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Fabrication and characterization of a biologically sensitive field-effect
transistor using a nanocrystalline diamond thin film
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We report the fabrication and characterization of a biologically sensitive field-effect transistor
(Bio-FET) using a nanocrystalline diamond thin film. Biomolecular recognition capability was
provided by linking human immunoglobulin GIgG) to the diamond surface. Electrical
measurements reveal behavior characteristic of field-effect transistors. The biomolecular recognition
and specificity characteristics were tested using the two antibodies anti IgM and anti-lgG. Electrical
measurements show that the Bio-FET device made on an IgG-modified diamond exhibits a response
specific to the anti-lgG antibody. Our results demonstrate the ability to fabricate a bio-FET device
using a biologically modified diamond thin film. @004 American Institute of Physics
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While the unusual mechanical, thermal, and electrical To provide biomolecular recognition capability, the dia-
properties of diamond have long been studiedt is only  mond surfaces were modified with an antibody, human im-
recently that the outstanding chemical properties ofmunoglobulin G(IgG), through a multi-step process shown
diamond™ have made it an attractive substrate for biologicalin Fig. 1(a). The diamond surfaces were first terminated with
studies’™® and especially the integration of biological sys- hydrogen using a radio-frequency plasma, and an organic
tems with microelectronic’ Silicon-based field-effect tran- monolayer film bearing protected amine groupg0-
sistors(FET9 can be provided with chemical and/or biologi- aminedec-1-ene, protected with trifluoracetic acihs co-
cal sensitivity by modifying the gate insulator with specific valently linked(step 1 to the surface via photoexcitation at
molecular layerd® ™ However, the chemical instability of 254 nm?° De-protection in 0.36 M HCl/methanabtep 3
silicon in agueous media limits its utility for bioelectronic followed by reaction with 3% solution of glutaraldehyde in a
devices-*™* Diamond surfaces that have been covalentlysodium cyanoborohydride coupling buffer for 2(step 3
modified with biomolecules have extremely good chemicalthen produced a diamond surface with some exposed alde-
stability and biological seIectivit?ﬁ8 The biomolecular rec- hyde groups. Gold was sputter coated on the aldehyde-
ognition properties also alter the electrical properties of théerminated diamond surfaces through a mask to form ohmic
diamond via a field effect, which can be detected via changesource and drain contacztéleaving a channel region 0.5 mm
in the interfacial impedancgel,7 suggesting the possibility of in length and 3 mm in width. The metal electrodes were then
fabricating biologically sensitive field-effect transistgBio- covered with a thin layer of epoxy to insulate them from the
FET9 on diamond similar to the ion-sensitive FETs preparedsolution. Finally, the exposed, aldehyde-modified surfaces
previously,la'19 but with the added benefit of biomolecular were immersed in a 1 mg/ml human immunoglobulin G
recognition capability. Here, we report the construction andIgG) solution for approximately 8 fstep 4 which binds the
characterization of a bio-FET device from diamond thinlgG to the surface. Unreacted aldehyde groups were stabi-
films for direct detection of biological molecules. lized against further reaction by immersing in a solution of

Figure 1 shows an overview of the fabrication process0.1 M glycine in sodium cyanoborohydride buffer. Although
Figure X&) shows the chemical modification, while Fighl  the number of IgG molecules bonded to the surface was not
shows the physical structure of the FET, which is similar tomeasured directly, based on the molecular dimensions we
that of the classical ion-sensitive field-effect transistorexpect a maximum of-1x 10'2 molecules/cra
structure®’ Undoped nanocrystalline diamond thin films To complete the FET structure, a flow cell consisting of
(1 wm thick) were grown om-type silicon(10 2 cm) sub- a polydimethylsiloxane sheet with embedded microfluidic
strates by microwave-enhanced plasma chemical vapor depohannels was used to separate the diamond surface by 1 mm
sition. The diamond film must be pinhole free to protect thefrom a Pt gate electrod®. The flow cell was filled with
silicon substrate from chemical attack, but must be thin tade-ionized water for measurements and with various electro-
minimize gate leakage and provide optimal sensitivity. Thislyte solutions containing biomolecules of interest to test the
combination of properties was achieved by mechanicallypiomolecular recognition capabilities. All electrical measure-
abrading the silicon surface using diamond pow@er2 um ments reported here were performed in 18Mm de-
diametey to provide a very high initial nucleation denshy. ionized water.

