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T
he use of hydrogen as an energy
carrier in hydrogen-based storage
and transfer would generate a con-

siderable demand of hydrogen sensors that
are sensitive, reliable, cost-effective, and
small.1,2 Today, commercial sensors are
based on electrochemical response,3 mass
spectrometry,4 measurement of electrical
resistance,5 and measurement of thermal
conductivity.6,7 For mass applications, sen-
sors based on resistance changes are most
attractive because they are easy to minia-
turize and to integrate into read-out elec-
tronics. Their central sensing unit can be
either a field-effect transistor with a hydro-
gen-sensitive (catalytic) gate electrode8 or a
hydrogen-sensitive material.5 A prominent
and well-studied example for a hydrogen-
sensitive material is palladium, which
changes its volume and resistance under
hydrogen loading.5 Recently, this system
has gained a lot of attention by the use of
Pd nanoparticles with a large surface-to-
volume ratio, which yielded very short re-
sponse time.5,9,10 At low hydrogen partial
pressure, these changes are small, imposing
a fundamental limitation of this sensing
principle, besides stress-induced failure
upon repeated cycling. An alternative to
the measurements of bulk property would
be a surface-sensitive technique that is able
to detect changes of the Pd surface caused
by atomic hydrogen H. For instance, a di-
pole layer of H is formed at low H2 partial
pressure by the dissociation of themolecular
hydrogen, leading to an increase of the work
function of Pd.11 At higher H2 partial pres-
sure, hydrogen diffuses into the Pd bulk,
forming Pd hydride and hence reducing the

Pd work function.12 A Schottky barrier,
which forms at the interface between a
metal and a semiconductor, could be a
useful sensing element because the electric
current through a Schottky barrier depends
exponentially on the work functions of the
two materials.13 For macroscopic Schottky
barriers, however, hydrogen would have to
diffuse through either the Pd or the semi-
conductor to reach the barrier, likely with
detrimental effects on the response dy-
namics. A nanoscale Schottky barrier con-
tact, instead, is “open” to the gas atmosphere
because of its contact geometry and would
allow unhindered hydrogen diffusion to
the barrier.
Nanoscale transistors based on semicon-

ducting single-walled carbon nanotubes
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ABSTRACT The work function of palladium is known to be sensitive to hydrogen by the

formation of a surface dipole layer or Pd hydride. One approach to detect such a change in the work

function can be based on the formation of a Schottky barrier between the palladium metal and a

semiconductor. Here, we study the hydrogen sensitivity of Schottky barrier field-effect transistors

made for the first time from diameter- and chirality-sorted semiconducting single-walled carbon

nanotubes (s-SWNTs) in contact with Pd electrodes. We observe an unrivaled 100-fold change in the

on-state conductance at 100 ppm H2 compared to air for devices with s-SWNT and diameters

between 1 and 1.6 nm. Hydrogen sensing is not observed for devices of Pd-contacted few-layer

graphene (FLG), as expected due to the absence of a significant Schottky barrier. Unexpectedly, we

observe also a vanishing sensitivity for small-diameter SWNTs. We explain this observation by

changes in the nanotube work function caused by spillover and chemisorption of atomic hydrogen

onto small-diameter nanotubes. We also observe that long-term sensing stability is only achieved if

the gate voltage is inverted periodically. Under constant gate bias, the sensitivity reduces with time,

which we relate to gate screening by accumulated charges in the substrate.
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(s-SWNTs) are known to operate as Schottky barrier
field-effect transistors (SB-FETs), with the transconduc-
tance limited by the transmission of the barrier and
not by the conductance of the channel.14 SB-FETs
formed by s-SWNTs and Pd source and drain elec-
trodes are also sensitive to hydrogen, as expected.15

However, the hydrogen sensitivity of pristine nano-
tube-based SB-FET15-19 and Pd-coated nanotube
devices has been rather low,20-26 most likely due
to the use of unsorted carbon nanotube material
with non-uniform electronic properties, such as
mixed metallic and s-SWNTs with different dia-
meters or multiwalled carbon nanotubes. Here we
use selected s-SWNTs with defined structural and
electronic properties, given by their diameter d and
chiral indices (n,m), for the fabrication of SB-FET
hydrogen sensors. We provide data on the sensitiv-
ity, the response time, and the long-term stability of
s-SWNT-based sensors with chirality-sorted (9,7),
(7,6), and (6,5) s-SWNTs and diameter-sorted
s-SWNTs with d = 1.4 ( 0.2 nm and describe how
the sensor lifetime depends on the measurement
protocol.

