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limitations, such as complicated labeling steps, high ana-

lyte concentration requirements, [  4  ]  and incompatibility with 

electronic detection caused by diffi culties of signal conver-

sion. Various types of biosensors, including thermometric, [  5  ]  

magnetic, [  6  ]  piezoelectric, [  7  ]  optical, [  8,9  ]  and electrical [  10–14  ]  

biosensors, have been developed to surpass such limitations. 

Among them, the electrical biosensor using semiconductor 
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 An electrical biosensor exploiting a nanostructured semiconductor is a promising 
technology for the highly sensitive, label-free detection of biomolecules via 
a straightforward electronic signal. The facile and scalable production of a 
nanopatterned electrical silicon biosensor by block copolymer (BCP) nano-
lithography is reported. A cost-effective and large-area nanofabrication, based 
on BCP self-assembly and single-step dry etching, is developed for the hexagonal 
nanohole patterning of thin silicon fi lms. The resultant nanopatterned electrical 
channel modifi ed with biotin molecules successfully detects the two proteins, 
streptavidin and avidin, down to nanoscale molarities (≈1 n M ). The nanoscale pattern 
comparable to the Debye screening length and the large surface area of the three-
dimensional silicon nanochannel enable excellent sensitivity and stability. A device 
simulation confi rms that the nanopatterned structure used in this work is effective for 
biomolecule detection. This approach relying on the scalable self-assembly principle 
offers a high-throughput manufacturing process for clinical lab-on-a-chip diagnoses 
and relevant biomolecular studies.    
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     1   .  Introduction 

 The detection of biological elements, such as biomarkers, [  1  ]  

viruses, [  2  ]  and pathogens, [  3  ]  is crucial for the early diagnosis 

and treatment of human diseases. Although enzyme-linked 

immunosorbent assay (ELISA) has been extensively used 

for biosensing, it is well known that ELISA has critical 
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nanomaterials has been regarded as a strong candidate for 

next-generation biosensors due to its high sensitivity, rapid 

diagnosis without labeling steps, and compatibility with inte-

grated circuits. [  15–17  ]  

 The nanostructured channel in a fi eld-effect transistor 

(FET) has been considered for potential use in high-perfor-

mance electrical biosensors. The high sensitivity is facilitated 

by the nano-dimensional channel, which is comparable to 

the Debye screening length [  18  ]  and size of biomolecules. [  15,19  ]  

To date, many research groups have reported bottom-up 

methods for fabrication of carbon materials (e.g., carbon 

nanotubes and graphene) [  20,21  ]  or silicon nanowires [  2,12,22  ]  for 

the high sensitivity of biosensors. However, these bottom-

up approaches revealed drawbacks including the inaccurate 

positioning of nanomaterials, the poor uniformity of doping 

levels, and the low integration density for ultimate com-

mercialization. [  13  ]  In contrast, top-down approaches, such as 

electron-beam lithography, have been successfully employed 

for ultrafi ne nanoscale biosensors, including those reported 

in our previous studies. [  11,14  ]  Nonetheless, the major limita-

tion of top-down electron-beam nanofabrication lies in the 

high cost and extremely low throughput, which are inherently 

incompatible with large-scale manufacturing. [  15  ]  

 Block copolymer (BCP) self-assembly, which is gen-

erally driven by the microphase separation of covalently 

linked incompatible polymer blocks, is able to form dense 

and ordered pattern arrays of even sub-10 nm features. [  23,24  ]  

BCP self-assembly is considered to be a powerful and viable 

tool for nanolithography due to its excellent scalability, high 

pattern precision, and compatibility with the conventional 

complementary metal oxide semiconductor process. [  25,26  ]  

Many research groups have exploited BCP self-assembly for 

a variety of materials and applications. [  27–31  ]  For example, 

we have introduced BCP lithography for the nanoscale pat-

terning of arbitrary substrate materials [  32,33  ]  up to wafer scale 

with a few tens of nanometers-scale feature sizes. 

