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ABSTRACT

In this letter, we report a novel approach to selectively functionalize the surface of silicon nanowires located on silicon-based substrates. This
method is based upon highly localized nanoscale Joule heating along silicon nanowires under an applied electrical bias. Numerical simulation
shows that a high-temperature (>800 K) with a large thermal gradient can be achieved by applying an appropriate electrical bias across silicon
nanowires. This localized heating effect can be utilized to selectively ablate a protective polymer layer from a region of the chosen silicon
nanowire. The exposed surface, with proper postprocessing, becomes available for surface functionalization with chemical linker molecules,
such as 3-mercaptopropyltrimethoxysilanes, while the surrounding area is still protected by the chemically inert polymer layer. This approach
is successfully demonstrated on silicon nanowire arrays fabricated on SOI wafers and visualized by selective attachment of gold nanoparticles.

Recently, there have been great interest and active developwill be made possible by functionalizing individual SINWs
ment in nanowire-based sensors. In particular, silicon nano-with different probe molecules. There have been previous
wires (SiINWs) have been reported as sensors for theefforts to localize surface functionalization by electrostatic
detection of solution pH level, proteingas molecules, attraction of probe molecules on the electrotipbptolitho-
DNA,*® cancer marker$,and neuron signafsThe sensing  graphic definition of a hydrophobic lay&rmicrocontact
mechanism in those SiINW sensors is generally believed to printing,l° dip-pen nanolithography/, and electrochemical
be the change of their electrical conductance in the presencenethods'2 However, the electrostatic attraction scheme does
of charged chemical or biological molecules at their surface. not provide a great selectivity for surface modification against
Because of the large surface-to-volume ratio and quasi-1D syrrounding regions and also cannot be used for the attach-
characteristics, SINWs can be ultrahigh sensitivity sensors. ment of neutral or weakly charged probe molecules. Pho-
For example, detection of fM levels of protéiand DNA” tgjithographic and microcontact printing methods cannot
have been reported by using SINWs. However, a SINW itself rqvide ultrafine localization in nanoscale dimensions.
has no chemical specificity toward. analytes. To detect cer.tain Furthermore, printing techniques also require precise align-
target species, the surfaces of SINWs have to be function-ient 1o the prefabricated micro/nanostructures. Dip-pen
alized with proper probe molecules that can interact with \»hqlithography provides an excellent design flexibility of
the SPeC'f!C ta}rget Species to be deFected. Moreqver, seIeCtIVeselective surface functionalization and molecule binding but
functlonahzgtmn of a SINW array will bg of great |mportance requires expensive equipment and does not provide a high-
o render SlNW-based Sensors versatile and. praptlgal. Itca hroughput surface functionalization. Electrochemical meth-
potentially improve the sensitivity and detection limit of the ods are restricted to the choice of functional groups, which
sensor by functionalizing SiNWs only while keeping the : . ’
require redox properties.

surrounding areas inert. Furthermore, multiplexed sensing . ) _
In this letter, we introduce an approach to achieve a
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m heat conduction, Newton’s law of convective cooling,
- - Stefan-Boltzmann law of radiation, etc.) with bulk material

properties.
> A 4 For a single nanowire (no. 1) under an electrical bias of
X t1 A 2.5 Vjum (i.e., 10 V applied on aim long SiNW), a
— - ﬂ maximum temperature of 599 K was observed from the

simulation, as shown in Figure 2A. In addition, a very high
temperature gradient was observed; temperatures dropped
to 413 and 355 K for parallel wires only 200 and 400 nm
I-I I-I = Si away from the heated SiINW, respectively. This high-
temperature gradient can be attributed to the small size of
Si0O2 the heat source (SiNW) and thermal insulation by the
B Chemical Linker underlying SiQ layer and air environment. For the case of
% B Protection Polymer four wires (nos. 1, 4, 7, and 10) under a simultaneous
e N Layer ' electrical bias of 3.0 \m (i.e., 12 V applied on 4m long
SiNWSs), the temperature distribution is still localized on the
chosen nanowires with a peak temperature of 812 K, as
Figure 1. Process flow of the selective surface functionalization ghown in Figure 2b. Although the temperatures of the

