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ABSTRACT

Single-walled carbon nanotube (SWNT) field effect transistors were electrochemically decorated with Pt, Pd, Au, and Ag nanoparticles. Upon
exposure to 10 ppm NO gas in N 2 a trend was found wherein the magnitude of electron transfer into the SWNT valence band scaled with the
work function of the individual metal. This trend gives experimental support for the formation of a metal work function dependent potential
barrier at the SWNT −nanoparticle interface.

A large amount of interest has been developed concerning
the fabrication and application of carbon nanotubes (CNTs)
decorated with metal nanoparticles.1-3 While the use of such
nanohybrids is becoming more popular, the intimate elec-
tronic relationship between the CNT and deposited metal
nanoparticle is still poorly understood. On the other hand,
the electronic interactions between CNTs and bulk metal
contacts are well described in the literature.4-6 For example,
Dai and co-workers have reported that nanotube field effect
transistors (NTFETs) experience sensitivity toward H2 as a
result of modification of the Schottky barrier at the CNT-
metal junction.7 Similarly, H2 sensitivity was seen in Pd-
decorated NTFETs and has been explained in terms of
electron donation through H2 lowering the Pd work function.8

This explanation relies upon the ability of Pd to dissolve
hydrogen and was first suggested in the report of a hydrogen-
sensitive metal-oxide-semiconductor FET (MOSFET).9 How-
ever, this explanation may not be complete because it does
not give any special consideration to the electronic interaction
at the single-walled carbon nanotube (SWNT)-nanoparticle
interface. Recently we reported a gas sensor array based on
metal-decorated NTFETs that showed unique electronic
response for various metal-analyte combinations,10 but the
fundamental mechanism behind the signal transduction
remained unclear.

By exposing NTFET devices decorated with different
metals to a single gas, one could monitor the electronic
response as a function of metal work function. Because NO
has an unpaired electron in the 2π* orbital, it is an ideal
candidate for probing metal surfaces, and the literature
abounds with reports of NO-metal interactions.11 In this
report we compare the behavior of NTFETs decorated with

Pt, Pd, Au, and Ag nanoparticles upon exposure to NO gas.
We have found that devices decorated with different metals
demonstrate unique electronic behavior upon exposure to NO
gas in N2. On the basis of our experimental findings we show
a correlation between the metal work function of the
nanoparticle and magnitude of electronic transfer into the
SWNT network of the NTFET device which points toward
a work function dependent potential barrier at the SWNT-
nanoparticle interface.

Previous reports describe the fabrication of NTFET
devices,12 but briefly, SWNTs were grown via chemical
vapor deposition (CVD) onto Si wafers and interdigitated
Au/Ti electrodes were photolithographically patterned onto
the SWNT network. The chips were wire-bonded and
packaged in a 40-pin ceramic dual-inline package (CERDIP).
The fabrication process creates multiple devices per chip
allowing the response of individual devices to be simulta-
neously monitored.10 Measurements made with NTFETs
composed of random networks of SWNTs are advantageous
because random network NTFETs are less prone to failure
due to the large number of conduction pathways. Addition-
ally, while random network NTFETs may not provide
information on individual nanotube response, as with singly
isolated SWNT FETs,7,8,13,14they possess an intrinsic averag-
ing effect in that they remove nanotube to nanotube variation
due to the combined response of the entire network.15 NTFET
devices were decorated with metal nanoparticles via elec-
trochemical deposition using a CH Instruments electrochemi-
cal analyzer by connecting the source and drain pins of a
single device and using it as the working electrode in an
electrochemical cell.16 An epoxy coating (Epoxy Technolo-
gies) was used to isolate device leads from the rest of the
electrochemical cell to ensure metal deposition only on* Corresponding author. E-mail: astar@pitt.edu.
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individual device surfaces. A single drop (∼100 µL) of 1
mM H2PtCl6, HAuCl4, AgNO3, or 0.5 mM K2PdCl6 (Sigma
Aldrich) in a supporting electrolyte of 0.1 M HCl or KNO3
(for AgNO3) was placed on the NTFET chip with Ag/AgCl
reference and Pt wire counter electrodes just in contact with
the surface of the solution to create a miniaturized electro-
chemical cell. A deposition potential of-1.0 V was held
for a time between 10 and 90 s to deposit metal nanoparticles
of various sizes on the device SWNT networks. Scanning
electron microscopy (SEM) was performed with a Phillips
XL30 FEG microscope equipped with an EDAX assembly
for energy dispersive spectroscopy (EDS) allowing confirma-
tion of metal deposition. For experiments, chips were tested
using a custom NTFET electronic test fixture10 where
research grade N2 and 10.0 ppm NO gas in N2 (Valley
National Gas) were passed over the metal-decorated chips
and conductance versus gate voltage (G-VG) transfer
characteristics of all devices were simultaneously recorded
at room temperature.

