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ABSTRACT We present a comprehensive study of the effects of doping and temperature on the conductivity
of single-walled carbon nanotube (SWNT) networks. We investigated nearly type-pure networks as well as
networks comprising precisely tuned mixtures of metallic and semiconducting tubes. Networks were studied in
their as-produced state and after treatments with nitric acid, thionyl chloride, and hydrazine to explore the effects
of both intentional and adventitious doping. For intentionally and adventitiously doped networks, the sheet
resistance (R,) exhibits an irreversible increase with temperature above ~350 K. Dopant desorption is shown to
be the main cause of this increase and the observed hysteresis in the temperature-dependent resistivity. Both
thermal and chemical dedoping produced networks free of hysteresis. Temperature-programmed desorption data
showed that dopants are most strongly bound to the metallic tubes and that networks consisting of metallic
tubes exhibit the best thermal stability. At temperatures below the dopant desorption threshold, conductivity in
the networks is primarily controlled by thermally assisted tunneling through barriers at the intertube or
interbundle junctions.
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thin mats of entangled carbon single-

walled nanotubes (SWNTs) can be si-
multaneously highly transparent and elec-
trically conducting. Consequently, thin
SWNT films are being investigated for use
in a variety of technologies such as photo-
voltaics, flat-panel displays, and others ap-
plications that currently rely upon transpar-
ent conducting oxides (TCOs) such as In,04:
Sn, ZnO:Al, or SnO,:F.% In addition to the

I n contrast to thick “bucky papers”,’ 3
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potential for low cost due to the abundance
of carbon, thin SWNT films offer several im-
portant benefits over traditional TCOs. In
particular, thin SWNT mats are preferentially
hole-conducting, highly amenable to low-
temperature solution deposition, and inher-
ently flexible.>~” To date, however, SWNT
films have not yet matched the optoelec-
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tronic performance and thermal stability
found in high-quality TCO materials.

Many factors affect the conductivity of
SWNT networks, including tube length and
diameter,® chemical doping,” and network
morphology.’'° Individual tubes show clear
metallic or semiconducting behavior de-
pending on chirality and band structure,”
so tube type should also affect network
conductivity.'? However, the transport be-
havior of thin SWNT mats is complicated be-
cause as-synthesized materials are typically
a mixture of ~1/3 metallic m-SWNTs and
~2/3 semiconducting s-SWNTs. Thin-film
networks formed from as-synthesized
SWNT distributions show a negative tem-
perature dependence of resistance (dR/dT
< 0) at low temperatures and a change to
a positive dependence (dR/dT > 0) above a
transition temperature (T*). This so-called
U-shaped temperature dependence of re-
sistivity has been widely reported’*'* and
has been ascribed to a transition from semi-
conducting to metallic transport behavior.
Several groups have proposed that the
transport is limited by Schottky barriers be-
tween s- and m-SWNTs at low T7,""*"¢ while
at higher T, the conductivity is thought to
be controlled by percolation pathways be-
tween m-SWNTs." This view implies that a
network of pure m-SWNTs would have
higher conductivity at low T than either
films formed from pure s-SWNTs or films
formed from mixtures of s- and m-SWNTs
and a positive temperature coefficient of re-
sistivity. However, recent observations dem-
onstrate that electrical transport in thin
SWNT films is dominated by tube—tube
junctions and doping effects for both m-
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and s-SWNT-enriched networks.'”'® Clearly, many as-
pects of the electrical transport mechanisms in thin
SWNT films are not completely understood.

Here, we explore the temperature dependence of
the resistivity in thin SWNT films from a different per-
spective. Utilizing materials generated in-house by la-
ser vaporization,'”'? and recently developed tech-
niques for separating m- and s-SWNTs,?%?" we prepared
thin SWNT films with a variety of precisely controlled
m/s-SWNT ratios."” A variety of chemical treatments
were employed to dope and dedope the films, and the
temperature-dependent transport behavior was inves-
tigated in vacuum with the four-point van der Pauw
method. Surprisingly, we found that the transition to
dR/dT > 0 behavior, which is typically assigned to the
onset of metallic conductivity, is independent of the
concentration of m-SWNTSs in these films. Furthermore,
the magnitude of the dR/dT > 0 response was smaller
when the concentration of m-SWNTs in the films was in-
creased. In fact, the transition to dR/dT > 0 was not ob-
served up to 450 K for undoped films with either low
or high m-SWNT contents. Thus, we conclude that the
onset of dR/dT > 0 behavior in thin transparent net-
words is not associated with the transition to metallic
conductivity as has been reported in the
literature.'"*"*22 This conclusion is further supported
by the observation of significant hysteresis in the
temperature-dependent resistivity and the absence of
reversibility. Instead, the behavior can be straightfor-
wardly explained as conductivity changes associated
with thermal desorption of molecular dopants, in agree-
ment with the oxygen sensitivity seen previously for in-
dividual and roped tubes by Collins et al.?*> With this in-
sight, we performed thermal desorption mass
spectrometry and determined that m-SWNTSs bind cer-
tain molecular dopants more strongly than do s-SWNTs.
These findings advance the understanding of electrical
transport in thin SWNT films.