approach: (1) Deposit a uniform coating of inert polymer layer; . . . . .
(2) Joule heating of silicon micro/nanowire for localized ablation neighboring nanowires also increase, they are still below 600

of polymer layer followed by low power plasma treatment; (3) K- This large temperature gradient should a”_OW a well-
Surface modification with molecular linkers; (4) Localized func- controlled selective ablation of the polymer coating from the

tionalization with probe molecules. heated SiNWs. The simulation excluded explicitly nanoscale
heat transfer phenomeiia?® and the phase changes of the
deposited on prefabricated SiINWs either by spin-coating or polymer (evaporation or melting). The effective thermal
vapor-phase deposition. Second, an electrical current isconductivity of silicon can be reduced significantly for a
passed through a SiNW for the localized Joule heating of Nanowire of <100 nm in thickness or width due to the
the SINW and subsequent ablation of the protective polymer boundary phonon scattering efféét®2° Furthermore, the
|ayer. After a low power @p|asma treatment, the surface is heating temperature of the SINW will be even lower if the
modified with organic (e.g., organosilane) linkers for further Phase change of the po_lymer is considered becau§e the phase
biochemical functionalization. After an additional rinsing change of the polymer is generally an endothermic process.
step, probe molecules are finally immobilized onto the Therefore, this analysis result may only provide a first-order

chemical linkers that have been locally bound to the SiNw @PProximation of the temperature distribution.

surfaces. This approach enables selective surface function- The nanoscale Joule heating of a SINW and the consequent

alization only along the SiINW while keeping the surrounding ablation of protective polymer was demonstrated with-50

regions with a protective layer from being chemically 100 nm wide, 50 nm thick, and—45 um long SiNWs

modified. fabricated by a top-down approach. Briefly, the SINW was
Before the experimental demonstration, we first employed cr;}?:iI:)c{)ﬁlgﬁtirr?guilaaet?)rrn(ISItg(IJ)gsrﬁgzt);eiz(ivri?r? Ztl'[ﬁei}nlosri] gg\:/?g;g

FEMLAB Multiphysics, a finite element analysis (FEA)

imul he localized Joule heating in SiNW. layer (50 nm thickness). The fabricated SiNWs had a linear
program, to. simulate the localized Joule eqtlng 1N SINWS. current-voltage relationship, indicating an ohmic resistance
The simulation was based on an array of 10 single-crystalline ¢ v« siNwW and SiAl contact. An average resistance of

p-type SINWs (1QO nm he?ght, 1.00 nm width, 200 nm pitch, 562 kO was measured for 50 nm (W) 50 nm (H) x 5 um

5 x 10'¥cm’® doping density) with a 30 nm thick polymer |y sinws. A polytetrafiuoroethylene (PTFE) thin film was
coating fabricated on a 400 nm thick silicon oxide (80 | ;sed as the protective polymer layer, and 3-mercaptopropyl-
film on a p-type Si wafer. The detailed information about trimethoxysilane (3-MPTMS) was used as the chemical
the numerical simulation is given in the Supporting Informa-  jinker for selective surface functionalization of SINWs. The

tion. Accurate Computation of nanoscale heat transfer in detailed experimenta| procedure can be found in the Sup_
nanowires requires intensive modeling based upon molecularporting Information.