 Herein, we report the electrical detection of biomol-

ecules using an ultrathin Si nanomesh patterned by BCP 

lithography. Polystyrene- block -poly(methyl methacrylate) 

(PS- b -PMMA) thin fi lms with vertically hexagonal cylinder 

morphology are employed as templates for single-step SF 6  

dry etching to generate a large-area Si nanomesh structure of 

sub-20 nm-scale features. The nanomesh channel enables the 

biosensor to monitor pH changes and detects two proteins of 

similar structures: streptavidin and avidin. The performance 

of the nanopatterned biosensor is compared with that of the 

non-patterned counterpart to demonstrate the advantage of 

the nanopatterned structure for detection sensitivity. Tech-

nology computer-aided design (TCAD) device simulation is 

performed to theoretically support the merits of the nano-

structured semiconductor over non-patterned devices for 

biomolecule detection.  

  2   .  Results and Discussion 

 The overall fabrication scheme for the nanopatterned elec-

trical biosensor is illustrated in  Figure    1  . The high-level 

boron doping of the source and drain (S/D) regions is 

performed on an ultrathin Si layer (≈25 nm) of a silicon-

on-insulator (SOI) wafer by ion implantation. After cov-

ering S/D regions with a photoresist (PR; Figure  1 -i), the 

top Si surface is covalently modifi ed with poly(styrene-

 random -methyl methacrylate) (P(S- r -MMA)) copolymer. A 

PS- b -PMMA thin fi lm is spin-cast and thermally annealed 

(250 °C) to induce microphase separation (Figure  1 -ii). The 

BCP thin fi lm spontaneously assembles into the morphology 

of vertically hexagonal cylinders on the neutrally modifi ed 

surface due to an identical interfacial tension to PS and 

PMMA. The PMMA cylindrical nanodomains are selectively 

removed by the sequential treatments of acetic acid solu-

tion and O 2  plasma (Figure  1 -iii). The remaining PS template 

after PMMA etching is employed as a nanopatterned mask 

for the following dry etching of the underlying Si layer. A 

single-step inductively coupled plasma reactive ion etching 

(ICP-RIE) using SF 6  gas is applied to the pattern transfer of 

PS template morphology into the top Si layer (Figure  1 -iv). 

Notably, such a well-defi ned hexagonal nanohole PS tem-

plate endures the harsh dry etching during the complete 

etching of the Si layer, [  34  ]  which is differentiated from pre-

vious BCP studies that employed complicated multistep pro-

cesses, including metal mask deposition. After the complete 

removal of the remaining PS nanotemplate and PR patterns, 

the formation of the channel region and metal contacts is 

carried out by using conventional photolithography and wet 

      Figure 1.  Schematic process for a nanopatterned electrical biosensor, 
including i) boron doping, ii) BCP spin-casting and self-assembly, 
iii) PMMA domain removal, and iv) pattern transfer to the top Si layer. 
v) An FET-based biosensor is functionalized with biotin molecules for 
detecting streptavidin or avidin protein (BOX = buried oxide). 
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etching. For the last stage, the nanochannel area is sequen-

tially functionalized with a (3-aminopropyl)triethoxysilane 

(APTES) self-assembled monolayer (SAM) and biotin 

3-sulfo- N -hydroxysuccinimide ester (sulfo-NHS-biotin) for 

specifi c binding with the streptavidin or avidin. [  35  ]  Figure  1 -v 

schematically presents the biosensor with a nanopatterned 

Si channel functionalized by biotin molecules. The biotin–

streptavidin/avidin system used in our experiments has 

served extensively as a standard model for protein–ligand 

interactions. [  21  ]   

 The nanopatterned Si channel fabricated by BCP lithog-

raphy is observed with scanning electron microscopy (SEM). 

