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Interest in biosensors based on field-effect transistors (FETs),
where an electrically operated gate controls the flow of charge
through a semiconducting channel, is driven by the prospect
of integrating biodetection capabilities into existing
semiconductor technology1. In a number of proposed FET
biosensors, surface interactions with biomolecules in solution
affect the operation of the gate or the channel2–19. However,
these devices often have limited sensitivity. We show here that
a FET biosensor with a vertical gap is sensitive to the specific
binding of streptavidin to biotin. The binding of the
streptavidin changes the dielectric constant (and capacitance)
of the gate, resulting in a large shift in the threshold voltage
for operating the FET. The vertical gap is fabricated using
simple thin-film deposition and wet-etching techniques. This
may be an advantage over planar nanogap FETs, which require
lithographic processing20–24. We believe that the dielectric-
modulated FET (DMFET) provides a useful approach towards
biomolecular detection that could be extended to a number of
other systems.

The DMFET nanogap device (Fig. 1a) was fabricated using
conventional complementary metal oxide semiconductor
(CMOS) processes. The silicon body of the DMFET, consisting of
the channel and source and drain electrodes, was formed on a
p-doped silicon-on-insulator (SOI) wafer. A 10-nm layer of
silicon oxide was grown on the active silicon area to form the
gate oxide, followed by 15 nm of chromium and 100 nm of gold
to form the gate electrode. The chromium was wet-etched to
carve out a 15-nm vertical nanogap underneath the gold layer
(see cross-section in Fig. 1b). The length of the nanogap, which
defines how deep the channel is etched on either side, varied
between 100 and 400 nm. Electron microscopy images of
nanogaps with gap lengths of 200 and 400 nm are shown in
Fig. 1c,d, respectively. (For further details about the fabrication
process, see Methods, and for a schematic diagram of the
processing steps, see the Supplementary Information, Fig. S1.)

In this study, we focused on using the DMFET to detect the
biotin–streptavidin system because it has one of the highest free
energies of association for a non-covalent bond between a
protein (streptavidin) and a small ligand (biotin) in aqueous
solution. This biomolecular system is also useful in the
diagnosis of certain diseases. Assembling the biomolecules in
the nanogap requires three steps. First, the cleaned DMFET
device is placed into 11-amino-1-undecanethiol hydrochloride
solution to form a self-assembled monolayer (SAM) between

the amino groups and the exposed gold surface that ultimately
serves to anchor the biotin molecules to the walls of the
nanogap. Second, the device is immersed in a sulpho-NHS-LC-
biotin carbonate buffer solution for 4 h at 4 8C to fix the biotin
molecules to the nanogap surface with high stability. Finally, the
freshly biotinylated device is immersed in a 300-nM
streptavidin/PBST solution for 4 h at 4 8C. The streptavidin is
immobilized in the nanogap by strong intermolecular
attractions with the biotin.

The surface properties of the assembly were characterized
using an atomic force microscope (AFM; see Supplementary
Information, Fig. S2a,b). Because of the difficulty in obtaining
AFM images of the gold surface inside the nanogap, we
performed AFM measurements on exposed gold surfaces
prepared in an identical manner to the procedure described
above. After assembling the biotin–streptavidin, the surface
has a greater mean roughness, Ra ¼ 0.622 nm, compared
with bare gold, Ra ¼ 0.162 nm. Additional information can be
obtained from cross-sections of the samples (see Supplementary
Information, Fig. S2c). Attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy (see Supplementary
Information, Fig. S2d) further confirms the biotin–streptavidin
binding. Peaks in the FTIR spectra corresponding to the
C–H, C¼O, C–N, C–S, C–C–C and ring stretching
vibrations as well as the N–H bend vibration originate from
the biomolecules.

In a typical FET device, electric current flows between the
source and drain electrodes when the voltage applied to the
gate exceeds a threshold voltage (VT). VT depends on the gate
capacitance, and hence we can modulate VT by changing the
dielectric material of the gate. When the chromium layer is
etched to form an air gap, the dielectric constant of the gate
and the total gate capacitance are decreased. As a result, VT

for the transistor shifts to a more positive value. In contrast,
when biomolecules are introduced into the nanogap, they
increase the gate capacitance relative to the air gap, and VT

shifts in the negative direction. Thus, by monitoring the
change in VT, it is possible to detect the specific binding of
streptavidin to biotin.

To test this concept, the electrical characteristics of the DMFET in
which the nanogap is filled with a weak dielectric (low-k) material
were simulated using the ATLAS software25 (Fig. 2a). In the
simulation, which shows how the drain–source current (IDS) varies
with the gate voltage (VGS), we filled the device nanogap with a
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Figure 1 A DMFET. a, Three-dimensional structure showing the silicon body (blue), the gate oxide (green) and the chromium (orange) and gold (yellow) electrodes.

