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The authors measure the resistance and frequency-dependent gate capacitance of carbon nanotube
(CNT) thin films in ambient, vacuum, and under low pressure (10~° Torr) analyte environments.
They model the CNT film as a RC transmission line and show that changes in the measured
capacitance as a function of gate bias and analyte pressure are consistent with changes in the
transmission line impedance due to changes in the CNT film resistivity alone; the electrostatic gate
capacitance of the CNT film does not depend on gate voltage or chemical analyte adsorption.
However, the CNT film resistance is enormously sensitive to low pressure analyte exposure. © 2007
American Institute of Physics. [DOI: 10.1063/1.2709995]

Single-walled carbon nanotubes (CNTS) have a number
of favorable properties for chemical sensors:' > CNTs have
high surface-to-volume ratio, with all atoms located on the
surface; the extremely high carrier Inobility6 in semiconduct-
ing CNTs makes them excellent detectors of charge:;7’8 the
nanometer size of CNTs may allow ultrathin sensitizing or
concentrating layers, reducing diffusion times. Thin films of
CNTs may be easily and inexpensively prepared on a variety
of substrates, and CNT thin-film transistors (TFTs) can ex-
hibit effective charge carrier mobilities comparable to single-
crystal silicon.” While the presence of metallic CNTs in as-
prepared CNT-TFTs limits their on-off ratio and application
to logic circuits, such CNT-TFTs may still be suitable for
chemical sensing applications.

Chemical sensing in a CNT film may take place through
a number of different mechanisms. Adsorption of chemical
analytes on or near the CNT film may change the charge
density (through charge transfer or “doping”), charge carrier
mobility (through scattering), CNT-electrode contact resis-
tance, CNT-CNT contact resistance, and/or gate capacitance.
Sorting out these mechanisms is not trivial; for instance, cal-
culation of the mobility requires knowledge of the gate ca-
pacitance, so changes in mobility and gate capacitance are
not easily discriminated through electrical transport measure-
ments alone.

Here we measure the changes in dc electrical character-
istics of a CNT film upon exposure to chemical analytes and
simultaneously measure the gate capacitance of the CNT film
directly at frequencies of 50 Hz—20 kHz using a sensitive
capacitance bridge. We find that, due to the high impedance
of the CNT film, the capacitance must be analyzed within the
framework of a RC transmission line consisting of the resis-
tive CNT film capacitively coupled to the gate electrode.
Within this framework, we can decouple the resistive and
capacitive responses, and we show that changes in the mea-
sured capacitance as a function of gate bias and analyte pres-
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sure are consistent with changes in the capacitive part of the
transmission line impedance due to the changes in the CNT
film resistivity alone; the electrostatic gate capacitance of the
CNT film does not depend on gate voltage or chemical ana-
lyte adsorption to within the resolution of our measurement.
However, the resistance of the CNT film is enormously sen-
sitive to exposure to small pressures (<10~° Torr) of ana-
Iytes, and gate-voltage-dependent resistivity changes show
analyte-dependent signatures.

CNT films were grown by chemical vapor depositiong’
on =500 nm thick SiO, on degenerately doped Si substrates
which serve as the back gate. Following growth, devices
were fabricated using two steps of photolithography: the first
formed the interdigitated source and drain electrodes (5 nm
Cr and 55 nm Au), and the second masked the device region
with photoresist for removal of excess CNTs via oxygen
plasma. Figure 1(a) shows a completed device and Fig. 1(b)
shows the CNT film morphology. The sample was first mea-
sured in ambient, and then placed into an ultrahigh vacuum
(UHV) chamber equipped with a mass spectrometer to cali-
brate the partial pressure of the analytes. The sample was
outgassed by heating above 200 °C in UHV and then cool-
ing to room temperature before and after each gas exposure.
Conductance was measured by applying a dc voltage and
measuring current with an Ithaco 1211 transimpedance am-
plifier. Capacitance between source and gate was measured
using an Andeen Hagerling 2700A capacitance bridge, with
drain electrode floating.