Scanning electron microscopy images after growth showed a Figure 2a) shows the changes in drain-source current
smooth, continuous diamond film with grain sizes of (I4) as a function of drain-source volta§€,) for different
20-100 nm. values of gate biagVyy) of an IgG-modified diamond FET.
Even whenVy=0 there is a small drain current due to leak-
author to whom correspondence should be addressed; electronic maifg€ from the gate; this leakage current has been subtracted
rijhamers@wisc.edu from the original data before plotting in Fig(éd. For each
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Au A FIG. 2. (Color onling (a) |4V curves at different gate voltages for 1I9G
Vv (d) 6 ? ? u(s) modified diamond surface befofsolid line) and after(dashed ling expo-
a_ds p-Diamond sure to anti IgM. Measurements were performed in de-ionized wetgr.
= Si | 14—V curves of IgG modified diamond surfaces with=-0.5 V (dashed
e n-Si ds line) andVy=—1 V (solid line).
tional measurements showed that the leakage current through
—— the epoxy protecting layer coating the Au electrodes was
) = ground typically nanoamperes in magnitude, far smaller than the mi-

croampere drain currents observed in the FET measurement.
FIG. 1. (Color onling (a) Overview of the chemistry for linking human IgG  To minimize the current leakage through the solution, which
to diamond surfacegb) Schematic illustration of diamond Bio-FET. is in parallel with the channel, the measurements were per-

formed in the de-ionized water, yielding an estimated
value of Vy, the drain current increases withys and then  >90 MQ solution resistance between electrodes. From Fig.
begins to saturate. This saturation behavior is similar to tha2(a), the overall resistance between the drain and the source
observed for more conventional silicon-based FETAs a  electrodes can be calculated from the slope of the linear re-
control experimen{Fig. 2a) dashed ling this device was gion of the 4V curve, yielding a value of 40® with
also exposed to a buffer solution containing £8/ml anti-  \v,=-4 V. Since this value is much smaller than the solution
human IgM(anti IgM), an antibody that doesotbind to I9G  resistance, we conclude that the drain-source current flow is
but which otherwise has similar properties. The anti-IgM-aimost entirely through the channel formed in the diamond.
containing buffer solution acts as a control to verify that 1o gemonstrate the ability to respond selectively to the
changes induced by exposure to the specific antibody anfinij-1gG antibody, the electrical properties were measured
IgG (to be presented belgvare a consequence of a specific before and after exposure to anti Ig&34 xg/ml), an anti-

o e rapen e e o e o 23 W Binds oyt he surface tethred 5. i
ectrical properties . xposure ure Ja) shows the drain current versus drain-source voltage
IgM-containing buffer solution are nearly identical, indicat-

ing that the buffer solutions and nonbinding anti-lgM anti-for an IgG-modified diamond FET at a gate-source voltage

body do not affect the electrical properties. of =4 V (solid ling). After exposure to anti IgM68 wg/ml,

Figure Zb) shows the drain current versus gate voltagels min incubation timgas a control, the respongdashed

for two different values of the drain-source voltage. Beyond!N€) rémains unchanged. However, the dotted line shows
a threshold of~-1 V, the current increases approximately that after exposure to anti-Ig@34 .g/ml, 15 min incuba-
quadratically with gate voltage. Measurements made in th#0M) there is a pronounced reduction in drain current. At a
reverse direction are nearly identical. These results show thg@te voltage of -4 V, the drain current decreases by approxi-
l4s depends on the gate voltage in a manner typically opmately 25%. The biomolecular recognition between the IgG-
served for FET&2 modified surface and the solution-phase anti IgG can also be
To verify that the current response observed is primarnydetected via the changes in drain current as a function of the
from the channel formed in the diamond, several control exgate voltage, as shown in Fig(d. As expected, the ability
periments were performed. Measurements of thgo detect the selective binding is most apparent at the largest
Au/diamond h-Si interface showed highly rectifying behav- negative gate voltages; ¥=-6 V, the binding of anti IgG
ior, indicating that the reverse-biased junctionreSi and  to the surface induces a change of approximately 30% in the

p-diamond confines the current flow to the diamond. Addi-drain current.
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16} e charged “labels” that would bind to the anti-lgG molecule
= and provide it with additional charged groups, in a manner
A2F vy ==4v similar to the use of fluorescent labels in the widely used
? SR enzyme linked immunosorbent ass(éu;ZLISA").24
8 ' While previous work has shown that DNA hybridization
’ can be detected using the field-effect transistors prepared by
Al o ——gCdamond tethering biomolecules to surfaces of silicon or thin silicon
+ — — lgG/diamond +anti-igM L . . 12. .

______ IgG/diamond +anti-IgG dIO?(Ide SiG layers on SI|ICOI’? substraté5'?in many appli-

. L . . cations the use of diamond is very advantageous because of

00 02 -04 -06 -08 -1.0 the excellent stability over a wide range of chemical and
(@) Vas (V) electrochemical conditiors® Indeed, recent studies have
shown DNA-modified diamond surfaces to be remarkably
-80¢ stable even at temperatures well above room temper%ture.
— IgG/diamond This suggests that the use of diamond thin films as the basis
60r ... IgG/diamond + anti-lgG o for bio-FET devices may be particularly advantageous for
biosensing applications requiring extraordinary stability
and/or in harsh conditions, such as continuous monitoring
and environmental sensing.
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