RESULTS AND DISCUSSION

All devices show enhanced p-type conductance
under negative gate bias, typical for s-SWNTs in con-
tact with Pd (Figure S5 in Supporting Information). The
on-state conductance, GON = ISD,ON/VSD,ON, is reached
for all devices around VG = -20 V, with a weak
dependence on VSD. GON is reduced under hydrogen
exposure. Surprisingly, the sensitivity depends strongly

on the chirality and diameter of the nanotube. Figure 2
compares the time-dependent response of GON of
1.4 nm s-SWNT/Pd, (9,7)-SWNT/Pd, (7,6)-SWNT/Pd, and
(6,5)-SWNT/Pd FETs under switching between air and
H2/Ar. GON has beenmeasured at VG =-20 V and VSD =
0.5 V under alternating gate-bias operation for reasons
explained below. The response to 100 ppm H2 in Ar for
1.4 nm s-SWNT devices is characterized by a change of
the GON by 3 orders of magnitude at a rate of one
decade per 16 s. An overall similar response is observed
for the (9,7) devices with, however, two characteristic
time scales: an initial fast response, whereGON changes
with a rate of one decade per 30 s; and a slow response,
where the steady state is reached on the time scale of
hours. The change ofGONwithin the fast response is on
the order of one and two decades for the switching
airfH2/air and H2/airf air, respectively. In the steady
state,GON for 100ppmH2 in Ar is suppressed by a factor
500 compared to GON in air. For (7,6) devices, the
response is much lower and weaker, with an extra-
polated rate of one current decade per ∼8 min. No
time dependence was found for the (6,5) devices
prepared from both POL#4 and DGU#2 dispersions.
We observe a similar behavior with devices prepared
on parylene-C-coated substrates, however, with a re-
duced overall sensitivity (Figure 3 and Figure S6 in
Supporting Information). Annealing such devices in air
at 200 �C improves their sensitivity as shown in Figure 5.
The sensitivity of s-SWNT-based SB-FET to hydrogen

has been reported before in ref 15 and was assigned to
changes in the work function of Pd, ΦPd. Here we
observe that the sensitivity of our devices depends on

Figure 1. (a) Cross-sectional schematic of a CNT-FET device. (b) Voltage-contrast scanning electron micrograph of a 1.4 nm
s-SWNT/Pd FET (750 nmdevice channel length). (c) Devices are bonded into a ceramic package and (d)mounted upside down
onto anopengas cavity. (e) Cavity is connected to a gas line system, allowing switchingbetweengasflow1 and2 andoptional
mixing with gas flow 3.

A
RTIC

LE



GANZHORN ET AL. VOL. 5 ’ NO. 3 ’ 1670–1676 ’ 2011 1672

www.acsnano.org

the type of s-SWNT, which is difficult to understand
solely on changes ofΦPd, and requires considering the
interaction of hydrogen with SWNTs. Since the chiral
angles θ of the (9,7), (7,6), and (6,5) SWNTs are very
close, with θ = 25.9-27.5�, we assume that the type
dependence is in fact a dependence on the nanotube
diameter d.
Indeed, if we plot the ratio of the on-state conduc-

tance measured in air and in H2, GON
air/GON

H2 versus d,
we see that the sensitivity to H2 is very small for d= 0.75
nm and then increases strongly (Figure 3). The max-
imum sensitivity, that is, current suppression for hole
carriers, is found in SB-FETs with a SWNT diameter of
1.1 nm < d < 1.4 ( 0.2 nm. This can be explained by a
decrease of ΦPd, caused by dissolution of hydrogen
into the Pd and a hydrogen surface dipole layer.12