The CNT thin film is composed of individual CNTs hav-
ing a resistance which, in the case of semiconducting nano-
tubes, depends on the gate voltage, and connected by CNT-
CNT junctions.” While such a network has discrete
elements, over the gate length of our device (500 wm) it is
reasonable to treat the CNT network as a continuous resistive
film with resistance per length r=R/L, back-gate electro-
static capacitance per length ¢, =C,/L=keyw/t, and induc-
tance per length /=puyt, where « is the relative permittivity
(3.9 for Si0,), g, the electric constant, u the magnetic con-
stant, and w the device width (=8 mm). At low frequency
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FIG. 1. (Color online) (a) Scanning electron microscope (SEM) image of
the CNT device. Scale bar is 1 mm. (b) SEM image of as-grown CNT film.
Scale bar is 20 um. (c) Device capacitance as a function of frequency at
different gate voltages in ambient atmosphere. The rms amplitude of applied
ac voltage during the measurement was 0.1 V. The solid line has a slope
of —1/2. Inset shows a schematic of the capacitances in the device.

w<<r/l, such a network may be modeled as a RC transmis-
sion line: a signal at frequency w decays along the line with
a characteristic decay length /y=v2/rwc. For L> [, the line
has a complex impedance to the gate Z=(1-i)\Vr/2wcy.
Comparing Z to a series RC circuit, that is,
Z=Rcnt—i/ Cenr, the effective capacitance of the film is
Cont=V2c¢q/ wr=cyly. Note that Coyy may be thought of as
the gate capacitance of a section of the transmission line
equal to the decay length [,

The main panel of Fig. 1(c) shows the measured capaci-
tance C as a function of frequency from 50 Hz to 20 kHz for
a typical device in ambient atmosphere at various gate volt-
ages V,. The dc device resistance per length r varies mono-
tonically from 7.6X107to 1 X10° Q/m for V,=-10
and +10 V, respectively. We explain the behavior as follows.
At low frequency, the measured gate capacitance is the sum
of the source and drain electrode capacitances C, and C,; and
the capacitance of the entire CNT film Ccyt. As the fre-
quency increases, the characteristic length of the RC trans-
mission line [, decreases below the length of the device L,
and the measured capacitance becomes C;+Ccyy, With
Cnr=V2¢/wr=w 2. The measured capacitance indeed
drops as w~"/? at high frequency. The crossover is expected at
approximately lp=L, or w/2m7=3.5-50 kHz, which is rea-
sonably close to the observed crossover.

We can see from Fig. 1(c) that at high frequencies the
capacitance depends not only on frequency but also on gate
voltage, becoming lower when the gate voltaége is more posi-
tive (off state). This has been interpreted1 as due to the
quantum capacitance of the semiconducting CNT becoming
small in the off state, decreasing the total capacitance. How-
ever, the RC transmission line model predicts that
Ccenrar™2. Figure 2 plots both Conp(14 kHz) and R(dc)~!/?
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FIG. 2. (Color online) Capacitance Cenr and inverse square root of resis-
tance R~ of the CNT film as a function of gate voltage V,. Both data are
taken in UHV (107'" Torr pressure). Ccyr is measured by applying 14 kHz
sinusoidal drive voltage at 0.1 V rms, and R by applying 500 mV source-
drain bias. A constant 195 pF (approximately equal to the capacitance of the
contacts) has been subtracted from the measured capacitance to obtain Ceyr.
Inset shows R(V,). Black arrows show direction of V, sweeps.

vs V,. We see that Conr(V,) follows the variation of R(V,),
implying that the electrostatic capacitance of the CNT film is
independent of V,. This is consistent with the lack of depen-
dence of C on V, at low frequency in Fig. 1(c). The absence
of a large quantum capacitance effect is puzzling, but likely
implies that there is always a significant density of states at
the Fermi level in the semiconducting CNTs at all V.