Moiré fringes caused by the interference between instru-

mental aliasing and sample grating are shown in  Figure    2  a, [  36  ]  

which confi rms the uniformity of nanopattern transfer over 

the entire channel region. In this work, a BCP template with 

a PS mesh-hole diameter of ≈40 nm is employed ( Figure    3  a-i 

and  3 a-ii). [  37,38  ]  The average hole diameter of PS pat-

terns increases up to ≈65 nm by O 2  over-etching (Figure  3 b-i 

and  3 b-ii), which realizes a Si nanomesh of ≈15 nm after the 

pattern transfer (Figure  2 b). This additional etching of PS 

template for the narrow Si nanopattern is important to fab-

ricate the nanoscale biosensor. Figure  2 c is a cross-sectional 

SEM image of a nanopatterned channel, which indicates that 

the dry etching successfully transfers the nanopattern of PS 

mesh onto the entire top Si layer. [  25,39  ]  The nanomesh design 

of the Si channel is comparable to the screening length of 

analyte charges and thus ensures high sensing resolution for 

biomolecule detection.   

  Figure    4  a depicts the chemical modifi cation steps of the 

nanopatterned Si channel for biosensing. The surface ter-

minal group of an APTES-treated Si channel is composed 

of primary amines (–NH 2 ), protonated amines (–NH 3  
+ ), 

and hydroxyl groups (–OH), as confi rmed by X-ray photo-

electron spectroscopy (XPS) (Figure  4 b). For streptavidin or 

avidin detection, sulfo-NHS-biotin is linked with the amine 

group of APTES on the Si channel. There are four biotin-

binding pockets in the proteins, but one or two of them can 

be bound to the immobilized biotin. [  35  ]  The variation of the 

current recording through the nanopatterned channel upon 

surface functionalization is plotted in Figure  4 c. The current 

decreases upon silanization due to the positive charge of 

–NH 3  
+  groups of APTES. During the biotinylation step, the 

sulfo-NHS-biotin is immobilized through reaction with the 

protonated amine as well as the primary amine of APTES-

SAM. [  35  ]  As a result, the density of protonated amine 

groups is considerably reduced on the nanopatterned Si, 

which consequently increases the current fl ow.  

 The infl uence of the nanopattern on charge detection 

sensitivity was evaluated by the conductance change of the 

APTES-modifi ed Si nanochannel with pH ( Figure    5  a). The 

–NH 3  
+  groups induced by the protonation of –NH 2  at low 

pH [  12  ]  are able to deplete holes in a p-type nanopatterned 

Si channel and thereby reduce the conductance. By contrast, 

      Figure 2.  a) SEM image of a nanopatterned Si channel. Moiré 
fringes over the entire channel region demonstrate the uniformity 
of the nanopatterned Si structure. b) Magnifi ed SEM image of the 
nanopatterned Si channel. c) Cross-sectional SEM image of the 
hexagonal nanohole morphology of the top Si layer (≈25 nm thickness). 

      Figure 3.  The nanomesh PS template before Si etching for pattern 
transfer. a) Plane view (i) and 60° tilted view (ii) of SEM image of 
remaining PS template after acetic acid wet treatment for PMMA 
elimination (average diameter of nanoholes: 40 nm, average width 
between neighboring holes: 40 nm, thickness of PS template: 110 nm). 
b) Plane view (i) and 60° tilted view (ii) of SEM image of remaining PS 
template after subsequent O 2  plasma treatment for removing residual 
PMMA and widening the PS nanotemplate holes (average diameter of 
nanoholes: 65 nm, average width between neighboring holes: 15 nm, 
thickness of PS template: 90 nm). 
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at a high pH, –NH 3  
+  and –OH groups are deprotonated to 

–NH 2  and –O − , respectively (Figure S2, Supporting Informa-

tion). The deprotonation negatively modifi es the Si surface, 

which causes the increase of conductance (Figure  5 a). [  12  ]  

Meanwhile, there is no noticeable current change with pH 

on the non-patterned device, as the short screening length of 

surface functional groups hardly infl uences the entire bulk 

channel. A pH sensitivity of about 22.7 nS per pH unit is 

obtained in the nanopatterned channel, which is comparable 

to previous reports. [  2  ]  The small-scale range-bars of conduct-

ance change in the nanopatterned channel indicate the good 

reproducibility and reliability of our nanochannel-based 

charge detection.  