However, an explanation for the reduced or dimin-
ished response of (7,6) and (6,5) devices is required
because the Pd electrodes are identical for all SB-FETs.
From the gate dependence of ISD, we derive that
Schottky barriers form the prime bottleneck for carrier
transport in all devices, and hydrogen-insensitive con-
tact resistances can be neglected (Figure S5 and
Figure 5).
We propose a model in which we consider changes

of the nanotube work function ΦCNT due to hydrogen
adsorbed at the SWNT. The model is based on mea-
surements and calculations on the physisorption and
chemisorption of molecular and atomic hydrogen,

respectively, on sp2-hybridized carbon surfaces.27 It
has been shown that physisorption on such surfaces
is very weak for ambient temperatures. Chemisorption
of atomic hydrogen H, however, can be significant for
curved sp2-hybridized carbons, which is the case for
C60 (d = 0.71 nm).28 On flat graphite surfaces, chemi-
sorption of thermalized hydrogen does not occur.29

Thedependenceof chemisorptiononcurvature is caused

Figure 2. On-state source-drain conductanceGON = ISD/VSD
vs time, recorded at VG = -20 V and VSD = 0.5 V under
alternating gate-bias operation. The as-prepared devices
were subsequently exposed to air, 100 ppmH2 inAr, and air.
Traces recorded with 1.4 nm s-SWNT/Pd, (9,7)-SWNT/Pd,
(7,6)-SWNT/Pd, and (6,5)-SWNT/Pd FETs on Si/SiO2 are
shown from top to bottom.

Figure 3. Sensitivity GON
air/GON

H2 of FET devices vs SWNT
diameter d and electronic band gap Eg = 2ac-cγ0/d, with
γ0= 2.9 eV and ac-c = 0.14 nm.47 The on-state conductance
in air and in 100 ppm H2 in Ar, GON

air and GON
H2, has been

measured under equilibrium conditions. Data are shown for
FETs based on s-SWNTs with d = 1.4 ( 0.2 nm, (9,7) tubes
with d=1.1 nm, (7,6) tubeswith d=0.89 nm, (7,5) tubeswith
d=0.83 nm, (6,5) tubeswithd=0.75 nm, and zero-curvature
sp2 carbon (FLG), indicated by df¥. Three types of s-SWNT
FETs have been investigated: s-SWNT/Pd FETs on Si/SiO2

(blue squares), s-SWNT/Au FETs on Si/SiO2 (red triangles),
and s-SWNT/Pd FETs on Parylene-C coated Si/SiO2 (purple
circles). Data of an s-SWNT/Pd FET with d = 3 nm from ref 15
(0.5% H2) is labeled with a blue star. The dashed lines are
guides to the eye, indicating an optimum sensitivity at
d ≈ 1-1.5 nm and vanishing sensitivity for large and small
SWNT diameters. The inset illustrates the formation of
atomic hydrogen on the Pd surface and its diffusion to and
chemisorption on small-diameter s-SWNTs in a device
configuration.

Figure 4. Stability of the source-drain current ISD of a
s-SWNT/Pd FET on Si/SiO2 measured at VSD = 0.5 V. The two
traces show measurements obtained with different gate-
voltage protocols (inset). ISD decreases under constant VG
(green) but remains constant under alternating VG (blue).
The arrows indicate the point in timeof recording ISD. ISD has
been measured at VG = -20 V for both gate-voltage
protocols.
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by a stronger bond capacity of π orbitals with increas-
ing curvature.28,30 The binding energy of H to C60 is 2.4
eV and hence much larger than the thermal energy.30

In our model, we take into account that chemisorp-
tion of H can occur on small-diameter SWNTs and thus
enhanceΦCNT. The hydrogen sensitivity of s-SWNT/Pd
SB-FETs can then be described by

GON=G
H
ON � expff ([(φCNT(d)- (φPd þ EG=2]

