that $ISi interface
NWs, except _that the outer surface of the 3_C—:|EB| NWs was less and SiQ surface defects on oxidized Si NW compenséjeand
smooth (cf. Figure 1Sd) than that of the-i3i NWs. also trap and scatter carriéédn contrast, the average conductance

Devices were fabricated by integrating an individual Si NW with - of freshly prepared HSi NWs and of CH—Si NWs was extremely
four Al electrodes (each 54 0.1um in length and 40@ 20 nm sensitive toVy and could be shut off a¥, ~ 2.6 and 2.4 V,
in width) that were mutually separated by 88060 nm, ontop of  yegpectively, with an on/off ratio of 3.9 10* and 1.3x 105. The

P average conductance of.—HSi NWs and.CI—J—Si NWs atVy = 0.

s U%{/g:g‘@ o Californi a?g e’:l?ecl’gg_- Vwas ca. 4- _and 7-fo|_d higher, resp_ec_tl\_/ely, than that of_thQS|O

§ Lawrence Berkeley National Laboratory. Si NWs. Using a cylinder on an infinite plate motfeyielded
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Figure 1. Normalized average conductancevgt= 0 V of SiO,—Si NW,
H—Si NW, and CH—Si NW samples versus exposure time to air, as
determined by (a) two-probe/dx = gex(dex)i=0) and (b) four-probejin =
Oin/(Qin)i=0) Measurements. Hergex andgi, are the average extrinsic and
intrinsic conductances of the Si NW at a given exposure time to air, and
(gext=0 and @in)i=o0 are the average extrinsic and intrinsic conductance,
respectively, of freshly prepared samples (i.e.t & 0 h). For SiQ—Si
NWs, H-Si NWs, and CH-Si NWS, @edi=o = 20, 96, and 120 nS,
respectively, andd)i=o = 41, 186, and 279 nS.
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Figure 2. Average intrinsic conductancgif) versus back-gate voltage for
SiO,—Si NW, H-Si NW, and CH—Si NW samples in (a) semilogarithmic
and (b) linear scales.
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Figure 3. (a) Average hole mobilityuy) of SiO,—Si NW, H—Si NW,

and CH—Si NW samples versus exposure time to air. For clarity, a break
in the y-scale, atun, = 25—70 cn? V-1 s71, was introduced. (b) Onoff

ratio of H—Si NW and CH—Si NW field-effect transistors (FETS) versus
exposure time to air. For clarity, a break in thecale, at an onoff ratio
between 4500 and 11000, was introduced. ForSi®) NW, on—off ratios
were undetectable for5 V < Vg < +5 V.

estimates for the hole mobilityy,, of 18+ 4 cn? V1 s71 for SiO,—
Si NW, 123+ 3 cn? V1 s71 for H—Si NWs, and 140t 2 cn?
V~1 571 for CH;—Si NWs.

Voltage-dependent back-gate voltage measurements as a function

of time in air revealed substantial differences between,SE&)
NWs, H-Si NWs, and CH—Si NWs (Figure 3). The mobility of
SiO,—Si NWs did not change, within experimental error, as a
function of time in air. In contrast, the mobility of HSi NWs
decreased continuously, dropping from 123 to 87 ¥m' s* after

4 weeks (672 h) exposure to air, with the highest rate of degradation

during the fir$ 3 h of exposure to air. For CHSi NWs, the
mobility decreased upon exposure during the first weekG4 h)
by ca. 11%, from 140 to 124 ¢hW 1 s71, after which time it
stabilized at a level that was comparable to the initial value of the
H—Si NW hole mobility (i.e., at = 0).

The trend in mobilities and onoff ratios, with CH—Si NWs
> H—-Si NWs>> Si0,—Si NWs, can be attributed different densities

of surface states. Passivation of surface states via H-termination or

Si—C bonds on the Si NW surfaces decreases the probability of
electron-hole recombinatiol¥ and, thus, increases the carrier
mobilities. In response to changes in gate voltage, the same
passivation of surface states allows for more effective movement
of band edges in the channel, compared to channels witl SiO
interface or SiQsurface states and, thus, increases theaffratio
of FETs (cf. ref 13). The presence of hysteresis, that is, “memory”
effects! in fresh samples of Si©-Si NWs, but not in fresh samples
of H—Si NWs or CH—Si NWs, and the observation of the gradual
development of hysteresis in+8i NWs upon increasing exposure
time to air support the effects of surface states on the electrical
properties of Si NW FETSs.

The stable Ch=Si NW mobility and high or-off ratio of CH;—
Si NW FETs may make this approach of significant technological
interest. The carrier mobility could likely be further improved by,
for example, decreasing the doping level, decreasing the nanowire
diametert* and/or minimizing the “bending” sites and surface
roughness along the Si NW.Alkylation of crystalline Si using
the two-step chlorination/alkylation method has been shown to
proceed with minimal surface recombination using a variety of alkyl
groups that allow molecular level control and positioning of the
functionality and insulating dielectric propertieég allow for the
introduction of double bonds that facilitate elaboration of the surface
by further chemical functionalization, such as polymerization and
other organic reaction$,and to introduce or eliminate the pH
dependence of the flat-band potential of Si surfaces in aqueous
solutions!® suggesting that surface alkylation can be of utility in
forming Si NW electrical devices and Si NW chemical and
biological sensors with highly desirable properties under molecular
level control.
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