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ABSTRACT

Carbon nanotube transistors have outstanding potential for electronic detection of biomolecules in solution. The physical mechanism underlying
sensing however remains controversial, which hampers full exploitation of these promising nanosensors. Previously suggested mechanisms
are electrostatic gating, changes in gate coupling, carrier mobility changes, and Schottky barrier effects. We argue that each mechanism has
its characteristic effect on the liquid gate potential dependence of the device conductance. By studying both the electron and hole conduction,
the sensing mechanisms can be unambiguously identified. From extensive protein-adsorption experiments on such devices, we find that
electrostatic gating and Schottky barrier effects are the two relevant mechanisms, with electrostatic gating being most reproducible. If the
contact region is passivated, sensing is shown to be dominated by electrostatic gating, which demonstrates that the sensitive part of a
nanotube transistor is not limited to the contact region, as previously suggested. Such a layout provides a reliable platform for biosensing
with nanotubes.

Nanoscale semiconducting materials such as carbon nano- In this report, we resolve the issue of the sensing
tubed—2! or nanowire¥ 24 show great potential for use as mechanism through both extensive protein-adsorption experi-
highly sensitive electronic biosensors. Single-walled carbon ments and modeling. We show that studying the effect of
nanotubes (SWNTSs) arguably are the ultimate biosensor inprotein adsorption on the liquid gate potential dependence
this class for a number of reasons: SWNTSs have the smallestof device conductance can yield unambiguous information
diameter -1 nm), directly comparable to the size of single on the sensing mechanism, particularly in cases where
biomolecules and to the electrostatic screening length in devices reveal ambipolar conduction. From extensive protein
physiological solution§2> Furthermore, the low charge- adsorption experiments, we find that sensing is dominated
carrier density of SWNT% is directly comparable to the by a combination of electrostatic gating and Schottky barrier
surface charge density of proteifisyhich intuitively makes ~ effects, where the electrostatic gating effect is most repro-
SWNTs well suited for electronic detection that relies on ducible. Finally, we show that by passivating the SWNT
electrostatic interactions with analyte biomolecules. Finally, metal contacts, the unreliable Schottky barrier effect can be
the SWNT consists solely of surface such that every single suppressed, predominantly leaving the electrostatic gating
carbon atom is in direct contact with the environment, effect caused by the charge of nearby biomolecules.
allowing optimal interaction with nearby biomolecules.  g\ywNTs were grown on thermally oxidized silicon wafers
Although an appreciable amount of biosensing studies hasyy chemical vapor deposition from patterned alumina-
been conducted using carbon nanotube transistors, thesypnorted iron catalyst, followed by deposition of litho-
physical mechanism that underlies sensing is still under ganhically defined Ti or Cr/Au electrodes. Figure 1a shows
debate? Previously suggested mechanisms are electrostaticy semiconducting SWNT employed in a field-effect transistor
gating; ™ changes in gate couplirig;arrier mobility change$ layout?8 A home-built flow-cell is placed over the SWNT
and Schottky barrier effects.® The lack of a good  geyice to control the liquid environment that consists of
under.sta_ndmg of the sensing mechanism hampers the furthey, 4 ious solutions buffered by 10 mM phosphate buffer (PB)
exploitation of these promising nanosensors. at pH 7.2. The conductance of a SWNT transistor submerged

. . in an electrolyte can be tuned using the electrolyte as a highly
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Figure 1. Experimental layout and results of a typical biosensing
experiment. (a) Atomic force microscopy topology image of a
SWNT between Cr/Au contacts on an insulating SgDbstrate.

(b) Measurement setup, where a source-drain bias potential is
applied and the device is gated through an Ag/AgCl reference
electrode inserted in the electrolyte. The electrolyte is contained in
a home-built flow cell (not depicted). (c) Band diagram for a hole-
doped SWNT showing electron conduction through thermally
activated carriers into conductance band and hole conduction
through tunneling through the Schottky barrie is the Fermi-
energy.Ec and Ey are the energies of SWNT conductance and
valence band edges respectively. The liquid gate potential change
the doping level in the bulk of the SWNT as indicated by the red
arrows. (d) Results of a typical biosensing experiment. Current
versus liquid gate potential curves acquired before (black line) and
after (red line) adsorption of AM HHCC in PB buffer (/s = 10
mV). The inset shows the real-time drop in conductance when
HHCC is flushed over the device, while the gate potential is held
constant at-50 mV vs Ag/AgCl, (as indicated by the blue dashed
line).

respect to the grounded drain electrode, while a small (10
mV) bias voltage is applied over source and drain electrodes
to monitor device conductance. To create a well-defined,
stable gate potenti&land avoid sensing artifacts as pointed
out by Minot et all® we use an Ag/AgCl (3M NacCl)
reference electrode (BioAnalytical Systems).