The narrow region of the silicon body forms the active silicon region (the channel). The chromium layer is partially etched to form an air gap that can be filled with

biomolecules. b, A cross-section of the device along the direction of the dotted line in a shows the filled nanogap. Source and drain electrodes are formed by

implanting phosphorous in the silicon body. c, Scanning electron micrograph of a 200-nm-long nanogap. d, Transmission electron micrograph (TEM) of a

400-nm-long nanogap. To reduce damage from the electron beam, a SiO2 layer (PECVD-oxide) is deposited on the gold layer using plasma-enhanced chemical

vapour deposition (PECVD). Platinum is deposited as a background material of TEM. In the image, platinum and gold appear black due to their high atomic number,

and the nanogap region appears white.
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Figure 2 IDS –VGS characteristics of the DMFET nanogap device. a, Results of simulation with low-k materials. b, Experimental results at VDS ¼ 0.05 V.
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material with k ¼ 2.1 to model the presence of the biomolecules26.
The simulations predict a þ0.44 V shift in VT when the chromium
layer is etched to form a 400-nm-long air gap under the Au gate,
followed by a shift of 20.18 V when the gap is filled with the low-
k dielectric material. Figure 2b shows the IDS–VGS characteristics at
different stages of forming and filling the nanogap with
biomolecules of an actual DMFET nanogap device with gap length
of 200 nm. All measurements are performed at 0.05 V of source–
drain voltage (VDS). After etching the 200-nm-long nanogap into
the Cr layer, VT shifts by þ0.69 V, because the total gate
capacitance decreases by forming additional new air gaps on the
gate dielectric at the edge of the gate, which can lead to fringing
capacitance. After forming the SAM and immobilizing the biotin,
VT shifts by only –0.06 V as a result of the increase in gate
capacitance at the gold side of the inner walls of the air gap.
Because the thicknesses of the SAM and biotin layer are about
1–2 nm and 3 nm, respectively, less than 30% of the air gap is
filled in the vertical direction, and the increase in gate capacitance
and corresponding shift in VT are relatively small. In contrast, VT

shifts dramatically by 20.73 V after the streptavidin binds to the
biotin layer in the nanogap. Considering that streptavidin
molecules are about 6–7 nm in size, most of the 15-nm nanogap is
filled when the streptavidin binds to the biotin, and the shift in VT

is much larger than in the case of biotin immobilization in the
previous step. The decrease in IDS at 1.5 V of VGS is likely due to a
higher gate leakage current.

The electrical characteristics of the DMFET nanogap device
before and after the biomolecules are immobilized in the
nanogap are reported in Fig. 3. Figure 3a shows how the gate
leakage current (IGS) depends on the gate voltage in the same
device as in Fig. 2b. Before immobilizing the streptavidin, the
gate leakage current is in the range of picoamperes, but it
increases dramatically to microamperes after biotin–streptavidin
binding. We believe that this is because the bound molecules
provide a current path for electrons to flow to the gate. A
statistical analysis on 15 devices of how the gate current varies
with the material in the nanogap is shown in Fig. 3b and is in
agreement with previously reported results on biotin–
streptavidin binding27.

Further confirmation that the large threshold voltage change
is caused by the specific biotin–streptavidin binding is found by
looking at the effects of breaking the binding. The biotin–
streptavidin binding can be reversibly and efficiently broken
with non-ionic aqueous solutions and brief exposure to high
temperature (70 8C) (ref. 28). We immersed the device in hot
deionized water (70 8C) for 8 min, and washed it with deionized
water several times. As shown in Fig. 3c, the threshold voltage is
reversibly shifted to its original state value after breaking
the biotin–streptavidin binding. From this experiment, we
concluded that the negative threshold voltage shift in the
previous experiments can be attributed to the specific biotin–
streptavidin binding.
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Figure 3 Electrical characteristics of the DMFET nanogap device before and after biomolecules are immobilized in the nanogap. a, IGS –VGS characteristics in

one device at VDS ¼ 0.05 V. b, Statistical distribution of IGS measured in 15 different devices with VGS ¼ 1.5 V. c, IDS –VGS characteristic changes after breaking the

biotin–streptavidin binding at VDS ¼ 0.05 V. d, The threshold voltage depends on the laterally etched length of the DMFET nanogap devices.
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Devices with nanogap lengths equal to 100, 200 and 400 nm
were studied to confirm that the solution containing
biomolecules flows into and fills the nanogap. After biotin–
streptavidin binding, the changes of the threshold voltage showed
almost the same tendency for all devices (Fig. 3d). In addition,
experiments (Fig. 3d) and simulations (see Supplementary
Information, Fig. S3) indicate that a nanogap of 200 nm length
on either side is sufficient to detect biomolecules by means of the
threshold voltage change. However, it is also important to point
out that the nanoscale size of the gap has a significant effect on
the electrical characteristics of the FET. Fluid flow in narrow
(nanoscale) channels is expected to exhibit fundamentally
different behaviour from that in macroscopic devices, and further
research on size-dependent effects in our devices would be of
value and is in hand.

