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ABSTRACT

Carbon nanotube transistors are a promising platform for the next generation of nonoptical biosensors. However, the exact nature of the
hiomolecule interactions with nanotubes in these devices remains unknown, creating one of the major obstacles to their practical use. We
assembled alternating layers of oppositely charged polyelectrolytes on the carbon nanotube transistors to mimic gating of these devices by
charged molecules. The devices showed reproducible oscillations of the transistor threshold voltage depending on the polarity of the outer
polymer layer in the multilayer film. This behavior shows excellent agreement with the predictions of a simple electrostatic model. Finally, we
demonstrate that complex interactions of adsorbed species with the device substrate and the surrounding electrolyte can produce significant
and sometimes unexpected effects on the device characteristics.

Use of semiconducting single-wall carbon nanotubes (SWNTS) interactions of charged biomolecules with nanotubes in
for chemical and biological sensing relies on the extreme aqueous ionic solutions. Adsorbates may change charge
sensitivity of the nanotube electrical properties to local carrier density in a semiconducting SWNT using two possible
chemical environments. Direct electrical detection of label- mechanisms: capacitive gating or partial electron transfer,
free biomolecules with SWNT field-effect transistors (FETs) and both mechanisms can work simultaneously for real-world
would have significant advantages over existing detection samples. The capacitive gating mechanism relies on altering
methods. Since the pioneering work by bamd colleagues,  the electrostatic field around the nanotube. Such gating
researchers have attempted to use carbon nanotubes to deteghppens when we apply voltage to the back of the Si
a variety of species, ranging from simple inorganic substrate on which the nanotube device rests, or to the
molecule$™® to DNA’ and protein§~** At the same time,  electrolyte surrounding the nanotube. In the latter case, the
an alternative platform based on silicon nanowire transistors fie|d is transmitted to the nanotube by ions that form an ionic
has progressed significantly, demonstrating specific detectionggyble layer around the nanotu§@nd it is easy to envision

of single viruse¥ and femtomolar concentrations of proteins  the same type of gating taking place when a charged analyte
in complex mixtures® The use of field-effect transistor species approaches the nanotube. The second mechanism
devices to detect changes at the interface due to adsorptionyglves direct doping by partial electron transfer to or from
of charged species dates back to the early 197@8d a e nanotube. This pathway is common for species with high

number of experimental and theoretical works using con- (gqox potentials compared to the nanot&B&2® although
ventional silicon-based VLSI transistor devices contributed McEuen and colleagues questioned this mechanism re-

to our understanding of the operation of these deViges. cently20
Nevertheless, the nature of nanotutmeolecule interactions

. . . . In this work, we focused on the capacitive gating of carbon
and the mechanisms by which these interactions change thenanotubes since it represents perhaps the most general gatin
nanotube conductance remain largely unkndwn. ’ P b P 9 gating

Rational desian of carbon nanotub nsors requir mechanism, because most biomolecules bear at least some
ational design of carbon nanotube sensors requ escharge in aqueous solutions. Researchers often attribute
understanding of the mechanisms responsible for signal

tion. Bi I te at hvsioloai Ichanges in nanotube conductance upon addition of biomol-
generation. blosensors usualy operate at near-pnysiologicaly ., ¢ g the impact that their charge has on the nanotube;
conditions, so it is particularly important to understand the

yet sometimes conductance changes occur in the opposite

T . A——— Py direction from what we expect based on molecular chéfge.
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Figure 1. Fabrication and characterization of carbon nanotube devices. (A) Schematics of device fabrication: (l) patterning metal electrodes
on SiG/Si wafer, (Il) catalyst deposition, and (Ill) carbon nanotube growth by catalytic CVD. (B) SEM image of the final device, the
arrow points to an SWNT bridging two electrodes. (C) Transfer characteristics of a representative SWNT device (measured using a source
drain voltage of 100 mV) in air (blue curve) and 100 mM NacCl in water (red curve). A SEM image of the device is shown in the inset.