The NTFET chips used in this study contained multiple
devices on the surface, as shown in the center of Figure 1,
where the epoxy coating (black) is seen surrounding the wire-
bonded contacts. Three sets of degenerate devices, each with
identical geometry and electrode separation (pitch), were
present on each chip; degenerate devices are denoted with
subscripts. Through the selective electrochemical deposition
of metals it was possible to decorate particular devices while
leaving their degenerate devices bare. To demonstrate the
device selective decoration, a deposition time of 60 s was
used to deposit∼150-300 nm Au nanoparticles on device
a1, 90 s was used to deposit∼150 nm Pd nanoparticles on
device b1, and 30 s was used to deposit∼120 nm Pt
nanoparticles on device c2 while their complementary
degenerate devices were left bare. Longer deposition times
resulted in a nearly complete loss of NTFET transfer
characteristics due to large nanoparticles screening the gate
voltage;10 to reduce this effect, smaller deposition times
between 10 and 20 s were used to decorate chips for gas
exposure experiments.

Parts A and B of Figure 2 show theG-VG transfer
characteristics of degenerate devices a1 and a2 from chip 1.
During deposition both devices were in the HAuCl4/HCl
solution; Figure 2A shows that after device a1 was held at
potential for 20 s it experienced modestG-VG modification
whereas Figure 2B shows theG-VG transfer characteristic
of device a2 (not held at potential) remained essentially
unchanged. This indicates Au nanoparticles were selectively
deposited on device a1, while a2 remained pristine. Figure
2C shows the modifcation of chip 1 devices c1 and c2 transfer
characteristics resulting from different Pt deposition times.
Both devices were independently held in the H2PtCl6/HCl
solution at-1.0 V for different amounts of time; device c2

was held at potential for 20 s, while device c1 was only held
at potential for 10 s to obtain a smaller Pt coverage on the
SWNT surface. It can be seen that while device c1 experi-
enced modestG-VG modification, device c2 experienced an
almost complete loss of gate voltage dependency due to
increased Pt deposition time. Subsequent SEM images show
small Pt nanoparticles around 20 nm in diameter in device
c1 (Figure 2D) and comparatively large 50-100 nm diameter
particles in device c2 (Figure 2E). These results are repre-
sentative of theG-VG modifications seen in devices on both
chips upon electrodecoration and are in line with previous
reports of metal deposition on NTFET devices.10 Additional
G-VG transfer characteristics showing device decoration can
be found in the Supporting Information section, Figures S2
and S3.

