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ABSTRACT

Nanogap capacitors arc fabricated for DNA hybridization detection Without labeling, the
nanogap capacitors on a chip can function as DNA microarray sensors. The difference in
diclectric propertics between single-stranded DNA and double-stranded DNA permits usc of
capacitance measurements to detect hybridization. To obtain high detection sensitivity, a 50 nm
gap capacitor was fabricated using a Sk nanotechnology. To ensure proper measurement of
DNA’s diclectrical propertics, the probe ssDNA was first immobilized onto the electrode surface
using sclf-assembly monolayers and allowed to hybridize with the target ssDNA. The
capacitance changes were measured for 35- mer homonucleotides. The sclf-asscmbly monolayer
and DNA immobilization events were verified independently by contact angle measurement and
FTIR. Capacitance values are measured at frequencies ranging from 75 kHz 10 5 MHz, using ()
Vipe bias and 25 mb ¢ signals. Approximately 9% change in capacitance was observed afler
DNA hybndization at 75 kHz.

INTRODUCTION

Capacitance measurements can provide fast and sensitive in-situ monitoring of DNA
hybridization without DNA labeling. This method provides an alternative to conventional DNA
hybridization detection techniques such as radiochemical, enzymatic, fluorescent, and
clectrochemiluminescent methods, which can be cumbersome and time consuming processes
because of the need for DNA Tabeling [1-3]. The investigation of diclectric propertics of DNA
was done even before the publication of Watson and Crick's double helix work, but it is not easy
to implement ina DNA microarray system. Previously several groups have tried 1o measure
DNA hybridization with capacitance measurement; however, their methods were limited in
reproducibility and sensitivity [4, 5]. Berney et al. used an electrolyte- insulator-semiconductor
scheme and obtained a 3% capacitance change but had trouble with reproducibility of the
measurements duce to the crudencess of the device |[4). Other rescarchers used an electrochemical
method and observed a 2% capacitance change but also reported low reproducibility due to poor
insulating propertics of the oligonucleotide layer [5].

There are two different capacitance measurement methods. In the first method, the
capacitance i1s measured at the solution-electrode interface witha three-electrode system. Using
an appropriate circuit model, the capacitance can be calculated with measured current. In this
mcthod, the sensitivity variation in the bulk solution can be solved using a reference cell,
However, only 2-3% capacitance changes were measured after hybridization and reproducibility
issues were also reported [4, 5). In the seccond scheme, DNA is placed in between two OpposIing
electrodes and the capacitance change is measured. Their device is limited by the difficulty in
reproducing narrow electrode gaps by mechanical means.
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In this study, we report the first nanogap-based capacitors for the hybridization detection of
DNA without labeling. Since it is difficult to attain nanoscale features with conventional
photohithography, a novel spacer process technology is introduced to fabricate a 50 nm gap
capacitor in between two electrodes with a 70mm length.

EXPERIMENTAL DETAILS:

I“abrication of Nanogap Capacitors

The steps involved in fabricating the DNA sensor are schematically illustrated in Fig. 1.
Ome-side polished, <100> 4" silicon wafers are used as the starting material. Silicon nitride 0.6
wm, which scrves as an etch stop in the final HF etch process and an insulator between two poly-
St electrodes and Si wafer, is deposited on the wafers by low pressure chemical vapor deposition
(LPCVD).

l SiOi "} iogi i bo i EL bol| [
SisN, SizN, |
Si .

Si;sN, SisN,
Si Si Si
(a) (b) (c) (d)
g Ay
Poly-Si S0,

Sy

Si . Si I I Si

~ SiaNg SiaNg ~SizNg SigNg |
Si Si Si Si
(¢) (f) (g) (h)
igure 1. Process flow for a capacitance-based biosensor featuring SO nm gaps: (a) SiOvpolv-Si/SiN ,/Si,
") pattern of SiO s and polv-Si with photolithography and cteh of SiO. and polv-Si () depoxit of SiQ,, (d)
el back oxide (¢) deposition of poly-Si, (/) planarize by CMP, (¢) eteh away SiO between hvo poly-Si
vers and (h) 3-dimensional view of final device structure.