- [(φH
CNT(d)- (φH

Pd þ EG=2])g

where f is a function for describing either tunneling or
thermionic emission.31 The upper and lower signs are
for hole and electron transport, respectively. EG is the
s-SWNT band gap, which is included for completeness
but cancels out. The equation shows that no sensitivity
is observed if changes of the work functions due to
hydrogen exposure are similar for SWNT and Pd: φCNT-
(d) - φCNT

H (d) = φPd - φPd
H . Obviously this condition is

fulfilled for (6,5)-SWNT/Pd Schottky barriers. The ques-
tion that arises next is where the atomic hydrogen that
chemisorbs on small-diameter SWNTs comes from. In
our experiment, the only source of H is the surface of
Pd, where H2 is catalytically dissociated. H has then to
diffuse from the Pd surface onto the SWNT in order to
bind onto small-diameter SWNTs (inset Figure 3). Such
a “spillover” of H has been observed before frommetal-
oxide catalysts onto multiwalled carbon nanotubes,
and we conclude that it occurs also at SWNT-Pd
contacts.32 An interesting experiment would be to
expose s-SWNT/Au contacts to atomic hydrogen. The
model predicts a large response for small-diameter
SWNT devices and no response for large-diameter
SWNT devices, assuming an inert and noncatalytic Au
surface. So far, we have exposed s-SWNT/Au contacts
to molecular hydrogen and observe only a negligible
response, as expected (Figure 3 and Figure S7).
Since larger-diameter s-SWNTs were not available to

us, we have also studied the hydrogen sensitivity of

FLG devices to explore the limit d f ¥ (Figure 3 and
Figure S8). We observe a minute response which we
attribute to the absence of Schottky barriers at the FLG/
Pd contacts. In line with this conjecture are earlier
measurements with d ∼ 3 nm s-SWNT devices, which
yield a comparatively low hydrogen sensitivity of
GON

air/GON
H2 ∼ 2 at a H2 concentration of 0.5%, that

is, 50 times the concentration of our experiments.15

This weak response is likely due to the small band gap
and low Schottky barrier height of larger-diameter
s-SWNTs.
The diameter dependence shows that it is important

to use sorted carbon nanotubes for sensor fabrication
and explains why sensors based on ensembles of
unsorted nanotubes have a low sensitivity. So far,
1.4 nm s-SWNT/Pd and (9,7)/Pd FETs show the highest
sensitivity with up to 3 orders of magnitude current
suppression at 100 ppm H2. For many sensor applica-
tions, the response time is an important parameter. In
our 1.4 nm s-SWNT/Pd and (9,7)/Pd FETs, the current
changes by a decadewithin tens of seconds. This is fast
compared to previous nanotube-based sensors but still
much slower than the experimental time resolution. A
diameter dependence of the response time is difficult
to extract from the limited number of data points. At
present, we observe that the (7,6)-Pd-FET reacts much
slower than the 1.4 nm SWNT-FET sensor. In any case,
the surface concentration of hydrogen reaches its
steady-state value only if the surface is in equilibrium
with the bulk and net diffusion into the bulk dimini-
shes.33 We therefore expect shorter response times for
hydrogen adsorption if hydrogen-inert source-drain
electrodes covered by a very thin Pd coating are used.
We have studied the adsorption and desorption re-
sponse of hydrogen in Ar and in air. For the adsorption,
we see no significant difference; however, we clearly
see a promotion of hydrogen desorption by oxygen
since switching from H2/Ar to Ar shows no response in
GON (Figure S9). It was previously reported that ad-
sorbed atomic hydrogen recombines with oxygen (if
present) to form water, which desorbs from palladium
in a time scale of minutes, hereby considerably enhan-
cing the overall hydrogen desorption rate.33-35 Our
findings (Figure 2 and Supporting Information Figure S9)
support this model and are consistent with the results
presented in ref 16. The long-term stability is another
important parameter for sensor applications. Initially
we have seen a substantial reduction of the sensitivity
of the s-SWNT/Pd FETs within an hour ofmeasurement.
We found out that this aging occurs during measure-
ments and is associatedwith an overall reduction of ISD.
However, the aging occurs likewise in Ar, air, or H2/Ar.
Interestingly, we could completely eliminate this effect
by measuring under alternating VG instead of a con-
stant VG (Figure 4). All the time-dependent data in this
work have been acquired with this alternating VG
protocol. We believe that the aging is due to screening