dynamics'® One-dimensional structures like nanowires have  Apm images of a single SINW with the PTFE thin film

distinctive thermal and electric properties from their bulk ¢ating before and after Joule heating are shown in Figure
material analogs. According to the literatdfehese distinc- 3. A pias voltage of 30 V was applied across the SiINW in
tions stem from several mechanisms such as quantumorder to increase the temperature of the SiNW for the ablation
confinement, sharp features of one-dimensional density of of the PTFE film. The ablation occurred only in a very close
states® increased boundary scattering of electrons and proximity to the SiNW, while the surrounding regions were
phonong® and modified electronrphonon and phonon only slightly affected. A magnified AFM scan at the center
phonon scattering*® However, for the simplicity of the  of the SINW shown in Figure 3c,d clearly indicates the local
analysis, we only performed the numerical simulation based ablation of the PTFE film. This result verifies that highly
upon macroscale heat transfer models (e.g., Fourier law forlocalized Joule heating of SINW did occur. The comparison
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Figure 2. Numerical simulation results of temperature distribution in SINW arrays by Joule heating through SiINW (a) heat applied only
on nanowire no. 1 (left-most nanowire) by 10 V bias for@ length, (b) heat applied on nanowires nos. 1, 4, 7, and 10 by 12 V bias for
4 um length.
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Figure 3. AFM images of localized ablation of PTFE thin films by nanoscale Joule heating along single SINW (100 nm width, 50 nm
height). (a,c) AFM image before SINW Joule heating and polymer ablation. (b,d) AFM image after SINW Joule heating and polymer
ablation. (e) Cross-sectional profiles of SINW before and after PTFE ablation by SiNW Joule heating. The discrepancy between two profiles
indicates ablation of PTFE film by SINW Joule heating.

of cross-sectional images before and after the SINW Joulethat the temperature rise occurred only close to the heated
heating (see Figure 3e) provides quantitative information SiNW. From the measurement of electrical conductance, it
about the ablation of the PTFE film. Herein, blue and is conjectured that the Joule heating and thermal ablation of
magenta lines represent the cross-sectional profiles of SINWSPTFE film do not impact the structure and electrical
with a PTFE film coating before and after Joule heating, performance of the SiNWs (refer to the Supporting Informa-
respectively. The difference of these two profiles representstion for more detail).

the ablated PTFE film. A step height reduction t¢0 nm Nanoscale Joule heating was also demonstrated in a high
indicates complete ablation of the PTFE film. The lateral density array of SiINWSs, as shown in Figure 4. An array of
range of PTFE ablation is measured as 254 nm. This indicatesl1 SiNWs (50 nm width, 250 nm pitch) was fabricated and
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Figure 4. AFM images of a high-density SINW arrays (50 nm width, 250 nm pitch) coated with 50 nm PTFE before (a) and after (b) the
Joule heating. The cross-sectional profiles across the nanowire region are shown in (c) and (d) respectively. The ablation of PTFE occurred
only along the chosen SiNWSs (nos. 1, 3, 5, 7, 9, and 11) without significantly heating the neighboring SINWs (nos. 2, 4, 6, 8, and 10).