G-VG transfer characteristics of all devices on a particular
NTFET chip were simultaneously monitored under a 300
SCCM flow of dry N2 and 10 ppm NO in N2. The flow
system was flushed with dry N2 for 1 h prior to NO exposure
to remove any O2 or humidity present from atmospheric
exposure during insertion of the NTFET chip. Removal of
O2 and trace H2O from the flow system was necessary to
ensure NO did not undergo any Red/Ox reactions in transit
to the chip. Initially NO exposure caused a positive shift in
device gate voltage which reversed and stabilized upon
further exposure. We hypothesize that NO consumed surface-

Figure 1. SEM images showing multiple interdigitated device geometries present on the NTFET chips (center) and selective Au deposition
on device a1, Pd deposition on device b1, and Pt deposition on device c2 while the complementary degenerate devices remained bare, as
shown with device b2.
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bound oxygen species on the metal nanoparticle and, by
producing electron-withdrawing NO2, caused the positive
shift in device gate voltage.10 Further NO exposure depleted
the surface-bound oxygen and eventually resulted in a NO-
saturated equilibrium on the nanoparticle surface. A con-
ductance versus time plot showing the temporary evolution
of NO2 from an Ag-decorated device in a NO/N2 environ-
ment can be found in the Supporting Information section,
Figure S4. NO2 production time varied depending on the
metal species, but an exposure time of 1 h was used for all
experiments to ensure measurement in a homogeneous
atmosphere and equilibrium state NO coverage on the
nanoparticle. As NO has an unpaired electron it is expected
to be a weak electron donor, and after the device transfer
characteristics stabilized, it was found exposure to 10 ppm
NO resulted in a small decrease in conductance and negative
shift in gate voltage for all devices on the same chip, with
metal-decorated devices showing consistently larger gate
voltage shifts.

Figure 3 shows the representative response of chip 1
devices a2 (bare) and a1 (Au decorated) upon exposure to
dry 10 ppm NO in N2.17 It can be seen that NO exposure
caused a smaller gate voltage shift in the bare device a2

(Figure 3A) compared to the Au-decorated device a1 (Figure
3B), indicating increased electronic donation into the SWNT
network of device a1. Without extensive passivation tech-
niques18 to isolate the device contacts, it is difficult to
determine if the small response of bare devices originates
from NO interaction with the SWNT network or contacts;
however, the deposited metal nanoparticles and bulk NTFET
contacts are both composed of Au which suggests the
increased gate voltage shift in the Au nanoparticle decorated
device is due to an NO-nanoparticle interaction. TheG-VG

transfer characteristics of six bare devices and three metal-
decorated devices were monitored on two NTFET chips
during gas exposure. For a particular chip it was found that
bare devices with different geometries and electrode separa-
tions (pitch) showed consistent gate voltage shifts, and metal
decorated devices all demonstrated unique gate voltage shifts
larger than the bare devices (shown in the Supporting
Information section, Tables S1 and S2 and Figures S5 and
S6). Additionally, the gate voltage shifts in metal-decorated

Figure 2. G-VG transfer characteristics of (A) device a1 and (B) device a2 before and after selective Au deposition on device a1. It can
be seen that Au deposition caused a slight tilt inG-VG curve of device a1 while the undecorated device a2 G-VG curve does not significantly
change, indicating selective Au deposition only on device a1. (C) G-VG modification of Pt-decorated devices c1 and c2 due to different
deposition times; devices c1 and c2 were held at-1.0 V for 10 and 20 s, respectively. SEM images of device c1 (D) showing small (∼20
nm) Pt nanoparticles and (E) showing larger (50-100 nm) Pt nanoparticles, illustrating how larger metal nanoparticles distort the device
G-VG curve.

Figure 3. G-VG response of (A) bare device a2 and (B)
Au-decorated device a1 to 10 ppm NO gas in N2. Increased gate
voltage shift indicates increased electron transfer into the SWNT
network of the Au-decorated device a1.