to the substrate surface, typically $j@nd that this surface  lyldimethylammonium chloride (PDDA)] through the cell,
is negatively charged under physiological conditiéhighis starting with a polycation. No additional background elec-
charge, which is also sensitive to pH and ionic strefgth, trolyte was present during polymer adsorption. After rinsing
will obviously contribute to the field acting on the carbon the cell with pure water to remove the excess polyelectrolyte,
nanotube?® To study the effect of molecular electrostatic we filled it with the NaCl solution that we used for electrical
fields on the nanotube, we used layer-by-layer adsorption characterization. For measurements in the dry state, we
of highly charged polymeféonto SWNT FET devices. We placed a drop of polymer solution on the chip for 30 min,
also investigated how variations in SiGurface potential  then rinsed it with water, and dried it under a nitrogen stream.
induced by change in ionic strength influence nanotube FET In this paper, we concentrate on the results obtained using
performance. Finally, we showed that polymer adsorption PAH/PSS multilayers; PDDA/PSS multilayers produced
may change the surface ionization of the substrate and thatgualitatively similar results.
at certain conditions a combination of both effects is  Gating of CNT Transistors by Polyelectrolyte Multi-
responsible for the seemingly unexpected shifts in the devicelayers. Sequential adsorption of polyelectrolytes on SWNT
characteristics. FETs shifts the transfer characteristics of the devices. After
Carbon Nanotube Transistor Fabrication. Our device adsorption of the first layer, the-V curve oscillates between
fabrication sequence started with patterning electrodes (5 nmtwo distinct states, depending on the sign of the outer
Cr, 50 nm P£}° on top of a 2.5um-thick layer of thermally polymer layer (Figure 2a). When the multilayer structure is
grown oxide on a highly doped Si wafer (Figure 1a). We terminated with the positively charged PAH layer, the curve
then lithographically patterned the catalyst islands (10 nm shifts to more negative gate voltages, and when the film
Al, 3 A Mo, 5 A Fe)*®37 on top of the electrodes. In the terminates with the negatively charged PSS layer, the curve
final step we grew SWCNTs from the catalyst islands using shifts to positive gate voltage values. Qualitatively, this result
ethylene-based CVD growf§:%° In this paper, we report is easy to understand. When a positively charged PAH layer
only results obtained on devices that consist of individual is situated close to the nanotube, we need to apply more
SWNTs bridging the electrodes (Figure 1b). Our fabrication negative gate voltage to compensate for this charge. By the
procedure produced high-quality devices: our transistors same token, a negatively charged PSS layer will require more
typically had on/off ratios of 10or greater; the subthreshold positive gate voltage to compensate for the additional charge.
slope in water was close to the maximum theoretical value Because of the reversal of the surface charge upon adsorption
(ca. 70 mV/dec), and the devices achieved on-state conducof each polymer layet: the periodic behavior should
tance values close to 15 (Figure 1c). continue as we add more layers. Indeed, measured shifts of
Electrical Measurements in Aqueous Solutions.For the threshold voltage confirm this trend (Figure 2b).
electrical characterization of our devices in liquid, we  To demonstrate the electrostatic nature of the observed
mounted the chip in a custom-made flow cell that incorpo- shifts, we have compared this data with the predictions of
rated an additional electrode, which allowed us to apply the the model that Neff et al. initially developed to describe
gating voltage through the electrolyte solutfdhe poly- electrostatic contribution to the surface potential from
electrolyte layers were deposited by passing a 50 mM polyelectrolyte multilayer builduf? This model describes
solution of a polyelectrolyte [polyallylamine hydrochloride the electrostatic potential shift at a surface covered with
(PAH), sodium polystyrenesulfonate (PSS), or polydial- alternating layers of charged species and considers the
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Figure 2. Transfer characteristics of carbon nanotube FET devices as a function of PAH/PSS multilayer adsorption in (A and B) 100 mM
NaCl, and (C and D) 1 mM NacCl solutions. (A and C) Transfer characteristics of the device before (black short dash line) and after
adsorption of polymer multilayers terminated with PAH (red lines) and PSS (blue lines). Solid lines, 1st and 2nd layers; dotted lines, 3rd
and 4th layers; dashed lines, 5th and 6th layers. (B and D) Measured device threshold voltage shifts (red squares) and calculated surface
potential changes (blue circles) as a function of number of adsorbed polymer layers. Threshold voltage of uncoated device and surface
potential of bare Si@surface served as reference points. Black diamonds and the dotted line in B represents the surface potential change
calculated by taking into account the charge regulation at the surface.