coated with a 50 nm thick PTFE film. A bias voltage of 30 For the sample heated at 813 K for 1 min, the film thickness
V was applied only on SiNW nos. 1, 3, 5, 7, 9, and 11 in was measured to be zero, while the contact angle was still
series. The AFM images and cross-sectional profiles of the measured to be 87This contact angle implies that there is
SINW array show that the ablation of PTFE occurred only some polymer residue on the ablated surface. Further
along the chosen SiNWs without significantly heating the treatment with low power (12 W) Oplasma for a short
neighboring SiINWs. The widths of unheated SiNWs nos. 2, period (10 s) completely removed the residual species, and
4, 6, 8, and 10 were found to be increased by-20 nm. the contact angle reduced te5°. This highly hydrophilic
This can be attributed to the PTFE reflow from the heated surface after the gplasma treatment suggests that there were
wires toward the unheated wires. The thermal conductivities hydroxyl (—OH) groups on the silicon surface that are
of SiO, and air at room temperature arel.4 W/mK and available for further attachment of chemical linker molecules,
0.03 W/mK (for macroscale materials at room temperature), for example, 3-mercaptopropyltrimethoxysilane (3-MPTMS).
respectively. These values are lower than the thermalWe used a vapor-phase molecular assembly process to
conductivity of single-crystalline silicon by several factors. demonstrate the attachment of 3-MPTMS. After the process,
The thermal insulation across the Siénd air prevents the  the contact angle was measured to be 35@icating the
heat dissipation from SiNWs to the surrounding regions, successful surface modification with 3-MPTMS. Also, XPS
facilitating the high-temperature rise of the SINWs and the analysis of this sample showed the presence of sulfur (S 2p)
steep temperature drop in the surrounding areas. Consefrom 3-MPTMS linkers on the surface. On the other hand,
quently, localized nanoscale heating with high-temperature for the sample heated at 673 K for 1 min, the film thickness
gradient &1.5 K/nm from numerical simulation) is created was reduced to 12 nm, and the contact angle dropped a few
by nanoscale Joule heating of a SINW. degrees (112— 10€°). After O, plasma treatment, the water
The change of the surface chemistry via thermal ablation contact angle dropped to 22which suggested that the
of a protective polymer on a bare silicon surface was studied residual PTFE film is mostly etched by the @lasma. For
by water contact angle measurement, film thickness, andthe sample heated at 573 K for 1 min, the PTFE film
X-ray photoelectron spectroscopy (XPS). We prepared 1  thickness only reduced 12 nm (5341 nm) and the contact
1 cn? large Si substrates coated with PTFE thin films and angle decreased® 7113 — 106°). Because the PTFE film
tested their thermal ablation at different elevated temperatureswas barely ablated in this case, the thickness remained
for different durations on a hotplate. The thickness of the significant even after the {plasma treatment and the surface
PTFE film and the surface water contact angle for a PTFE- remained hydrophobic with a water contact angle of 95.7
coated Si substrate were 53 nm (from surface profilometry) XPS analysis of this sample treated with 3-MPTMS showed
and 112, respectively, before starting the thermal ablation. no peaks of sulfur (S 2p) and silicon (Si 2p), indicating that
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were bound only on the surface of silicon wire but not on
the surrounding regions covered with PTFE film. In Figure
5b, selective surface functionalization was demonstrated on
the high-density SiINWs (50 nm width, 250 nm pitch). The
surfaces of SINW nos. 1 and 3 were exposed by thermal
ablation via nanoscale Joule heating while the SiINWs nos.
2 and 4 were still protected by the PTFE film. The difference
in the line width shown in the figure is due to the thickness
of the PTFE coating around SiNW no. 2. As shown in the
figure, AUNPs were bound only on the surface of SINW nos.
1 and 3 (surface exposed and functionalized with 3-MPTMS),
not on the SiINW nos. 2 and 4. Although only three AUNPs
were bound on SINW no. 1, SiNW no. 3 was densely packed
with more than 20 AuNPs. Also, no AuNPs were found on
the surrounding area. This experimental result verifies that
the surface of the SINWs nos. 1 and 3 was selectively
functionalized with 3-MPTMS.

In summary, we have developed a novel method for
selective surface functionalization of SINWs by thermal
ablation of protective polymer layers with self-aligned local
Joule heating of SiNWSs. This thermal ablation is followed
by an Q plasma cleaning step before subsequent function-
alization by an organosilane linker. We have then success-
fully visualized the selective surface modification of a SINW
surface with 3-MPTMS by using gold nanoparticles. It is
conceivable that this localized joule heating approach can
be generalized to many polymers that can undergo either
chemical decomposition or physical ablation under elevated
temperatures. Therefore, we expect that the selective surface
functionalization approach we developed here will be
extremely valuable for nanowire-based sensor development
as well as other MEMS/NEMS applications that require

_ localized surface engineering. Furthermore, we believe that
no 3-MPTMS linkers were attached on the PTFE surface. ;g approach will not only work for SiNWSs, but also for

Figures S3 and S4 in the Supporting Information summarizes yher semiconducting or metallic nanostructures that have

these results. _ _ two terminals for electrical addressing.
After selective removal of a PTFE film by localized Joule
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as shown in Figure 5. In Figure 5a, selective surface
functionalization was performed on the microscale silicon
wires (8 um wide, 32 um long). The PTFE film was

()

Surrounding Area (Rough SiO,
surface with PTFE coating)

AuNP on 3-MPTMS
modified Si surface

(b)

Surrounding Area

Figure 5. (a) Selective binding of gold nanoparticles on the surface
of silicon microwire selectively functionalized with 3-MPTMS
SAM layer. (b) Selective binding of gold nanoparticles on the high-
density SINW arrays. SINW nos. 1 and 3 were treated by thermal
ablation of PTFE and modified with 3-MPTMS SAM layer. SINW
nos. 2 and 4 were still protected by PTFE layer.