Nano Lett., Vol. 7, No. 7, 2007 1865



devices showed a dependency on the metal work function,
where larger shifts were seen in devices decorated with
smaller work function metals. It was noticed that although
the two NTFET chips (chip 1 and chip 2) demonstrated
different magnitude responses to NO gas, the trend between
smaller work function and increased device gate voltage shift
was consistent (shown in the Supporting Information section,
Figure S7). After comparing degenerate bare and decorated
devices on separate chips, and finding the trend was
independent of the particular device geometry, owing to an
average nanoparticle density on the nanotube network, all
four metals were used to decorate devices on a single chip
(chip 3). Two devices on chip 3 were decorated with each
metal for either 10 or 20 s (see Table 1 for decoration
specifics). Depositing the metals in this manner allowed a
direct comparison between metal decorated NTFET devices
on one chip, removing the inconsistency in response mag-
nitude between individual chips. Additionally, this allowed
the comparison between the metal nanoparticle size and
device response to be made for each metal. It was found
that devices decorated with a particular metal nanoparticle
showed equivalent gate voltage shifts upon NO exposure
despite the difference in particle size which indicates that
metal work function, and not particle size, influenced
electronic donation into the SWNT network.

Each metal-decorated NTFET device had a unique gate
voltage shift upon exposure to NO gas, and when the absolute
value of the shift was plotted against the metal work function
(Φ), a clear trend was found where a smaller work function
led to a larger gate voltage shift. Figure 4 shows the
relationship between metal work function and absolute value
of the voltage shifts in response to NO for metal-decorated
devices on chip 3, where hollow and solid labels represent
the response of devices held at a deposition time of 10 (solid
labels) or 20 s (hollow labels). Mention should be made
concerning the discrepancy found in literature values for
ΦAu.19 Common values forΦPd, ΦPt, andΦAg

19d were used,
and in the absence of a consistent value forΦAu, an
appropriate value was picked (∼5.0 eV); in light of this
discrepancy we contend any reasonable literature value for
ΦAu will still show a similar trend as outlined in Figure 4.

To date few papers have investigated the fundamental
electronic interactions between CNTs and metal nanopar-
ticles,13,20 and while Schottky barriers are known to depend
on work function5,6,21and gas exposure,22 the description of

the potential barrier at nanoparticle interfaces is still incom-
plete. Difficulty in applying traditional Schottky junction
behavior has led some to suggest that metal nanoparticles
create interfacial “Schottky-type” potential barriers on semi-
conducting substrates,13,23and it has been shown experimen-
tally that Au nanoparticles form size-dependent “nano-
Schottky” potential barriers on semiconducting substrates that
asymptotically approach the macroscopic Schottky barrier.24

Regardless of the controversy over the nature of the potential
barrier existing at a nanoparticle-semiconductor interface,
several important observations can be made regarding the
electronic interaction at the SWNT-nanoparticle interface.

First, metal decoration creates a characteristic “tilt” in the
device transfer characteristic. This has been previously
described as a screening effect on the gate voltage, but
deformation of theG-VG curve geometry can also be
attributed to changes in carrier mobility.25 It is known that
Fermi level alignment occurs whenever a metal and semi-
conductor are placed in contact, resulting in a charge
redistribution and the formation of a depletion layer sur-
rounding the metal.22 The SWNT-supported metal nanopar-
ticle will experience this effect and create localized depletion
regions on the SWNT wall.26 These charge depletion regions
should act as charge scattering sites that would create
deviation in the hole trajectory, as shown in Figure 5A. The
result would be a reduction in charge mobility through the
SWNT network, causing the observed tilt in the decorated
device transfer characteristic. Because larger (g20 nm)
nanoparticles were used, the thickness of the depletion region

Table 1. Summary of Gate Voltage Shifts of Device Response before and after Metal Decoration

device
pitch
(µm) metal

deposition
time (s)

particle
size (nm)

work
function (eV)

gate voltage
shift (V)

chip 3 all 5-100 bare 0 N/A N/A -0.30 ( 0.02
a1 10 Ag 10 70-140 4.26 -0.84
a2 10 Ag 20 80-200 4.26 -0.83
b1 5 Au 10 41-82 ∼ 5.0 -0.75
b2 5 Au 20 113-148 ∼ 5.0 -0.73
e 5 Pd 10 45-80 5.12 -0.66
d 25 Pd 20 100-190 5.12 -0.69
c1 10 Pt 10 40-80 5.65 -0.57
c2 10 Pt 20 80-200 5.65 -0.55