We now turn to measurements in UHV and small analyte
gas pressures. Figures 3(a) and 3(b) show the effect of ac-
etone on Cenp(20 kHz) and R(dc), respectively, of the CNT
network as a function of gate voltage. Our measurements
were taken approximately 2—3 min after introduction of the
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FIG. 3. (Color online) Capacitance Ccyr and resistance R of the CNT film
in UHV and on acetone exposure. (a) Ceny in UHV and 9.5X 1077 Torr
acetone pressure. (b) R in UHV and 9.5 X 1077 Torr acetone pressure. Conr
data are taken at 20 kHz using 0.1 V drive voltage. Black arrows show
direction of V, sweeps.
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FIG. 4. (Color online) Capacitance and resistance changes of the CNT film
device relative to UHV environment due to (a) 9.5 X 10~7 Torr acetone, (b)
2% 1078 Torr water, and (c) 3 X 107 Torr argon. Black arrows show direc-
tion of V, sweeps.

analyte; Conr(20 kHz) and R(dc) were not observed to vary
with time. We find in general that R in UHV is significantly
higher than in ambient (see inset, Fig. 2), and R(V,) shows
more symmetric ambipolar behavior. [Changes in Cent(Vy)
from ambient to UHV follow the variation of R(V,)™"? as
above.] It is not immediately clear from Figs. 3(a) and 3(b)
that changes in Coyy and R upon acetone exposure are
quantitatively related. However, we may again look at the
predictions of the RC transmission line model. Since Ccyr
=v2c,/wr, we expect for small changes that AC/C=
—(1/2)(AR/R), where AC=Ccyr(analyte) — Conp(UHV) and
AR:R(ama]yte)—R(UHV).13 In Fig. 4(a) we plot AC/C
and —(1/2)(AR/R) due to acetone introduction in the cham-
ber as a function of gate voltage. The vertical axis in Fig.
4(a) shows the changes of both capacitance and resistance.
Note that the resistance is measured at dc, and therefore is a
true probe of the film resistivity », and is not altered by the
RC transmission line impedance. From Fig. 4(a) we conclude
that measured capacitance change of the CNT network upon
acetone exposure may be entirely explained by the change in
resistivity of the film and concomitant change in the RC
transmission line impedance.

Similar to the case of acetone, in Figs. 4(b) and 4(c) we
plot AC/C and —(1/2)(AR/R) as a function of gate voltage
due to water introduction at 2 X 1078 Torr and argon intro-
duction at 3 X 107 Torr, respectively. Figure 4(b) indicates
that the capacitance and resistance changes are again related
to each other, and the capacitance change is due to the resis-
tivity change of the CNT network. Figure 4(c) shows that
introduction of argon (a nonpolar and noble gas which is not
expected to have any effect on either the scattering or the
polarization) has no effect on capacitance or resistance. Thus
Fig. 4(c) may be used as a base line response with which to
compare Figs. 4(a) and 4(b). We note that water and acetone
were chosen as analytes because they possess significant di-
pole moments (1.85 and 2.91 D, respectively), and because
previous studies'*" found qualitatively different chemica-
pacitive and chemiresistive responses for water and acetone.
Here we find that, at least at low analyte pressures, the ef-
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fects of water and acetone are qualitatively similar: (gate-
voltage dependent) increase in resistivity, and no change in
gate capacitance. We also note that for each analyte we show
data for one pressure only; however, we have made measure-
ments at several analyte pressures and find that the trends
of AC/C and —(1/2)(AR/R) vs V, are similar, though for
acetone and water the magnitudes are smaller at smaller
pressures.

It is noteworthy that the resistance of the CNT networks
is enormously sensitive (~10%) to exposure to low pres-
sures (<107® Torr) of various analytes, and the gate voltage
dependence of the resistance change is different for different
analytes, indicating a possible means for chemical selectiv-
ity. The resistance change upon analyte introduction is pre-
sumably due to increased scattering due to weakly adsorbed
molecules on the CNT surface, or at the CNT-CNT junctions.
At low concentrations, we expect the former is the most
likely, due to the much larger area of CNT compared to the
junctions. This offers the immediate possibility of quantify-
ing the adsorbate concentration by measuring dependence of
the resistivity changes on exposure time, temperature, and
pressure, and hence studying the magnitude and carrier-
density dependence of scattering due to adsorbates on CNT;
such experiments are underway.
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