Figure 5. Source-drain current ISD vs gate voltage VG of a
1.4 nm s-SWNT/Pd FET fabricated on parylene-coated
Si/SiO2 substrate. Prior to measurement, the device has
been annealed in air at 200 �C for 2 h. The device was then
measured under subsequent exposure to air (black
squares), 100 ppmH2 in Ar (red circles), and air again (green
triangles). Source-drain voltage is fixed to VSD = 1 V.
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of the gate field by space charges that propagate from
the SWNT into the substrate under constant VG.

36,37

This causes VG to become effectively smaller and as a
result reduces ISD. Recently, this charge propagation
has been imaged on the same time scale by voltage-
contrast scanning electron microscopy (VC-SEM), con-
firming our understanding of the mechanism.38The
alternating VG protocol inhibits a buildup of space
charge and ensures long-term stability.
In summary, we have shown that the carrier trans-

port through Schottky barrier contacts between Pd
and semiconducting single-walled carbon nanotubes
is extremely sensitive to hydrogen, with a strong
dependence on the nanotube diameter. The detection
limit is estimated to 1 ppm for medium-diameter
nanotube devices. The large sensitivity for medium-
diameter nanotube devices is explained by changes of

the Pdwork function only. The reduced sensitivity for
small-diameter nanotube devices is consistent with
an additional change of the nanotube work function
due to chemisorption of “spilled-over” atomic hydro-
gen from the Pd electrode, which compensates the
changes in the Pd work function. We have also
shown that the long-term stability of the devices
depends critically on the biasing protocol of the back
gate, due to gate screening by charge accumulation
in the substrate. A solution of the problem was
presented by a measurement protocol that involves
the periodic inversion of the gate voltage. Such
devices are interesting hydrogen sensors because
they are easy to fabricate, operate in ambient air,
work on organic or inorganic substrates, and show
superior performance for medium-diameter semi-
conducting SWNTs.

EXPERIMENTAL SECTION
SB-FETs were produced by combining chirality-selective

polymer wrapping (POL) and diameter-selective density-gradi-
ent ultracentrifugation (DGU) of SWNTs with dielectrophoretic
(DEP) assembling from dispersion. The details of the POL and
DGU sorting and of the DEP assembling can be found in refs
39-41. We used four toluene dispersions with s-SWNTs of
different chiralities (n,m), as measured by fluorescence spec-
troscopy (Figure S1). Dispersion POL#1, produced from pulsed
laser vaporization material, contains 90% (9,7) SWNT with
diameter d = 1.1 nm. Dispersion POL#2, produced from HiPCO
material, contains 50% (7,5) and 25% (7,6) SWNT with d = 0.83
and 0.895 nm, respectively. Dispersion POL#3 also produced
from HiPCO material contains >90% (7,6) SWNT. Dispersion
POL#4, produced from CoMoCat material, contains 75% (6,5)
SWNTwith d=0.757 nm. Dispersion DGU#1, produced from arc-
discharge material by DGU, contains more than 99% s-SWNTs
with a diameter d = 1.4( 0.2 nm (Figure S2). Dispersion DGU#2,
produced from CoMoCat material by DGU, contains 81% (6,5)
tubes with d = 0.757 nm (Figure S3). We also studied few-layer
graphene (FLG) devices prepared as in ref 42. Few-layer gra-
phene flakes were obtained by liquid phase exfoliation of
graphite in N,N-dimethylacetamide, using sonication and a
subsequent ultracentrifugation step (dispersion FLG#1).43 The
s-SWNTs and FLGs were deposited by dielectrophoresis be-
tween Pd(60 nm)/Ti(3 nm) or Au(60 nm)/Ti(3 nm) electrodes on
thermally oxidized (200 or 800 nm) p-doped Si(100) substrates
(<0.001Ω 3 cm). The electrodes were defined by electron beam
lithography and metal sputtering (Figure 1a,b). The size of the
electrode gapswere adapted to themean SWNT length and FLG
size in the different suspensions, that is, 300 nm for POL#1,
POL#2, and POL#4 suspension and 750 nm for DGU#1, DGU#2,
POL#3, and FLG#1 suspension. Additional devices were pre-
pared on substrates coated with 100 nm parylene-C, a hydro-
phobic organic polymer layer, deposited by a chemical vapor
deposition technique. We used Raman spectroscopy to confirm
the SWNT diameter in our (7,5) devices (Supporting Information
Figure S4a) and photoluminescence spectroscopy to confirm
the SWNT diameter and chirality in our (9,7) devices on Si/SiO2

