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Silicon nanowire fabrication of nanoscale dimensions on a single-crystal silicon surface by scanning probe lith@&Papagd
potassium hydroxidéKOH) aqueous wet etching system has proven to be adequate technological processes. Using SPL directly
to define patterns on a single-crystal silicon surface showed that the linewidtB®@hm can be further shrunk t020 nm with

KOH wet etching and orientation-dependent etchi®{PE) processes ofiLl10)-oriented silicon samples. In addition, this lithog-

raphy technique also showed a great ability to define patterns on fluorocarbon mask layers. This method performed the fine
linewidth of silicon nanowires around 20 nm by operating with lower applied voltages and higher scanning (speets
exposure timpwith SPL and ODE techniques and KOH wet etching(@A0)-oriented silicon samples. These alternative pro-
cesses provide the capability to fabricate nanoscale structures with high reliability and repeatablility for applications in the
nanofields.
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In the past few years, nanotechnology and nanofabrication haveurface with electron-beam irradiation resulted in a minimum line-
been vigorously investigated because of their potential applicationsvidth of 22 nm on this layer after AFM lithography. Direct pattern-
in nanoelectronics, nanoelectromechanical systems, nanobiologyng on the substrate material and on the mask layer provides a con-
and other fields. The silicon nanowire is a proven material for fab-venient way for SPL to define the desired patterns which are very
ricating electron devices which show the quantization results ofsimilar to the positive and negative photoresist processes in optical
single-electron transportation and fabricating biosensor devices wittithography.
extremely high sensitivity> The fabrication process of silicon In SPL, excess applied voltage and scanning speed between the
nanowires can be divided into two categories, the top-down procesgrobe and sample are the main factors for controlling the feature
and the bottom-up proceds.he most acceptable methods for defin- Size of silicon nanowire fabrication. For example, the applied volt-
ing the silicon nanowire patterns with the top-down process includeage was higher than 84 V for patterning the narrow wire on the
electron beam lithograph$EBL) and scanning probe lithography €lectron resistant layer at scanning speedub®s, while the scan-
(SPL). SPL has the advantages of low equipment cost as well a§ing speed was 0.ium/s for patterning the narrow wire on thin
good performance with nanostructure fabrication and the ability toSilicon nitride (4.5 nm)layer at applied voltage of 4-10 %It is
observe immediate results. SPL uses a probe, which scans thound that the protruded oxide thickness and linewidth increase with
sample surface using excess voltage between the probe and tiacreasing the appli_ed yoltage _and decrease with inc_reasing scanning
sample. This excess applied voltage builds an electric field thagPeed. Therefore, finding a suitable mask layer, which can be oper-
forces the radical ions (OH O°2) to penetrate into the sample ated at lower applied voltage and higher scanning speed, for SPL

surface about 2-3 nm in depth and results in a protruded oxide |ayepatterni_ng is very important for silicon nan_owi_re fabrigation.
of about 2-4 nm as shown by the pioneering work of Dagatal* In this study, we demonstrated the fabrication of silicon nanow-

By using this method, the desired oxide patterns can be define&re% inl_the fgllr?v_ving t\Q/olfllglarngtive pqucesse{ils)t. The p:jotruded_
directly onto the silicon sample surface. This protruding oxide IayerOXI € finew IS controfiable by applying voltagé and scanning

can be used as a mask layer for the underlying silicon etching by%peed for direct patterning on the single-crystal silicon sample sur-
using potassium hydroxidéOH) solution and yielding the line- face. (i) The plasma-induced fluorocarbon layer on the silicon sur-
width of silicon nanowires to about 20 nm shown in our prior sttidy. rg\fveerls\‘/glfaedegsaﬁ dT]?Srl:el?Z(e:;rE%nSPsL g{aﬂ tte;ng:sgovg?]zcv?gz{?ﬂgg at
Chienet al® and Clementt al’ fabricated several nanostructures 9 9 g sp ’