The black solid line in Figure 1d shows a typical source-
drain current k) versus liquid gate potentialVg) curve
recorded in a buffer solution. Because of the high mobility
of charge carriers in SWNT%,the device conductance is
limited by the Schottky barriers that form at the metal
nanotube contacts (cf. Figure y? We can thus ap-
proximate the device conductance using a model for the
shape of the Schottky barrier, taken as the electrostatic
potential profile in the electrical double-layer, as a function
of Vig (Supporting Informationj®-3!

A typical biosensing experiment is shown in the inset of
Figure 1d. Because of the high sensitivity of the SWNT to
the liquid gate potential, that is, to its electrostatic environ-

S

when a buffered solution of M horse heart cytochrome-
(HHCC, positive charge at pH 7.2) is flushed over the device,
allowing proteins to adsorb on SWNT device and theSiO
substrate (see Supporting Information, Figure S1). This drop
in conductance directly corresponds to the change of the
|—Vq characteristics from the black to the red curve in Figure
1d, acquired respectively before and after the addition of
HHCC.

Figure 1d strikingly demonstrates the importancev/gf
thel—V,q curves acquired before and after protein adsorption
cross atVig = —300 mV. This implies that depending on
the potential at whiclq is fixed during a real-time protein
adsorption experiment, the magnitude and even sign of the
conductance change may vary. This necessitates reliable and
judicious control of liquid gate potentiét,and complicates
direct quantitative and qualitative interpretation of SWNT
sensor experiments. We will show that a better understanding
of the effect of protein adsorption dr-V|y characteristics
allows us to interpret the changes in Figure 1d as a
combination of electrostatic gating and Schottky barrier
effects.

We can use thé—V,y curves as a tool to identify the
sensing mechanism: Figure 2 illustrates the characteristic
qualitative effect of protein adsorption dr-Viy curve for
each previously mentioned sensing mechanism. (The curves
are calculated using the model described in the Supporting
Information.) In Figure 2a, we show the change in Ith&/
curve in the case of electrostatic gating by adsorbed charged
species that induce a screening charge (doping) in the SWNT
thus shifting the —V,q curve along the voltage axi€. This
situation also describes the effect of partial charge traAsfer.
Note that adsorption of a positively charged species induces
additional negative charge in the SWNT, thus n-doping the
SWNT and shifting thd —V,4 curve toward more negative
gate voltages. (The opposite holds for negatively charged
adsorbents.) To illustrate the charge sensitivity, we estimate
that a change in charge of merely 0.006®er nanometer
length of SWNT induces about 1 mV shift W, assuming
an interfacial capacitance of0.4 nF per unit length of
nanotube in the on-staté?°

Figure 2b shows the Schottky barrier mechanism as
suggested Chen et alvhere adsorbed biomolecules at the
metal contact modulate the local workfunction and thus the
band alignment. Because the Schottky barrier height changes
in opposite directions for hole (p) and electron (n) transport
(see insets), a characteristic asymmetric conductance change
for p- and n-branches df-Vjq curves is obtained.

Figure 2c shows the effect of a reduced gate efficiency,
which may occur when the gate capacitance is reduced due
to low permittivity ¢ of adsorbed biomolecules relative to
the electrolyte:'8 Because the SWNT electrolyte interfacial
capacitance is normally dominated by the SWNT quantum
capacitancé? the electrostatic capacitance reduction due to
adsorbed biomolecules can only become apparent in case of

ment, a small electrostatic disturbance caused by nearbynear-full coverage under the disputable assumption that ions

biomolecules can lead to a significant change in device

cannot permeate through this protein lajfer.

conductance. The inset in Figure 1d shows the real-time drop Finally, Figure 2d shows the effect of reduced carrier

in device conductance measured at constg#= —50 mV

592

mobility,® suppressing the conductance in both p- and
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Figure 2. Calculated —Vi4-curves before (black) and after (red) protein adsorption for four different sensing mechanisms. The bias voltage

is 10 mV. (a) Electrostatic gating effect corresponding to a 50 meV shift of the semiconducting bands downward. (b) Schottky barrier
effect that corresponds to a change of the difference between metal and SWNT workfunctions of 30 meV. In panels a and b, left and right
insets illustrate the corresponding changes in the band diagrams for hole and electron doping respectively. (c) Capacitance mechanism for
a 90% coverage of SWNT with proteia € 10, diameter= 6 nm). In panels ¢ and d, the insets illustrate the corresponding changes in the
band diagrams. (d) Mobility mechanism that corresponds to a mobility reduction to a mere 2% of the initial value.