To check that the dramatic current and threshold voltage
changes in the biotin–streptavidin binding group do not result
from the effects of the buffer solution (such as a shift in VT

resulting from mobile Kþ or Naþ ions), we analysed the
statistical results of threshold voltage changes in 15 nanogap
devices (Fig. 4a) and the IGS –VGS characteristics at VDS ¼ 0.05 V
in one nanogap device (Fig. 4b) with five different groups:
biotin, biotin–streptavidin, biotin and PBST, which contain
the effects of the buffer solution, biotin-saturated streptavidin,

and streptavidin without biotin. We found that only the
biotin–streptavidin group shows the large VT change. From the
changes in VT values, therefore, we suggest that biotin–
streptavidin binding is the critical factor for changing the
electrical characteristics of the DMFET device. Thus, it is
concluded that the DMFET device shows high specificity for
detecting biotin–streptavidin binding.

In summary, we have demonstrated a dielectric-modulated
field-effect transistor coupled with a 15-nm vertical nanogap
that detects the binding of streptavidin to biotin using an all-
electrical, CMOS-compatible technique, without the need for a
labelling process. The proposed device shows much better
sensitivity than several previously reported FET nanogap
biosensors29 for detecting biomolecules, especially protein–
ligand binding. Furthermore, by measuring data after breaking
the biotin–streptavidin binding and from control group
experiments, we verified that biotin–streptavidin binding is the
dominant factor in determining the shift in the threshold
voltage. In addition, it is expected that such DMFET-type
biosensors will have the capability to detect a number of
protein molecules, such as DNA, cancer markers and
antibodies, and could be used as a part of a lab-on-a-chip for
full electronic detection.

METHODS

FABRICATION PROCESS

The starting material was a p-doped SOI wafer, with a 3,000-Å layer of buried oxide
and a 1,000-Å layer silicon body on the buried oxide. The thickness of the silicon
body was reduced to 500 Å by iterative thermal oxidation and a wet-etching process
by buffered oxide etchant (BOE), four times, in order to obtain a conformal silicon
body thickness. After silicon body thinning, optical lithography with a wavelength
of 436 nm and AZ4330 positive photoresist was used to pattern the active region.
The active region was then defined by wet-etching of the silicon body with diluted
10:1 TMAH for 45 s at 57 8C (ref. 30). The gate region was patterned on the active
region by optical lithography with AZ4330 photoresist, and the photoresist patterns
were used as a hard mask for the subsequent implantation process. Source and drain
were defined by phosphorous implantation. The optimal implant energy was
determined to be 20 keV to obtain a fully depleted source and drain, and the dose
was set to 2 � 1015 cm22. Impurities were activated by rapid temperature activation
(RTA) for 30 s at 1,000 8C.

In order to define the gate region, a 10-nm gate oxide was grown by
thermal dry oxidation for 4 min at 1,000 8C, and 15-nm Cr and 100-nm Au
layers were respectively deposited by evaporation on the silicon body, in order.
Other kinds of oxides, such as HfO2 and Al2O3 deposited by atomic layer
deposition, can also be used as a gate oxide. The base pressure of the vacuum
chamber was lower than 1 � 1026 torr. To deposit Cr and Au layers,
electron-beam evaporation and thermal evaporation were used, respectively.
The deposition rate of Cr was �0.3 Å s21 and that of Au �0.5 Å s21. In the
next process, an extremely thin layer of Cr deposited by electron-beam
evaporation was used to determine the size of the vertical nanogap. The size of
this vertical nanogap should be changed to correspond to the size of
biomolecules to be detected. After deposition of the gate layers, optical
lithography with AZ6612K positive photoresist was used to define the gate
electrode. After the positive photoresist patterns were formed, Au, Cr and oxide
layers were etched by a wet-etching process. To etch Au, Cr and the oxide layer,
10:1 diluted KCN solution, Cr etchant and BOE were used, respectively. The
device fabricated by the above process was alloyed in an alloy furnace for an
hour at 400 8C under a flow of 95% H2 forming gas.

Finally, the Cr layer was laterally etched by Cr etchant without agitation.
The gap size was determined by the thickness of the Cr layer, and
the nanogap length was �200 nm after etching with Cr etchant for 6 min.