 Figure  5 b and  5 c depict the detection of streptavidin and 

avidin, which have almost identical protein structures and 

similar affi nity for biotin. [  10  ]  However, their opposite charges 

at neutral pH caused by their different isoelectric points 

(pI)—streptavidin pI ≈5.6 and avidin pI ≈10.5—enable their 

distinguishable detection. [  40  ]  Figure  5 b shows that the current 

level of the nanomesh biosensor increases while streptavidin 

proteins with negative charges are bound to the biotinylated 

channel in a phosphate-buffered saline (PBS, pH 7.4) solu-

tion for 5 min. This current increment is attributed to the hole 

accumulation by negative charges and the potential barrier 

lowering in the nanomesh p-type channel, as illustrated by the 

inset of Figure  5 b. By contrast, the current level of the nano-

patterned biosensor decreases when avidin proteins are bound 

to the channel. The positively charged proteins induce the 

hole depletion and the potential barrier rise, as indicated in 

the inset of Figure  5 c. Streptavidin and avidin concentrations 

down to 1 n m  are detectable by our nanopatterned biosensor. 

Although this detection sensitivity is considerably high, a few 

previous works have demonstrated ultrahigh sensitivity down 

to pico- and femtoscale molarity. [  10,16  ]  We believe that our 

nanopatterned biosensor could improve the detection sensi-

tivity by adopting the advanced electrical biosensing utilized 

in the previous works, such as the gate-modulated ion-sensi-

tive FET (ISFET) for the electrical inversion layer, [  41  ]  micro-

fl uidic system for real-time detection, [  42  ]  and/or anisotropic 

Si etching for the highly binding site of surface crystalline 

orientation. [  16  ]  Unlike the nanopatterned biosensor, a non-

patterned device rarely shows the current change, because the 

hole accumulation or depletion by protein binding is negli-

gible compared to the total carrier fl ow of the bulk channel 

(Figure  5 d). These results clearly confi rm that the nanopat-

terned structure is more suitable for the highly sensitive bio-

sensor than the non-patterned counterpart. 

 Several control tests were carried out to confi rm that 

the strepatavidin/avidin detection is attributable to the spe-

cifi c binding on the biotinylated surface. The nanopatterned 

device without surface functionalization exhibits no current 

change after incubation in proteins, as shown in  Figure    6  a. 

Also, there are negligible changes in the current fl ow when 

human serum albumin (HSA) is added as a nonspecifi c 

protein for biotin (Figure  6 b). The addition of streptavidin 

      Figure 4.  a) Schematic diagram of the chemical functionalization 
method for streptavidin or avidin protein binding onto the biotinylated Si 
channel. i) Formation of APTES-SAM through silanization. ii) Biotinylation 
using sulfo-NHS-biotin linked with immobilized APTES-SAM. iii) Biotin-
binding protein, streptavidin (negatively charged) or avidin (positively 
charged), attaches to the biotinylated Si channel. b) N1s XPS spectra 
of APTES immobilized on the Si channel: C–NH 2  peak (399.9 eV) and 
C–NH 3  +  peak (401.9 eV). c) The current changes of the nanopatterned 
biosensor are plotted during sequential surface functionalization steps. 
The current decreases after APTES silanization due to the formation of 
–NH 3  +  charges. On the contrary, the fraction of –NH 3  +  chemical groups 
is considerably reduced by the subsequent biotinylation step, which 
induces the increase of current fl ow. 