n-branches. Because transport in Schottky barrier SWNT Supporting Information shows a similarly large workfunction
transistors is in general not limited by diffusive transport change obtained with another biomolecule. All devices
due to their extremely high carrier mobili#)this mechanism  showed the gating and/or Schottky effects; we did not
is unlikely to dominate sensing. Supporting Information systematically observe the capacitance or mobility mecha-
shows that a significant change ofVj, curves is only nisms. This conclusion is consistent with a recent report of
obtained in the case of dramatically reduced carrier mobility DNA immobilization on back-gated SWNT networks.
(e.g., by 98% for curves in Figure 2d). To gain insight in the device-to-device variability of the
To identify the sensing mechanism experimentally, we sensing mechanism, Figure 3c shows a histogram of the shift
extensively studied changes ir-Vig curves for a large  of the |—Vj4 curve, Vg after adsorption of kM HHCC
number of devices. We observed a range of characteristic(see Supporting Information for method of analyzMg;)
I-Vig changes. For illustration, Figure 3a,b shows two yielding a consistently negative dopiMgnix = —25 mV £
extreme cases of observed behavior that we can directly18 mV (20 devices). After correcting f&fshir, We compare
identify as electrostatic gating and Schottky barrier modula- AGe and AGy at the opposite extreme endpoints of the
tion, respectively. Figure 3a shows that after flushing a 185 measured/ range as plotted in Figure 3d. (In Figure S4 in
nM poly-L-lysine (PLL) solution, the entire-Vq curve shifts Supporting Information, we showGe versusAGy averaged
100 mV toward negative gate potential. This shift is induced over the entireV,y range, yielding essentially the same
by the high positive charge of PLL (at pH 7.2) that causes results.) Although 2 out of 15 ambipolar devices are
n-doping in the SWNT. Because both p- and n-branches arepositioned in the hatchedAGy < 0) and AGp < 0)
shifted, the dominant mechanism is unambiguously electro- quadrant, corresponding to mobility and/or capacitance
static gating. Figure 3b shows the other extreme of observedmechanisms, the majority of devices appears consistent with
|—Vig changes. After flushing adM HHCC solution, aclear ~ Schottky barrier modulation as roughly indicated by the line
drop in hole conductionXGp) and concomitant increase in  AGy = —AGp. Contrary to the more reliable electrostatic
electron conductionAGy) is observed, corresponding to an gating shift, the apparent workfunctiemodulation strongly
increase in metal work functiof To our knowledge, this  varies from device to device over a range of both positive
represents the most direct observation of the workfunction and negative values. We speculate that this is related to the
modulation mechanism in SWNTs to date. Figure S3 in nanometer scale of the metsBWNT contact, which can be
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Figure 3. Changes in liquid gate sweeps of ambipolar devices 00

