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Thanks to their large surface-to-volume ratiocsifi nanowires (Si
NWs) are extremely sensitive to all phenomena wicmhid alter
their surface potential and charge distribution.oSéh surface
variations lead to a change of the Si NWs equitatenductance.
The use of the output conductance of a silicon wineoas a
compact transducer for direct detection of (biojotval molecules
or gases has gained immense attention these lass.yi this
paper, fabrication of silicon nanowires using ta@wad approach is
shown, with simple calculations to determine holebifity, hole

concentration and resistivity. Transfer charactessand sampling
measurements were performed on the nanowires withnathout

surface functionalization under various ambient dibtons

indicating the importance of functionalization irder to avoid any
environment effect on the transport propertieefrianowires.

Introduction

Owing to different properties when compared tolibtk material, unique applications in
all fields, silicon nanowires have now become ajexttbof immense study. It is well
acknowledged that one dimensional (1-D) siliconavares are excellent systems to
investigate the dependence of electrical transpod chemical properties. Silicon
nanowires (Si NWs) are of exceptional interest beeaheir surface can be modified to
act as both interconnect (1) (2) and functionalktsusuch as immobilizing matrices in
fabricating electronic, electrochemical devices(@)(5) (6) with nanoscale dimensions.
Due to large surface-to-volume ratio and quasi ¢RBracteristics, Si NWs can be used
as ultra high sensitivity sensors for DNA detectigf) (8) (9). However, Si NWs
themselves have no chemical specificity and in otdedetect certain target species the
surface of the Si NWs has to be functionalized wiiblecules that can interact with the
specific target species which are to be detecthad. SEnsing mechanism is related to: (i)
change in density of silicon surface states, (@ation of a net charge in the molecules
which act as an effective top-gate, or (iii) chartgensfer between silicon and the
functionalized molecules (10) (11) (12) (13). Selexfunctionalization of Si NW array
is important since it improves the sensitivity,esivity and detection limit of the sensor
while keeping the surrounding areas inert. In théper, we report the fabrication of
silicon nanowires of various widths and lengthshgdop-down approach and graft the
surface of the wires using either (i) 3-(4-ethymylbyl)-1, 5, 7-trimethyl-3-azabicyclo



[3.3.1] nonane-7-methanol (EBTAM), or (ii) Octad8aychloroSilane (OTS). Electrical
measurements were carried out on the nanowiresebafal after functionalization with
these molecules and reduction of hysteresis areredd on functionalized wires.

Fabrication

Single crystalline Silicon nanowires of various dimsions are fabricated using top-down
approach using electron beam lithography and neadtin etching. The fabrication
process is presented in an earlier work (14). lafpstarting with a silicon-on-insulator
wafer, hydrogen silsesquioxane (HSQ) - a negatme tlectron beam (e-beam) resist -
is spin-coated. Followed with electron beam expestive resist is developed in
tetramethylammonium hydroxide solution (TMAH-25%)gure 1a shows the nanowires
after development of HSQ. Using Chlorine chemistngd HSQ as an etch mask, top-
silicon is etched to define nanowires along witlyéapads in silicon. HSQ is removed by
immersing the wafer in HF-1% for 30 s as shownim Eb. Then, PMMA is spin-coated
followed by exposure of patterns in order to opendews to deposit metal (Fig. 1c).
After the development of the resist and the dighefwafer in HF-1% in order to remove
native oxide, platinum is deposited to a thicknés20 nm. Excess platinum is removed
by lift-off in acetone. After inspecting the wafernth scanning electron microscope
(SEM) (Fig. 1d), annealing of the metal is complet&rray of 10 nanowires of width of
25, 50, 75, and 100 nm, with length of 0.3, 0.@, dnd 2.4 um and spacing of 0.3 pm,
and 1 nanoribbon (shown as the inset of Fig. 1dyviglth 1 pum, length 10 um are
fabricated on the same wafer, functionalized andsueed.
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Figure 1. Top-view SEM image of silicon nanowiegssarious stages of the fabrication.
(a) After resist development, (b) after top-silicetthing and HSQ removal, (c) after
exposure of PMMA to make windows for metal depositiand (d) after lift-off of
platinum on the source and drain pads. The ins&ighfld shows the fabricated single
microwire: width = 1 um and length = 10 pum.



Electrical M easur ements

Electrical characterization of the nanowires befarel after functionalization is
performed using B1500 Agilent semiconductor devécwlyzer. Figure 2 shows the
transfer characteristics of an array of 10 nanavokwidth 25 nm and length 300 nm,
measured in ambient air at fixed drain-source gelt@i/ys) of 2 V. The backgate bias is
varied from +20 V to -20 V in step of 1 V with aldand delay time of 0.5 s and 0.2 s,
respectively. The value of transconductance cashebermined by fitting the linear part of
the graph. The values of transconductancg) @hd turn-on threshold voltage )/ are
1080 nS and 12 V, respectively (extracted from Ff). A simple calculation to
determine the resistivity is shown below.

The capacitance, hole mobility, hole concentratind resistivity are calculated using
the equations [1]-[4] (15), respectively, as givahow.