      Figure 5.  a) Conductance changes of nanopatterned (square symbols) 
and non-patterned channels (circle symbols) versus pH. The range-bars 
of conductance changes in the nanopatterned channel demonstrate 
the reliability of nanochannel-based charge detection. b) Normalized 
current changes upon streptavidin binding at the nanopatterned 
channel. The inset illustrates the variation of valence band state of 
the channel upon streptavidin binding. c) Normalized current changes 
upon avidin binding at the nanopatterned channel. The inset illustrates 
the variation of valence band state after avidin binding. d) Normalized 
current changes of the nonpatterned channel upon protein binding. 
No noticeable current change was observed. The normalized currents 
are calculated from ( I − I  0 )/ I  0  and treated as absolute values ( I  0 : initial 
current level before protein binding;  I : changed current after protein 
binding). 
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preblocked by an extremely excessive biotin concentration 

(≈2.3 m m ) leads to slight deviation in the current–time plot, 

as illustrated in Figure  6 c. This insignifi cant fl uctuation results 

from unexpected interactions of excess biotin molecules with 

APTES-SAM due to the small size of biotin compared to 

the protein. By contrast, the mixed solution with unblocked 

avidin and biotin-blocked streptavidin reduces the current of 

the nanomesh biosensor (Figure  6 d). This result indicates that 

our nanopatterned biosensor could detect avidin even down 

to 300 p m , while a reliable detection limit is suggested to be 

around 1 n m . Consistently, streptavidin can also be detected 

down to about 300 p m  (Figure S3a). Below ≈100 p m , how-

ever, the device did not detect either streptavidin or avidin 

(Figures S3a and S3b). We note that that the current change 

for streptavidin sensing is slightly larger than that for avidin 

in the above measurements. This discrepancy is caused by 

the modifi cation of binding affi nity to biotin. The affi nities of 

avidin and streptavidin for biotin are originally similar. How-

ever, avidin may have a reduced affi nity if biotin is conjugated 

to another moiety or molecule. On the contrary, streptavidin 

shows a similar affi nity to the conjugated biotin. [  43  ]  The biotin 

immobilized on the device channel can be regarded as a con-

jugated one and may signifi cantly decrease avidin binding. In 

addition, avidin frequently suffers from aggregation via non-

specifi c binding, which is attributed to the high pI as well as 

the presence of acetylglucosamine and mannose in the protein 

structure. [  44  ]  These effects may cause a smaller current change 

for avidin detection, as previously reported by others. [  40  ]   

 The sensitivity of the nanopatterned biosensor is inves-

tigated theoretically with a TCAD device simulation. [  11,45  ] 

  Figure    7  a shows the charge effect of biomolecules depending 

on Si structure. [  19  ]  The dramatic change of hole concentration 

in Figure  7 a-i is induced in the three-dimensional surfaces 

of the nanopatterned Si channel after the negative charge 

binding corresponding to streptavidin. On the contrary, weak 

carrier variation occurs only at the top surface of the non-

patterned biosensor (Figure  7 a-ii). These results are caused 

by the three-dimensional charge effect [  46  ]  and the nanoscale 

channel width, the  length scale of which is comparable to 

the Debye screening length of a biomolecule. [  11  ]  Figure  7 b 

shows the sensitivity (normalized current) versus spacing size 

between two Si pillars (cross section of nanopatterned Si); the 

pitch and height of Si pillars are fi xed at 80 and 25 nm, respec-

tively. A large-spacing (narrow Si nanopillar) biosensor has a 

high sensitivity when negative surface charges are attached. It 

confi rms that our nanomesh device is more effective for bio-

molecule detection than a non-patterned one. We note that 

the signifi cant enhancement of sensitivity at sub-20 nm width 

(W) results from the volume accumulation. [  47  ]  These results 

support the advantage of the nanopatterned structure for bio-

molecule detection. The case of positive charge binding cor-

responding to avidin is demonstrated in Figure S4.   