measured during protein adsorption experiments. (a) Example of
strong electrostatic gating (adsorption of 185 nM pollysine on - .
an ambipolar SWNT device). (b) Example of a strong Schottky 50 | 4
barrier effect in the case of adsorption ofit1 HHCC on a short
(40 nm) SWNT device. (c) Histogram Ofsp for 20 HHCC
adsorption experiments yieldin¥shr = —25 + 18 mV. (d)
Scatterplot of the changes in p- and n-conductang(andAGp,
respectively) after HHCC adsorption on ambipolar devices, taken
at the opposite extreme points of thfg range, after the data has V, (V vs Ag/AgCI)
been corrected for the electrostatic gating shift. The hatch&y,
< 0) and AGp < 0) quadrant represents mobility and capacitance Figure 4. 1-V,, curves before (black) and after (red) PLL
mechanisms, while the dashed lin&y = —AGp roughly indicates  adsorption on modified SWNT devices. (a) 200 nM PLL adsorption
the Schottky barrier mechanism. Figure S2 of Supporting Informa- on a SWNT device where the electrodes and contact area are
tion shows the dataset on a larger scale with two more datapoints.passivated by PMMA. Top and bottom insets illustrate device
architecture and band-diagram changes upon protein adsorption,
affected either way by positively or negatively charged respectively. (b) 185 nM PLL adsorption on a suspended SWNT
regions of HHCC, depending on protein orientation. Fur- device. The inset illustrates the device geometry.
thermore, the contact region is prone to subtle variations in device yields a clear 70 mV shift ih—Vjg curve, we can
device fabrication such as level of oxidation of adhesion unambiguously conclude that work function modulation at
layers and pile-up of wet-processing residues. the meta-SWNT contact cannot be responsible for this
From the experiments in Figure 3, we conclude that both change inl—V4 curve’® This directly implies that sensing
electrostatic gating and Schottky barrier modulation are is not limited to the contacts, but extends to the bulk channel
responsible for changes Ir-V,y curves. We can go further  section of the SWNT.
and use the previously mentioned model to extract quantita- A second important issue for protein sensing is whether
tive information. For example, by modeling theViq curves this shift can be directly related to the charge of the
of Figure 1d (see Supporting Information, Figure S5), we biomolecules. Alternatively, an additional shift, unrelated to
find that HHCC adsorption in this experiment can be well the protein charge, may occur when the electrolyte surround-
described by the combination of an electrostatic gating effecting a SWNT is replaced by adsorbed biomolecules that
of —33 mV and a metal work function change of 16 meV. locally change charge screening and the electrostatic coupling
A crucial issue for design and applications of SWNT between the nearby SjCcharge and the SWN#F* To
sensors concerns the region of the device where proteinconfirm that a shift indeed originates from the charge of the
adsorption causes significant conductance changes. Althougtbiomolecules, the experiment was repeated with a suspended
earlier reports, which suggest workfunction modulation to SWNT, fabricated by underetching the Si@ buffered HF,
be the dominant sensing mechanistjmply that the where the distance between SWNT channel and substrate is
sensitive region is limited to the nanoscale contact regions, much larger than the Debye screening length in solution.
our results clearly indicate that in addition, strong electrostatic Figure 4b shows an electrostatic gating shift that can now
gating reliably occurs along the bulk of the SWNT channel. be entirely attributed to PLL adsorbing on the SWNT. In
To explicitly confirm this important result, we fabricated addition, this result indicates that while the substrate may
poly(methyl-metacrylate) (PMMA) contact-passivated de- influence biosensing experiments, it is not a necessary
vices, where solution-access is restricted to an exposed regiorelement in sensing.
along the bulk of the SWN (see upper inset Figure 4a). In summary, we have studied the effect of protein
Because addition of PLL (red curve) to the contact-passivatedadsorption on—Vq curves. Changes ii-V,g curves can be
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used to experimentally identify sensing mechanisms. The
identification of mechanisms can be performed unambigu-

ously for the case of SWNT devices that exhibit ambipolar
conduction. We find that the majority of our experiments

can be explained by a combination of electrostatic gating
and Schottky barrier effects. Because these two mechanisms

(7) Chen, R. J.; Choi, H. C.; Bangsaruntip, S.; Yenilmez, E.; Tang, X.;
Wang, Q.; Chang, Y. L.; Dai, Hl. Am. Chem. So2004 126 1563
1568.

(8) Byon, H. R.; Choi, H. CJ. Am. Chem. So@006 128 2188-2189.

(9) Tang, X.; Bansaruntip, S.; Nakayama, N.; Yenilmez, E.; Chang, Y.
L.; Wang, Q.Nano Lett.2006 6, 1632-1636.

(10) Larrimore, L.; Nad, S.; Zhou, X.; Abfian H.; McEuen, P. LNano
Lett. 2006 6, 1329-1333.

have different gate-potential dependence, the choice of gate (11) Bradley, K.; Briman, M.; Star, A.; Gner, G.Nano Lett.2004 4,

potential can strongly affect the outcome of real-time

biosensing experiments. Moreover, the Schottky barrier effect

253-256.
(12) So, H. M.; Won, K.; Kim, Y. H.; Kim, B. K.; Ryu, B. H.; Na, P. S;
Kim, H.; Lee, J. 0.J. Am. Chem. So2005 127, 11906-11907.

at the contact appears less consistent and less reproducible(13) Park, D. W.; Kim, Y. H.; Kim, B. S.; So, H. M.; Won, K.; Lee, J.

than the electrostatic gating effect along the SWNT bulk.
Because passivation of meteBWNT contacts inhibits

signals due to metal work function modulation, predomi-
nantly leaving signals from electrostatic gating, contact-
passivated devices can provide a reliable platform for

biosensors that consist of a single or few SWNT transistors.
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