In-situ doped poly-Si(1 pum) which acts as an electrode (poly 1), and 300nm of oxide are
onsecutively deposited, patterned with conventional photolithography and ctched as shown in
1. I(b) ina Lam TCP 9400 etcher. The 300 nm of oxide acts as an ctch stop in the chemicalk
weehianical polishing (CMP) step. Next, the photoresist i removed and S0 nm of oxide is
‘posited. In this process scheme, the minimum-sized gap 1s defined not by an optical
thography but by a deposited CVD film thickness. Thus. cxtremely narrow gaps beyond the
mit of optical or c-beam lithography can be defined [6]. After oxide etch-back. 50 nm of oxide
acer is formed as shown in Fig. 1(d). Tpum of in-yite doped poly-Si(poly I1) was deposited and
© waler was planarized by the CMP. Finally, the oxide spacers, which arc between the two
ly-Si structures, arc etched away by HFE. Fig. 1(h) shows 3-dimensional view of the final
vice structure. Due to the nonuniformity of CMP, 38% yield is obtained. This yicld can be
\proved by optimization of CMP process. During capacitance measurements, the two poly-Si
vers act as electrodes, so that the capacitance of DNA located between them can be measured.
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Figure 2. Cross-yectional SEM view of a nanogap capacitor: There is a 50 nm gap between two
clectrodes.

Figure 2 shows a cross-scctional SEM view of a device with 50 nm gap between two poly-Si
clectrodes. The SO nm gap improves detection sensitivity and process window.
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Figure 4. A schematic diagram of (a) SAM
Figure 3. Procedure for preparation and (h) tmmaobilization- and (¢) hybridization- treated
Characterization of capacttance-hased DN Si surfaces. @ Represents SAM in (b) and (c).

Table I Materials in experiment

Item Dascription

SAM (3-Aminopropyl)triethoxysilane

Solutinn for SAM distilled deionized waler

Poly T sequence (35mers) 5-dTTTTT=TTTIT-X

Bufer solution for immabilization 0. 1mol/l N-methylimidazole buffer containing 0.1molfl EDC (pH 6)

Washing solution in immaobilization step PBS

Poly A sequence (15mers) 5'-dAAAAA - AAAAA-Y

Poly G sequance (35mers) 5-dGGGGG - GGGGG-Y

Buffer solution for hybridization 300mmolA NaCl + 30mmolA sodium citrate

Washing solution in hybridizalion slep PBS ———
1J4.10.3



RESULTS AND DISCUSSIONS

Figure 3 shows a procedure for sample preparation and characterization of DNA. Self:
asscmbled monolayer (SAM) is applicd to maximize the efficiency of hybridization. The

materials used in this experiment are listed in Table 1. To minimize the capacitance signal from  #

the SAM, a short carbon-chain molecule is used. The devices are coated with a self-assembled
monolayer of (3-aminopropyltricthoxysilane (APS, Lancaster Co.). Solutions are diluted by
mixing the APS with distilled-dcionized (dd) water in a 100:1 ratio (v/v). The devices are
immersed in the APS solution for 5 min and rinsed and dried with dd water and nitrogen,
respectively [7]. 3-aminopropyl tricthoxysilane has an amine group, which can be attached to the
5" end of ssDNA. Poly T 35-mer- homonucleotide is used for immobilization and 35- mer poly A
and poly G probes are added to check hybridization cvents, which arc complementary and
noncomplementary DNA for poly T, respectively. The detail experimental procedure for
immobilization and hybridization is described in previous report [8].