and nanocircuits by combining SPL and wet etching, demonstrating?OH wet etching process can provide highly_ re”able silicor_1 etch_ing
- . . S nd can further shrink the silicon nanowire linewidth by orientation
the excellent ability of SPL to directly pattern in nanofabrication. dependence etchin@DE) 12
However, the area of definition patterning by using SPL field in- ’
duced oxidation directly is small and depends upon the material of
the scanning tips. This limits the application of SPL in large areas of )
industrial applications. Finding a suitable resistant layer for SPL to Experimental
define large-area patterns becomes critical for increasing the area of In this study, two different processes of experiments were inves-
applications. With the different SPL operation modes, the built-up tigated. The relevant steps of SPL on single-crystal and fluorocarbon
electric field forces the electrons to emit from the probe to thelayer are schematically summarized in Fig. 1a and b, respectively. In
sample to obtain the narrow patterns on the electron resistant layeFig. 1a, the silicon samples were cut from n-ty{e 0-oriented
Wilder et al. showed that by using noncontact mode atomic force silicon wafers with resistivity around 1-1Q cm. The silicon wafers
microscope(NC-AFM) lithography and reactive ion etchin®RIE) were cleaned by the standard RCA process. Before SPL patterning,
system resulted in the high-resolution silicon nanowires of featurethe silicon samples were dipped in dilute HF solution to remove the
sizes around 30 nfhAlso Avramesctet al® showed that the depo-  native surface oxide for 30 s and a hydrogen passivation was formed
sition of a carbonaceous film as a mask layer on the semiconductosn the silicon surface. The surface roughness of thiepbissivation
silicon surface was around 0.241 nm measured by an atomic force
microscopg AFM). Field-induced local oxidation was performed by
2 E-mail: kmchang@cc.nctu.edu.tw the AFM in ambient air(controlled humidity= 40 = 2%) with a
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Figure 1. (a) Process flow chart of SPL for direct patterning on th&0)- EiY i [
oriented silicon sample followed by the wet etching process in 34 wt % KOH g 20 1 av [ {\l (l )
solution. (b) The process flow of SPL on the fluorocarbon layer and KOH = 15 4 av \ ?\ \
wet etching process after dipping the sample in dilute HF solution to remove & 1o | v N [’l | '\ | i z |
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highly doping silicon cantilever tigresistivity 0.01-0.0025) cm © 15 \
and diameter~10 nm, Nanosensors). After AFM local oxidation, 20+
the samples were dipped in a 34 wt % KOH solution at temperature  -25 -
of 50°C with acoustic agitation. The other experiments are shown in 10 s N 2 7 N
Fig. 1b. The silicon samples were cut from p-ty(i0)-oriented {b) Distant (s m)
silicon wafers with resistivity 0.01-0.00Q@ cm. The fluorocarbon
layer was formed by an inductively coupled plas(t@P) dry etch- Figure 2. (a) Single-crystal silicon sample showing the oxide height and

ing system with 40 sccm GFgas source, an rf power of 400 W, and depth, induced by SPL local oxidation. The linear region appearsbato

dc power of 100 W at 60°C for 20 s. The local oxidation was —8 V and the scanning speed dominant region appearab —10 V. (b)

performed by AFM under the same conditions as the process showf€ fluorocarbon layer showing the oxide height and depth. The linear re-

in Fig. 1a. After local oxidation, the samples were dipped in dilute gion appears at1.to ~6 V, and the scanning speed dominant region appears
' . o . . at—7to —10 V.

HF for 30 s to remove the field-induced oxide and sequentially

dipped in 34 wt % KOH solution at temperature 40°C.

Results and Discussion plied voltage equal te-10 V. In this case, the negative radical ions,

We had two groups of experiment$, SPL directly patterned on  such as OH, O~2, did not completely penetrate the silicon surface
(110-oriented s@ngle-crystal silicon sample an‘@ (SPL patterned  at this scanning spee@xposure time). The deptft) of the pen-
?n thilggﬂ)sm?'"ldgced flluoroce;rtTonll.layer, Wh'CIh V\E)as l‘é?SStlrEUCtﬁfétrated oxide also demonstrated a similar result as the protruded
rom -oriented single-crystal silicon sample by . Each __. - : : _
sample was etched by the KOH solution along with the orientation?é“fi’o-r\?)ev:;r;vgrglsonzrgzoz(8+7 d2)/7d7of3tg§ ?npc;lllezdg\4/10|:22éec5tivel
dependent etchin@DE) technique and finally obtained the silicon ST e e o S =%, Tesp Y
nanowire of about-20 nm. arld the conversion ra.tlolwa.\s equal to 2.27.for therma! oxide. The

The effects of scanning speed and probe/sample voltage arBigher conversion ratio indicates that the induced oxide layer is
equivalent to exposure time and intensity of optical lithography, weak for masking the silicon during the sequence KOH etching
respectively. The results of probe/sample voltage on SPL process afrocess: This characteristic implies the oxide quality is an impor-
shown in Fig. 2a. The variation of voltage was frord to —10 V, tant factor for the underlying wet etching process.
and the scanning speed was maintained ati/s. The AFM was For the case of SPL with fluorocarbon mask layer, the effect of
operated in contact mode, and the contact force was set at a constagfobe/sample voltage on oxidation is shown in Fig. 2b. The contact
value (10 nN). The thicknesgh) of the protruded oxide was from  force  scanning speed, and humidity of the ambient were 10 nN, 1