(Supporting Information Figure S4b). A detailed analysis on
these devices is provided in ref 44. It was not possible to acquire
Raman or photoluminescence data from 1.4 nm s-SWNT de-
vices, due to the restrictions on the excitation wavelengths and
detectors in our setups. However, Engel et al. provided spectro-
scopic evidence (Raman, IR-VIS, photo- and electroluminescence)
that SWNTs deposited from a dispersion identical to our solu-
tion DGU#1 were indeed 99% semiconducting nanotubes with

a diameter of d = 1.4 ( 0.2 nm.45 A detailed analysis of 1.4 nm
s-SWNT devices is provided elsewhere.46 Raman data from a
selected FLG device are shown in Supporting Information
Figure S4c. The devices were Au or Al wire bonded into a
ceramic package for device characterization (Figure 1c). We
prepared in total 5� 1.4 nm s-SWNT/Pd, 3� (9,7)/Pd, 1� (7,5)/
Pd, 3� (6,5)/Pd, 4� 1.4 nm s-SWNT/Au, 2� (9,7)/Au, 2� (7,6)/Au,
2� (6,5)/Au devices on SiO2/Si, and 4� 1.4 nm s-SWNT/Pd, 3�
(9,7)/Pd, 3� (6,5)/Pd devices on parylene/SiO2/Si.
The central part of the experimental setup for the measure-

ment of the SB-FETs in controlled atmosphere is a cavity of
volume ∼1 cm3 (Figure 1d), which is connected to a gas line
system (tube diameter 3 mm) as depicted in Figure 1e. We used
copper as the lower half cavitymaterial and pipes from stainless
steel tubing to prevent hydrogen poisoning of the system. The
ceramic package with the SB-FETs (Figure 1d) forms the upper
half of the cavity and is mounted upside down, to close the
cavity with an airtight O-ring sealing. The cavity is connected to
a four-way valve, which allows the instantaneous switching
between gas flow 1 (H2 in Ar) and gas flow 2 (Ar or air). Another
lead joins the pipe system before the cavity for additional
optional mixing with gas flow 3 (Ar or air). Gas pressure and
flow rate are controlled by pressure gauges and flow meters
(dosing valves), respectively. All measurements were carried out
at flow rates of Φ = 0.5 L/min, corresponding to a dynamic
pressure of q= 10-5-10-4 bar, and a static gas pressure of p = 1
bar for all three gas flows. For our experiments, the total gas
pressure for each flow is given in good approximation by the
static gas pressure. The gas in the cavity is exchanged within 0.1
s, which sets the time resolution of our experiment. We use a
1:104 mixture of 6 N H2 and 6 N Ar for gas flow 1, corresponding
to 100 ppm H2, and 6 N Ar or dry air for gas flow 2 and 3. Gas
flow 3 allows an optional dilution of gas flow 1 and 2 by
adjusting Φ for each gas flow involved. The SB-FETs are
electrically connected to Keithley 6430 and Keithley 2400
source measurement units for controlling the source-drain
voltage VSD, source-drain current ISD, and the gate voltage VG,
with respect to the grounded drain electrode. A Keithley 7001
switch system allows sequential measurements of different
SB-FETs on the same sample chip. All measurements were
done at ∼300 K.
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