C = n&o&siozbnw Whw / Thox [1]
G = lds/ Vg = HnoleC Vas/ Low [2]
Mote = Vin C / (N q Waw Trw Lnw) 3]

P =1/ Mholed Hnole [4]

Where C is the capacitance in Farad, n is the nuwibeires (10 in our casegy is the
permittivity of free space (8.854x1® F/m), esio2is the dielectric constant of silicon-
dioxide (3.9), L. is the length of the nanowire (300 nm)lis the thickness of buried-
oxide (400 nm), Wy is the width of the silicon nanowire 4\= 2 V, T, is the thickness
of top-silicon/nanowire (50 nm). The values for aeipance, hole mobility, hole
concentration and resistivity are 6.47%3®, 75.1 cm2/ V.s, 1.27x1b/ cm3, 0.640-cm,
respectively.
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Figure 2. (a) Transfer characteristicg-{/,g) of an array of nanowires of width 25 nm
and length 300 nm measured in ambient air. Salig i linear scale on the left hand side
and the dotted line is the log scale on the rigahdch side, respectively. (b) 2-D

simulations (without considering the traps at ifaees) showing the hole density in top-
silicon of thickness 50 nm for three different bgate bias values fordy= 0.1 V.

The value of hole mobility obtained from the measoent is much lower than expected
bulk mobility since the carrier transport is mainty the thin surface layer (surface



mobility) rather than in the core of the wires. Tiherease in scattering centers (created
due to reactive-ion-etching of the top-silicon tefide the nanowires), also accounts to
the reduction of carrier transport in the nanowirBse resistivity is 20 times lower than
the original unintentionally doped SOI wafers. Fg@b shows the hole concentration in
the nanowires for various backgate voltages (019,V, and -20 V) for fixed s = 0.1 V.
The top-silicon is depleted forpy = 0 V and for negative §4 the top-silicon is
accumulated with holes which are closer to thedalsaxide and bulk-silicon interface.
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Figure 3. (a) Transfer characteristicg{ng) of an array of nanowires of width 100 nm
and length 300 nm measured in ambient air. Sobdkline is forward sweep from +20
V to -20 V and the dotted black line is reverse ejpyerespectively. (b) Sampling
measurements showing the current variation witle timder various backgate biases.

Hysteresis is observed as can be seen from Figymnet&n the measurements are
carried out in ambient air on nanowires without doyctionalization. Figure 3b
represents sampling measurements for a 50 nm-tbisilicon thickness, (an array of
10 nanowires) 100 nm-wide and 300 nm-long for twfeecent backgate voltages (-3 V
and -14 V) in ambient air. Not even after 10 misuté measurement a steady state is
reached. In order to understand the hysteresistaffeasurements were performed in dry
air and under vacuum (~80 mTorr). Figures 4a-4onstie LsVypg measurements on
nanowires under ambient air, dry air and vacuuspeetively. Reduction of hysteresis is
observed when measurements are performed in dandivacuum. The hysteresis of the
nanowires depends on the environment; however, dais be missed since it takes
relatively long time for appreciable effects to d@alplace (16). By changing the
environment from ambient air to dry air, noticeallecrease in hysteresis is observed
(Figure 4a versus Figure 4b). By measuring the waes under vacuum (~80 mTorr)
further reduction in hysteresis is observed butsdu@ vanish completely indicating that
the vacuum level is not sufficient. The causesysitéresis could be the charge trapping
by water molecules on the surface of the nanowitesn exposed to ambient air. There
are two possible types of charge traps, (i) wateleoules which are weakly adsorbed on
the nanowire surface, which can be easily remowegdumping in vacuum, (ii) silicon-
dioxide surface bound water in close proximitylie hanowires. Silicon surface consists
of Si-OH silanol groups which are hydrated by watelecules that are hydrogen bonded
to the silanol (17) (18) (19). It is well known thiaydrophilic silicon surface contains
adsorbed water layer in atmospheric conditionsandmperature below 200°C (20), and
a monolayer or sub-monolayer of hydrogen-bonde@m@mains on the silicon-dioxide
and cannot be removed by pumping in vacuum (17) (@¥. This water is known to act



as a slow charge traps in conventional MOS devi2&} (22) (23), which leads to the
conclusion that surface water is largely respoediat the hysteresis in the nanowires.
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Figure 4: Transfer characteristics of nanowiresenndarious environment conditions:
(a) ambient air, (b) dry air and (c) vacuum. Sdileés represent forward (+20 V to -20
V) and dashed lines represent backward sweep (48020 V) respectively.
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Figure 5. Transfer characteristics of functionadizenowires under various environment
conditions: (a, d) ambient air, (b, e) dry air gadf) vacuum.

In order to avoid any environmental effect on thengport in nanowires (the
hysteresis and current variation with time) funcéibzation of the nanowires with either
(i) EBTAM or (i) OTS was carried out. Grafting &dBTAM was done on hydrogen
terminated silicon surface obtained by short HFwiiereas OTS molecules are grafted
onto native oxide formed on the nanowire surfa@d.(Eigures 5a-5c¢ show the transfer
characteristics of nanowires and nanoribbons dftectionalization with OTS. Drastic
reduction of hysteresis is observed after graftimiy either of the molecules indicating
the reduction of adsorbed water molecules on thtasa of the nanowires (25). The
above results clearly show the impact of surfaatestcharges which are predominant at



the nanoscale. Understanding the effect of surftates/ions on the transport properties
at the nanoscale is not straight forward but ineorid do so it is evident that surface
states must be well controlled to avoid any midiegar incorrect interpretation of the
results.

Conclusion

Single crystalline silicon nanowires were fabrichtasing top-down approach and
transport properties of these nanowires were studievas found that the resistivity of
the nanowires is lower than the original wafer. Tbaductivity of the nanowires exhibits
very high sensitivity to humidity. Surface modifica with EBTAM and OTS make the
nanowires immune to the surroundings. These funaliped nanowires can be used as
gas sensors. Transfer characteristics demonsthate durface states dominate the
transport properties, and surface passivation ograve the device performance and
reliability.
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