The SAM, DNA immobilization, and hybridization processes are verificd separately by using
contact angle measurements, Fourier Transform Infrared Spectroscopy (FTIR) and capacitance
measurements. Contact angles of 2.5 /. of water droplets are measured and IR spectra are
obtained at room temperature using a Genisis 11 FTIR and Drop Shape Analysis System DSA 10),
respectively. In contact angle measurement, a water contact angle is increased from <30° on SiO;
o >60” on SAM-coated surfaces. This implies that the SAM process is successful. The
capacitance is measured afler monolayer formation, DNA immobilization, and DNA
hybridization. At first, capacitance is measured afler SAM treatment. Then, poly-T
oligonucleotide is immobilized on the SAM treated poly-Si electrodes and are washed with PBS
solution (8 /L NaCl + 0.2 g/l KCl + 1.44 g/l NapHPOy + 0.2 g/L. KH,POy, pH 7.0). The device
is dried with nitrogen and then the capacitance of the immobilized device is measured. For
hybridization, poly A and poly G probes are added and are washed with PBS solution and are
dried by nitrogen again. Finally, a change of capacitance by hybridization is measured. Figure 4
shows a schematic diagram of a device at the SAM, immobilization and hybridization steps. In
fig. 4(b) the SAM is represented by black solid circle. The SAM on native oxide on poly-Si
clectrode, immobilized ssDNA on the SAM and dsDNA on the SAM are shown in Fig. 4(a), (b)
and (c), respectively. In capacitance measurements, the permittivity and dielectric loss of DNA
are investigated at frequencies between 75 Hz and | MHz, 08¢ bias and 25 mb’ ¢ signals using
a HP4285A LOR meter. Generally, capacitance is a function of measurement frequency. To
optimize the frequency for high detection sensitivity on DNA hybridization, the capacitances are
measured at various frequencies. The concentrations of DNA are varied to determine the
minimum detection limit for bioassays.  Figure. 5 shows the FTIR spectrum of the SAM and
immobilized DNA on a device in the range of 500~4000 ¢m™'. The SAM and the immobilized
DNA on SAM show a typical FTIR spectrum [9, 10]. The formation of a SAM coating with an
RS1Ck precursor eventually produces covalent siloxane bonds, SFO-Si. The absorption peak at
1100 cm in Fig. S(a) corresponds to the vibration of S+O-Si. The absorption peaks at 3400 ¢m !
and 2950 e in Fig. 5(a) correspond to the vibration of N-H and C-H, respectively. As shown in
Fig. 5(b), immobilized DNA shows the stretching mode of the phosphate of the DNA fragments
at 1080 ¢m™" and the C-0 stretching vibration of the base at 1700 ¢m™' [8]. Based on these results,
the processes for SAM and immobilization could be confirmed.
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Figure 5. I'TIR spectrum of differently treated surfaces such as (a) SAM on native oxide/poly Si surface
and (h) ss DNA monolaver on SAMMmative oxide/poly Si
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Figure 6. Capacitance measurements with immobilization and hybridization at different frequencies
wsing different polvnucleotides («a) {:rn{r T and poly A and (b) poly T and poly G. The concentrations of
poly T, polv A and ply G are 1x10 - mol/L.

Figure 6 shows the capacitance change with immobilization and hybridization with different
homonucleotides at different frequencies. The capacitance increases as frequency decreases and
7-9% capacitance changes arc observed at 75k1Hz in both immobilization and hybridization
conditions in Fig. 6(a). Immobilization and hybridization increase capacitance due to the
relatively higher dielectric constant of DNA as compared with air. To confirm the relationship
between capacitance change and hybridization, a device with immobilized poly T is treated with
poly G instead of poly A. Fig. 6(b) shows that there is no significant capacitance change betweer
poly T and poly G. This results show that hybridization causes a capacitance change.
Additionally, the DNA concentration dependency on capacitance change with hybridization is
investigated (Fig. 7). For this experiment, we used 10 S mol/l. of Poly T at immobilization step
and several concentrations from 1077 to107° mol/L of Poly A were used at hybridization step. As
conjugated DNA concentration is increased, capacitance change with hybnidization is also
increased. This data can also support the relationship between capacitance change and
hybridization. But to get significant capacitance change, the required concentration of DNA
should be in the micro molar range. In future work, device yicld will be improved by cither
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optimization of CMP process or using a horizontal nanogap scheme instead of the current
vertical nanogap scheme. In addition, low detection sensitivity will be improved by increasing
clectrode arca, reducing the gap size, and operating at lower frequencies. However, further
reducing gap size might introduce a sample plugging problem so additional agitation might be
required.
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Figure 7. Conjugate DNA concentration dependency on capacitance change with hybridization at 75kHz.

CONCLUSIONS

The nanogap capacitors were designed, fabricated, and characterized for the detection of
DNA hybridization. A capacitance-bascd biosensor, featuring vertical poly-Si/insulator/poly-Si
and a 50nm gap, was prepared. To maximize hybridization efficiency, SAM and rclatively short
35mer homonucleotides were used. The SAM and DNA immobilization were confirmed by
FTIR and contact angle measurements. Higher capacitance changes were observed at lower
frequency, around 75 kHz, resulting in 7-9 % increase in capacitance after DNA immobilization
and hybridization. With the gecometries of the current device, a higher sensitivity was obtained
with a higher concentration of the target DNA in 0.1- 10 micro mol/l. ranges. Howcever, this
sensitivity can be improved by increasing the overall clectrode area or by decreasing the gap
between the two opposing electrodes as well as by operation in lower frequency ranges.
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