  3   .  Conclusion 

 We have demonstrated a highly sensitive electrical biosensor 

with a sub-20 nm-scale nanomesh semiconductor structure 

      Figure 6.  a) Current levels of the nanomesh channel without biotinylation. 
b) Current characteristics of the biotinylated nanomesh device with 
the nonspecifi c protein, HSA. c) Current levels of the nanopatterned 
and biotinylated channel in the presence of excess biotin molecules 
and preblocked streptavidin–biotin complex. d) Current change of 
the biotinylated nanomesh Si channel upon mixing the solution with 
300 p M  avidin and preblocked streptavidin–biotin complex. 

      Figure 7.  Three-dimensional TCAD simulation of a nanostructured Si 
biosensor. a) Cross-sectional views of simulated hole concentration at 
the i) nanopatterned and ii) nonpatterned channels. A dramatic change 
of carrier concentration occurs in the nanomesh structure, whereas there 
is relatively less concentration change in the nonpatterned one after 
negative charge binding. b) Sensitivity of biosensor versus nanochannel 
width. The sensitivity is evaluated by the normalized current, ( I − I  0 )/ I  0 . 
The inset is a cross-sectional illustration of the nanomesh channel 
employed in the simulation. 
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fabricated using BCP lithography. Precise, simple, and cost-

effective nanofabrication can be realized through the facile 

BCP nanopatterning and one-step dry etching. The nano-

mesh electrical biosensor is able to selectively detect oppo-

sitely charged proteins, such as streptavidin and avidin, down 

to nanoscale molarities. We confi rmed the nanopatterning 

effects on the sensitivity of the electrical biosensor by TCAD 

device simulation. The simulated results are consistent with 

the experimental measurements, which are anticipated from 

the three-dimensional charge effect and a nanostructure 

comparable to the Debye screening length of biomolecules. 

This work suggests that BCP lithography is potentially 

useful for various biomedical applications, such as disease 

diagnoses, biological kinetic studies, and even lab-on-a-chip 

technologies.  

  4   .  Experimental Section 

  Device Fabrication : Silicon-on-insulator (SOI) wafers (p-type 
doped; SOITEC) were used with top Si thickness of 110 nm and 
a buried oxide (BOX) thickness of 200 nm. The original top Si was 
thinned down to 25 ± 3 nm by dry oxidation and wet etching. The 
thinned Si layer was doped with boron by ion implantation (dose 
10 15  cm −2 , which means ≈10 18  cm −3 , low energy 3 eV), followed 
by annealing at 1050 °C. A 500 nm SiO 2  implant mask was pre-
pared by plasma-enhanced chemical vapor deposition (PECVD), 
photolithography, and ICP dry etching (ICP-RIE, 10 mTorr, O 2 /
C 4 F 8 ). Source and drain (S/D) regions (p + -type) were formed by 
additional boron ion implantation (dose 10 18  cm −2 , 3 eV). PR pat-
terns were then defi ned to protect the S/D regions from the sub-
sequent BCP nanopattern transfer (Figure S1-i). After the removal 
of the SiO 2  implant mask by HF, BCP lithography was employed 
for nanopatterning of the top Si layer (see the next Experimental 
Section). After the pattern transfer to the top Si, the PR patterns 
covering S/D regions were removed by piranha solution (H 2 SO 4 /
H 2 O 2  = 3:1). The isolation of the S/D regions and channel was con-
ducted by photolithography and ICP-RIE (10 mTorr, O 2 /SF 6 ). The 
nanopatterned Si channels were 2–4  μ m in width and 25  μ m in 
length. S/D metal contacts were defi ned by a standard lift-off pro-
cess using Cr/Au (10/200 nm) metal layers deposited by radio-fre-
quency sputtering (Figure S1-vi). Lastly, the device was passivated 
by spin-cast SU-8 layers (Micro Chem.), except for the channel and 
metal contact pads. The electrical measurements were performed 
by Keithley 4200-SCS (DC voltage sweep) and Keithley 4225-RPM 
(pulse generator, waveform capture of voltage) instruments. The 
conductance and current levels of the biosensor were measured 
at a source voltage of 1.5–2.5 V. The three-dimensional device 
simulation results were extracted from the commercialized semi-
conductor simulator ATLAS (SILVACO). Boron doping concentra-
tions of the channel and S/D regions were defi ned as 5 × 10 17  and 
1 × 10 20  cm −3 , respectively. The thickness of the top Si layer was 
25 nm with 2 nm native SiO 2  layer on the entire three-dimensional 
structure. The pitch between hole centers was fi xed at 80 nm 
and the spacing between neighboring holes was varied from 0 
to 70 nm. The surface charge density was fi xed as 1 × 10 10  cm −2 . 
Some deviations with experiments could be caused by the carrier 
collisions at nanoholes, the number of patterns, and the SAM sur-
face effects, which could not be considered in the simulation. 