2.8 nm(—10V)to 0.6 nm(—5 V) and could not be identified at4 o . . .
V. The thickness of the protruded oxide was linearly proportional to /s, gnd_40t 2%, r(_aspectlve_ly. The results were sm_ﬂar _to F'g'
2a, which included a linear region and a saturation region in which

the applied voltage from-5 to —9 V due to the built up electric . . . . :
field which was also linearly proportional to the probe/sample volt- € Scanning speed is dominant. The linear region occurs frarto
—7V, and the scanning speed dominant region occurs7ato —10

age. The effect of scanning speed was observed at voltagi@sand i ¢ !
—9 V. The protruded oxides were 2.8 nm ferl0 V and 2.7 nm for V. The scanning speed dominant region appeared at the lower ap-

—9 V, respectively. We found that the protruded oxide was domi- plied voltageca. —7 V instead of—9 V as in prior experimental
nated by the scanning speed at scanning spegth/s for the ap-  results. The reason is that the plasma induced the defects on the
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Figure 3. (a) The SEM cross-sectional image of silicon nanowire$1dr)-
oriented silicon samplgb) Closed view of the nanowire showing the line-
width of ~30 nm with a tilt angle(c) The real linewidth is about 20 nm
measured by SEM top view image.

surface layer of thg100)-oriented silicon sample. These defects roughnessRq) of the fluorocarbon layer was 0.734 nm before etch-
reduced the energy barrier of penetration and enhanced the radic#lg and 0.844 nm after 34 wt % KOH etching for 90 s at an etching
ions to penetrate the deeper location in the same scanning speadmperature 40°C. Figure 4b shows the 3D image of Fig. 4a. The
(exposure timesuch that the depth of induced oxide was deepersurface roughness remains very well intact after etching and the
than the one in Fig. 2a, respectively. The thickness of the fluorocarfluorocarbon layer showed a perfect ability to protect the underlying
bon layer was~25 A, measured by a scanning auger microscopesilicon. The line width was-90 nm and the depth was100 nm.
(SAM), and the major elements were Si, C, O, and F. The conver-The orientation of the sidewall plane {$00)-oriented, which has
sion ratios of the fluorocarbon layer were reduced to values betweeghe same etching rate as the top plane and186)-oriented plane
1.82-2.48. The possible reason is that the defects also increased thgys 3 middle etching ratgaster than(111)-oriented, slower than
induced oxide deptd. These defects provided more space for radi- (11()-oriented]to which the nanowire can be further shrunk by con-
cal ions to convert into the oxide and resulted in the smaller heighttrolling the etching time. Figure 4d shows the shrunk nanowires
of the protruded parh at the same humidity and condition of the \yith ~20 nm of linewidth and 300 nm of depth. The two left

quantity of radical ions. . ) nanowires in the figure show the overetching results at the end of
After SPL local oxidation, the underlying desired patterns were | edge.

performed by the agqueous KOH wet etching system. In Fig. 3, the
linewidth of oxide patterns was-50 nm before etching and was
further shrunk to~20 nm by ODE. ODE is a method whereby using
different orientation planes have different etching rates, depending
upon the number of chemical bonds, to etch the desired patterns. We have demonstrated the process of scanning probe lithography
The etching rate ratio 0§110):(100):(112 was 400:200:1 in this  (SPL)to define the nanopatterns on the silicon surface and on the
study at an etching temperature of 50°C. The 50 nm oxide patternguorocarbon layer. In combination with the KOH wet etching pro-
were generated by-8 V of applied voltage and um/s of scanning  cess, the silicon nanowire with-20 nm of linewidth was easily
speed. At this condition, the total thickness of the induced oxide wabtained and the surface roughness could be improved by using the
~3 nm which was thick enough to protect the underlying silicon fluorocarbon mask layer. SPL and KOH wet etching provide high
during KOH wet etching at a temperature of 50°C. reliability and uniformity to fabricate nanostructures, which have

Figure 4a shows the top-view AFM image of the nanowire struc- been widely implemented in nanoelectron devices, biosensors, and
ture, fabricated by using a fluorocarbon mask layer. The surfacenanoelectromechanical systems.

Conclusions
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Figure 4. (a) The top view image measured by AFNh) The AFM 3D image nanotrench width {8150 nm and the nanowire linewidth 190 nm after KOH
etching for 120 s at etching temperature 40¢€}.The silicon nanowire is~90 nm and the trench width is180 nm measured by SEM. The silicon nanowire
with linewidth ~20 nm was obtained with the sidewall shrinking procéd$The overetching condition shows in the left two nanowires.
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