References
(1) Cui, Y.; Wei, Q.; Park, H.; Lieber, C. Mscience2001, 293 1289

selectively ablated along the silicon microwire onto which
3-MPTMS was attached. As shown in this figure, the AUNPs

3110

2) Zhou-, X. T.;Hu, J. Q.; Li, C. P.; Ma, D. D.; Lee, C. S.; Lee, S. T.
Chem. Phys. Let2003 369, 220-224.

Nano Lett., Vol. 7, No. 10, 2007



(3) Li, Z.; Chen, Y.; Li, X.; Kamins, T. I.; Nauka, K.; Williams, R. S. (12) Bunimovich, Y.; Ge, G.; Ries, R.; Beverly, K.; Hood, L.; Heath, J.

Nano. Lett.2004 4, 245-247. Langmuir2004 20, 10630-10638.
(4) Zheng, G.; Patolsky, F.; Cui, Y.; Wang, W. U.; Lieber, C. Nat. (13) McConnell, A. D.; Goodson, K. EAnnu. Re. Heat Trans.2005
Biotechnol.2005 23, 1294-1301. 14, 129-168. _ _ _ .
(5) Patolsky, F.; Timko, B. P.; Yu, G.; Fang, Y.; Greytak, A. B.; Zheng,  (14) Zhang, Y.; Christofferson, J.; Shakouri, A.; Li, D.; Majumdar, A;
G.; Lieber, C. M.Science2006 313 1100-1104. Wu, Y.; Fan, R.; Yang, PIEEE Trans. Nanotechno006 5, 67—
(6) Park, I.; Li, Z.; Li, X.; Pisano, A. P.; Wiliams, R. SBiosens. 74.
Bioelectron.2007, 22, 2065-2070. (15) Lin, Y.-M.; Sun, X.; Dresselhaus, M. Bhys. Re. B200Q 62, 4610~
(7) Hahm, J.; Lieber, C. MNano Lett.2004 4, 51-54. 4623. _
(8) Naujoks, N.; Stemmer, AVlicroelectron. Eng2003 67—68, 736— (16) Z_ou, J.; Balandin, AJ. Appl. Phy5200_1, 89, 2932-2938.
741 (17) Li, D.; Wu, Y.; Fan, R.; Yang, P.; Majumdar, Appl. Phys. Lett.

2003 83, 3186-88.

(18) Chen, Y.; Li, D.; Lukes, J. R.; Majumdar, A. Heat Trans2005
127, 1129-1137.

(19) Li, D.; Wu, Y.; Kim, P.; Shi, L.; Yang, P.; Majumdar, Appl. Phys.

(9) Lee, C.-S.; Lee, S.-H.; Park, S.-S.; Kim, Y.-K.; Kim, B.-Biosens.
Bioelectron.2003 18, 437-444.
(10) Renault, J. P.; Bernard, A.; Juncker, D.; Michel, B.; Bosshard, H.

R.; Delamarche, EAngew. Chem., Int. Ed2002 41, 2320- Lett. 2003 83, 2934-2936.

2323. _ o (20) Ju, Y. S.; Goodson, K. EAppl. Phys. Lett1999 74, 3005-3007.
(11) Lim, J.-H.; Ginger, D. S.; Lee, K.-B.; Heo, J.; Nam, J.-M.; Mirkin,

C. A. Angew. Chem., Int. EQ003 115 2411-2414. NLO71637K

Nano Lett., Vol. 7, No. 10, 2007 3111