contributions to the electrostatic potential from several Table 1. Parameter Values Used for Surface Potential
sources: (1) ionized silicon oxide substrate surface, (2) Calculation upon Polyelectrolyte Layer-by-Layer Deposition

polyelectrolyte multilayers, and (3) bulk electrolyte solu- parameter value
tion#*2 In the general case where we apply a potential ) o

. Kp 20 nm
difference U, between the nanotube and the gate electrode, & 3042,50,54
the electrostatic potential at the surfage, is d 1 nm*!

—2.5 uC/ecm?2 (100 mM NaCl),
—0.8 uC/ecm? (1 mM NaCl)32

o1

B RPN
V- 01%

PN) = (1) no fitting parameters. The calculated shifts (blue trace in
& sinh,Nd) + coshc,Nd) Figure 2b) follow the same periodic behavior that we observe
Co P P in the experiment. More importantly, the calculated shifts

match the measured shifts for adsorption of all layers except
the first layer, which shifts the threshold voltage in the
opposite direction from the calculated value. To explain this
phenomenon, we need to consider the effect of the charged
species on the ionization state of the S&Dirface.

The silanol groups on the surface of silicon oxide are
weakly acidic, and the surface is negatively charged at pH
values above 3. According to the Grahame equdfion,
varying the degree of dissociation and/or screening of surface
charges will change the surface potentigl,

where Cp = kpepeo and Cp = kweweo are the characteristic
capacitances of polymer multilayer and bulk solution per
area,xp andk, are the Debye lengths in polymer film and
bulk solution, ¢, and ¢, are the dielectric constants of
polymer film and bulk solutiong, is the dielectric permit-
tivity of vacuum, N is the number of polymer layers, is

the thickness of each layer, ang is the surface charge
density of polyelectrolyte layer. We chosg to be twice

the surface charge density of the silicon oxide substrate,
01.414344 Note that literature contains all of the parameter

values for this model (Table 1); therefore, we can calculate — AT o I—(%)
the change in the electrostatic potential at Sitherface with “ BeeokTry sin 2KT, )
Nano Lett. ¢
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adsorption (see Table 1), but we note that higher Sifface
charge densities, such as those reported by Td8educe
a better fit to the data in Figure 3 (not shown).

Charge regulation at the interface plays a critical role in
determining the device response to the adsorption of the first
ocar oor o1 1, polymer layer. The observed shift in the “opposite” direction
Surface charge density (e/nm’ ) . . .. .

is also strikingly similar to effects that Dai and co-workers
observed in protein sensing experimeits that case it was
conceivable that, depending on the protein conformation on
the surface, local fields of ionized residues may play a bigger
role than the net charge of the molecule; however, this
explanation is unlikely to apply for our experiments where
we used a polymer with identically charged monomer units.
Instead, we need to look at the changes in the local
0.1 1 10 100 environment at the carbon nanotube. The concentration of
[NaCl] (mM) mobile ions in polyelectrolyte multilayers is low and falls
in the range of 0.1 mM for the PAH/PSS system used in
Figure 3. Measured device threshold voltage shift (red squares) g, experiment& Thus, even though we take measurements

compared to the calculated surface potential change (blue circles) . .
as a function of NaCl concentration. Threshold voltage and surface at the bulk salt concentrations of 100 mM (Figure 2a,b), the

potential at 100 mM NaCl served as reference points. Inset: surfacelocal ionic strength in the vicinity of the SiGsurface is
potential at the silicon oxide surface as a function of surface charge reduced by 2 orders of magnitude (from 100 mM to about 1

density at differgnt solution ionic strengths (calculated from the mM) once the first polymer layer adsorbs. This drop in ionic
Grahame equation, eq 2). strength would increase the negative surface potential by
approximately 100 mV (Figure 3). We can estimate the pure
polyelectrolyte contribution to the potential change at 100
mM NacCl in the bulk as 70 mV (Figure 2b). The combined
h effect from these two sources changes the potential by 30
mV in the oppositedirection from what we expect based
solely on the polymer charge. This number is in excellent