PROCEDURES FOR BIOTIN–STREPTAVIDIN BINDING

Streptavidin and 11-amino-1-undecanethiol hydrochloride were purchased from
Sigma-Aldrich. The 11-amino-1-undecanethiol hydrochloride solution was
prepared by dissolving in ethanol and the concentration was adjusted to 3 mM.
Sulpho-NHS-LC-biotin (Pierce) solution was prepared in a 0.1 M sodium
carbonate solution and the concentration was adjusted to 3 mM. Double
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deionized water (DDW) was used in all measurements. A phosphate-buffered
saline solution (PBS, pH 7.4) was prepared by dissolving 1.6 g of KCl, 64 g of
NaCl, 1.92 g of KH2PO4 and 11.52 g of K2HPO4 in 800 ml of DDW (all from
Junsei Chemical Co.). PBST solution was prepared using PBS solution and
0.05% Tween20 (Sigma-Aldrich).

Prior to assembly, the nanogap device was cleaned thoroughly with acetone
and DDW and dried in a stream of high-purity N2. The cleaned nanogap device
was then placed into 11-amino-1-undecanethiol hydrochloride solution at room
temperature, followed by exhaustive washing using ethanol and DDW 4 h later,
after which it was blow dried.

The nanogap device with SAM was then placed into a sulpho-NHS-LC-
biotin carbonate buffer solution for 4 h at 4 8C followed by DDW and PBST
washing. It is necessary to point out here that the biotinylation solution must be
prepared freshly each time it is required due to the quick hydrolysis of the NHS
esters. After being rinsed with DDW and PBST, the fresh biotinylation device was
immersed into a 300 nM streptavidin/PBST solution for another 4 h at 4 8C,
followed by washing using PBST and DDW and blow drying in ultra-
pure nitrogen.

To break the biotin–streptavidin binding, we immersed the device in hot
DDW (70 8C) for 8 min, and washed it with DDW several times.

EXPERIMENTAL MEASUREMENT METHOD

The bindings of the SAM, biotin and streptavidin were detected by measuring
the change in the electrical characteristics of the DMFET device, including
the threshold voltage (VT) shift, using the semiconductor parameter
analyser (HP4156C).

The electrical characteristics of the DMFET device were measured after each
immobilization step, in other words by measuring the data after immobilization
of the SAM, biotin and streptavidin, respectively.

The gate, drain and source currents were measured while the gate voltage
was swept from –4 V to 4 V with the source grounded and a voltage of
50 mV applied to the drain. All measurements were performed on the probe
station. The voltages were applied through probing tips that were directly in
contact with each probing pad in the device and fixed by vacuum. The
currents were measured through the probing tips while the corresponding
voltage was applied.

FESEM and TEM images were obtained with a Philips XL 30 AFEG scanning
electron microscope and FEI Tecnai F20, respectively. Atomic force microscopy
images were carried out using Nanoscope III (Digital Instruments, Veeco
Metrology). ATR-FTIR spectroscopy was performed using an IFS 66v/S Vacuum
FT-IR, ATR mode (Bruker Optics).
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limitations of label-free detection of DNA hybridization with field-effect-based devices. Sens.
Actuator B 111 – 112, 470–480 (2005).

30. Tabata, O., Asahi, R., Funabashi, H., Shimaoka, K. & Sugiyama, S. Anisotropic etching of silicon in
TMAH solutions. Sens. Actuator A 34, 51–57 (1992).

Acknowledgements
This work was supported by the National Research and Development Program (NRDP, 2005-01274) for
biomedical function monitoring biosensor development sponsored by the Korea Ministry of Science and
Technology (MOST). X.J.H. would like to express appreciation for the financial support of the Brain
Korea 21 project, the School of Information Technology, and the Korea Advanced Institute of Science and
Technology in 2007. The work was partially supported by the Center for Ultramicrochemical Process
Systems, sponsored by KOSEF and Samsung Electronics.
Correspondence and requests for materials should be addressed to Y.K.C.
Supplementary information accompanies this paper on www.nature.com/naturenanotechnology.

Author contributions
Y.K.C. conceived the biosensor application with a dielectric-modulated field-effect transistor. H.I. and
Y.K.C. designed the transistor experiments, and H.I. fabricated the transistors. X.J.H. and H.I. performed
bio-related experiments, and B.G. worked on simulation. H.I. and X.J.H. co-wrote the paper. All authors
contributed data analysis and interpretation equally.

Competing financial interests
The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/reprintsandpermissions/

LETTERS

nature nanotechnology | VOL 2 | JULY 2007 | www.nature.com/naturenanotechnology434



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    35.29000
    35.29000
    36.28000
    36.28000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50000
    8.50000
    8.50000
    8.50000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