Figure 4. Relationship between metal work function and absolute
value of observed gate voltage shift in metal-decorated NTFET.
Each metal was used to decorate two devices with 10 s (solid labels)
and 20 s (hollow labels) deposition time.
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at the SWNT-nanoparticle interface should not be size
dependent;24,26 therefore decreased charge mobility should
be a proportional to SWNT surface coverage. Second, it
appears the potential barrier at the SWNT-nanoparticle
interface only affects the number of charge carriers upon
exposure to NO gas. This can be rationalized by the addition
of electronic density into the metal nanoparticle following
NO interaction and subsequent electron-hole recombination
in the SWNT. As shown in Figure 5B the added electronic
density must overcome a small potential barrier to enter the
SWNT, whereupon charge recombination occurssthis reduc-
tion of hole density in the SWNT is seen as a negative shift
in device gate voltage. It was mentioned that the gate voltage
shifts of devices decorated with different sized particles were
equivalent; this observation is important because it gives
experimental evidence that the small potential barrier at the
SWNT-nanoparticle interface is not dependent upon nano-
particle size but rather metal work function.

Last, the electronic donation into the SWNT network
(negative gate voltage shift) scaled with the work function
of the metal, indicating the existence of a metal work function
dependent potential barrier between the SWNT and metal
nanoparticle. Figure 5C depicts the potential barrier at the
SWNT-nanoparticle interface. Due to the much smaller size
of the metal nanoparticle, it is rationalized that the metal
Fermi level was most affected; therefore the SWNT Fermi
level is held constant. With the SWNT Fermi level held
constant, the relative scale of the interfacial potential barrier
can be correlated to the work function of the metal. Here
Au and Pt are used as an example, and it can be seen that a
lower work function results in a lower potential barrier; this
allows larger electronic density into the SWNT and creates

a larger negative shift in the device gate voltage. Interest-
ingly, similar results were seen in SWNTs end-contacted to
bulk metals of similar work function; it was found SWNTs
contacted with lower work function metals resulted in
negative shifts in the device threshold voltage.6,27 The main
difference between the SWNT-supported metal nanoparticles
and bulk metal contacts is that until electronic density is
introduced, via molecular interaction, the nanoparticle acts
as an inert hole scattering site. Only upon electronic
interaction do the SWNT-supported nanoparticles show
behavior similar to bulk metal contacts. On the basis of these
observations it can be seen that the potential barrier at the
SWNT-metal nanoparticle interface is not a traditional
Schottky barrier, and the effect of the potential barrier on
the device gate voltage is only felt when a molecular bias
(electronic interaction) is applied.

Through device selective electrodeposition of Ag, Au, Pd,
and Pt nanoparticles, we have shown experimentally that
electronic donation into the SWNT network of a NTFET
upon exposure to NO gas in N2 is dependent upon the work
function of the metal. Furthermore, we have given evidence
that a potential barrier exists at the nanoparticle-SWNT
interface that is intimately related to the work function of
the metal. While the potential barrier at the SWNT-metal
nanoparticle interface does resemble traditional Schottky
barriers in some regards, there are several differences that
make it stand apart and necessitate unique description.
Additionally, it was shown that the SWNT-nanoparticle
interfacial potential barrier is not size dependent, as devices
decorated with nanoparticles of different sizes gave equiva-
lent gate voltage shifts upon exposure to NO gas. It is now
possible to rationalize a metal-decorated SWNT sensor array
response as a combination of analyte electronic transfer and
the potential barrier at the particular SWNT-nanoparticle,
where a work function dependent response should be
expected for each metal-analyte interaction. It is hoped
further investigation into the intimate electronic relationship
between CNTs and metal nanoparticles will lead to the design
of more sensitive sensor architectures and higher efficiency
catalytic pathways.
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