  BCP Nanopatterning and Pattern Transfer Etching : The SOI 
wafer is cleaned by ultraviolet-ozone (UVO) treatment for 30 min-
utes. The cleaned surface was then neutrally modifi ed by cova-
lent functionalization with a hydroxyl-terminated P(S- r -MMA) 
copolymer brush layer. The P(S- r -MMA) solution (1% w/w in tol-
uene) was spin-cast onto the surface and reacted at 160 °C over-
night in a vacuum. PS- b -PMMA (average molecular weight  M  n  = 
200 kg mol −1 , 140–60 kg mol −1  for PS and PMMA blocks, respec-
tively; Polymer Source) and BCP powder were dissolved in toluene 
(3% w/w). A PS- b -PMMA thin fi lm was formed by spin-casting 
at 3000 rpm (Figure S1-ii). Hexagonally ordered PMMA cylinder 
domain arrays were induced by annealing at 250 °C overnight in 
a vacuum (Figure S1-iii). After UV radiation (4 J) for the simulta-
neous cross-linking of PS and the degradation of PMMA, PMMA 
cylindrical nanodomains were selectively removed by acetic acid 
(Junsei) for 10 min. The PMMA residues were entirely swept out by 
brief O 2  plasma (800 mTorr, 50 W) (Figure S1-iv). The O 2  plasma 
treatment also considerably widened the nanohole size of the PS 
template. The remaining nanomesh PS fi lm acted as a mask for the 
following etching of the top Si layer by ICP-RIE (10 mTorr, 25 sccm 
SF 6 ). After the pattern transfer, the residual PS fi lm was eliminated 
by O 2  plasma treatment (10 mTorr, 60 W) and piranha solution 
(Figure S1-v). 

  Surface Functionalization for Biomolecule Detection : The 
nanopatterned Si channel was hydroxylated by UVO treatment 
for 30 min. The sample was then submerged in a 2% v/v APTES 
(Sigma–Aldrich) solution of anhydrous ethanol (Sigma–Aldrich) for 
12 h at ambient temperature (Figure  4 a-i). The silanized surface 
was rinsed with diluted acetic acid and ethanol. After baking the 
specimen at 120 °C for 10 min, sulfo-NHS-biotin (Sigma–Aldrich) 
dissolved in deionized water (1 mg mL −1 ) was dropped on the 
channel region, followed by incubation at 37 °C for 2 h (Figure  4 a-ii). 
The device was immersed in 1% v/v blocker bovine serum albumin 
(BSA; Pierce Biotechnology) in PBS (10 m M  phosphate, 138 m M  
NaCl, 2.7 m M  KCl, pH 7.4; Sigma–Aldrich) for 1 h to fi ll the cavi-
ties of the biotin-linked surface. Streptavidin and avidin (Sigma–
Aldrich) were dissolved in the 0.01× PBS solution. The protein 
solutions were dropped and incubated on the biotinylated channel 
surface at room temperature for 15 min (Figure  4 a-iii). The HSA 
(Sigma–Aldrich) for the control test was treated by a similar pro-
tocol to that of streptavidin and avidin.  
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