Surface potential (V)

0.10 4

~__

0.054

Potential change (V)

UOD TTTI T T T Trrr T T T Trrry T T T TTTT

where o is the surface charge density,is the dielectric
constant of the mediunk is the Boltzmann constanty is
the bulk ion concentratior, is the temperature, arais the
electron charge. Lieber and co-workers used this effect wit
considerable success in their design of a silicon nanowire

pH sensor? yet for many sensing applications, variation in . . :
salt concentration, pH, or contamination can lead to unin- agreement with the measured shift. Once the first polymer
e layer is adsorbed, the following layers will not change the

tended changes in surface ionization and thus complicate the

device response. We have examined SWNT device charac-°MC conditions near the silicon oxide surface; therefore, all

teristics in solutions of various ionic strengths and found that subsequently adsorbed Iayers shquld_ generate Sh'ﬂf‘:’ based
the nanotube souredrain current versus gate voltage curve purely on the_ eIectrpstatlc_ contributions. Indeed, if we
shifted to more negative gate voltages upon increasing NaCl!ncorporate this one-time shift due t_o the charge regulation
concentration (Figure 3). in our model, the calc_ulated potential _change matches the
Increase of ionic strength changes the S0rface by two experimental trend (Figure 2b, black diamonds).
competing processes. First, electrostatic screening reduces 'his model also predicts that the anomalous shift upon
the surface potential (see eq 2 and Figure 3, inset). At the addition of the first polymer layer should vanish when we
same time, efficient screening allows more silanol groups Perform measurements at low background electrolyte con-
to ionize, causing an increase in surface charge defsity. centration. In this case, the local ionic strength in the vicinity
When we combine these two opposite effects and substituteOf the SIiQ substrate does not change upon adsorption of
the literature value for the SiGurface charge densigjinto the first layer. Indeed, when we measured the response of
the Grahame equation' the absolute value of the Surfacethe nanotube transistors to adSOI’ption of PAH/PSS multi-
potential decreases with increasing salt concentration (Figurelayers in 1 mM NaCl (Figure 2c), the anomalous shift upon
3, blue trace). As the surface potential becomes less negativeaddition of the first layer vanished and the measured shifts
a more negative gate voltage is necessary to compensate fophowed perfect agreement with the model prediction (Figure
this change. Although this simple model predicts the direction 2d). Note also that the magnitude of the SWNT threshold
of the nanotube threshold shift correctly, it underestimates Voltage shift upon polyelectrolyte adsorption increases as the
the magnitude of the shift by about a factor of 2 (Figure 3). ionic strength decreases (70 mV at 100 mM vs 200 mV at
This discrepancy likely originates from the uncertainty in 1 mM) due to less efficient screening of polyelectrolyte
the value of the Si@surface charge density. The surface charges at the polymessolution interface.
charge density depends on the details of surface preparation, Interestingly, SWNT devices also respond to polyelectro-
such as thermal treatment and hydrafibrMost of the lyte multilayers in the dry state, showing qualitatively similar
literature values were measured on colloidal partiglés* periodic threshold voltage oscillations (see the Supporting
whereas our substrate is a thermally grown oxide layer on alnformation). In that case, however, the magnitude of the
flat Si wafer. For consistency, we used the same surfaceshift was approximately 20 times larger than the shifts
charge density data that we used for modeling polyelectrolyte recorded in 100 mM NaCl solution. The data also showed

D Nano Lett.



more scatter in the dry state compared to measurements irshifts in dry state. This material is available free of charge
solution. We attribute increased scattering to uncertaintiesvia the Internet at http://pubs.acs.org.

in the residual water content in the multilayers that have a
pronounced effect on ion mobility and dielectric properties

il 50,51 ; ; ; i (1) Kong, J.; Franklin, N. R.; Zhou, C. W.; Chapline, M. G.; Peng, S.;
of the film. This uncertainty is not surprising because Cho K. J.: Dai. H. JScience2000 287 622,
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