RESULTS AND DISCUSSION

Figure 1a shows the measured sheet resistance (R,)
of an as-prepared film made by the vacuum filtration
process'? as a function of temperature from 100 to 450
K (see Methods for details on sample preparation). De-
spite thorough washing with copious amounts of water,
it is well-known that residual nitric acid from the initial
purification of the laser soot can still be present in these
films (vide infra, and refs 12 and 24). Note that this film
is representative of those that have been investigated
by others® and may be described as being adventi-
tiously doped by the purification process and/or ambi-
ent gases. The first heating cycle shows R, decreasing
with increasing temperature until a minimum is
reached at T*, ~350 K, at which point R, begins to in-
crease until a maximum is reached at the maximum
temperature, 450 K. Dramatically different R(T) behav-
ior is observed when R, is recorded as the film is cooled
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Figure 1. (a) Temperature-dependent resistivity of an “as-
produced” or unintentionally doped bulk SWNT film for two
heating and cooling cycles. The film was kept at 450 K for
30 min after the first heating cycle. (b) Temperature-
dependent resistivity of the same film after an overnight
treatment in SOCI,. (c) Transmission spectra for films in (a)
and (b) before and after temperature-dependent resistivity
measurements.

after being held at 450 K for 30 min. In fact, after 30
min at 450 K, R, is ~50% higher than the value mea-
sured at the same temperature at the end of the first
heating cycle. Furthermore, R, continues to increase
with decreasing temperature, and T*, the transition
temperature, is no longer observed. Clearly, there is
substantial hysteresis and irreversibility between the
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first heating and cooling, but the second cooling and
heating cycle shows no significant hysteresis and very
good reversibility. Note that a hysteresis could be pro-
duced in the second cycle if the time at elevated tem-
peratures between the first heating and cooling was re-
duced. Data for the same film measured after an
overnight treatment in SOCI, are shown in Figure 1b.
The shape of the temperature dependence is qualita-
tively similar for both the doped and the as-prepared
films, though the absolute magnitude of the resistivity
is much smaller in the former case. Also, the increase in
resistivity after heating is much smaller for the SOCI-
doped film. Interestingly, the second heating produces
a bump in resistivity at ~250 K for both the as-prepared
and SOCI,-doped films. Though not fully understood
at this time, this is likely due to the endothermic desorp-
tion of water species which had re-adsorbed onto the
films during time spent at low T in the rough vacuum.

The data in Figure 1 may be simply understood by
considering that molecular dopants, either intention-
ally introduced, remnant from a processing step, or
present simply due to equilibration with O, in labora-
tory air, are thermally unstable and can be readily des-
orbed if given sufficient time and temperature to do so.
Once desorbed, the changes to the electrical transport
induced by the doping are also reversed. Optical trans-
mission/absorption measurements offer a simple
means by which the presence or absence of doping
may be detected. Specifically, doping levels can be de-
termined by measuring the intensities of the S,,, S,,,
and M,, SWNT optical transitions, which may be
bleached by doping.?* Figure 1c shows transmission
spectra for an unseparated film in both the as-prepared
state and after treatment with SOCI,, before and after
heating in the temperature-dependent R, measure-
ment. The lowest energy S,, transition at ~1700 nm,
which is strongly bleached by doping, is nearly absent
prior to the first excursion to elevated temperature in
vacuum. After heating, however, S, is readily observed
as the dominant absorption band in the as-prepared
film. Evidently, the adventitious doping of these as-
prepared films, produced by either residual nitric acid
or equilibration with laboratory air, is removed as the
dopant species are desorbed. In contrast, very little os-
cillator strength is restored to the S, transition after the
SOCl,-doped film is heated.

The correspondence between the electrical and op-
tical data in Figure 1a—c and the lack of a U-shaped re-
sponse after the first heating excursion make it clear
that the conventional description''*?2of the
temperature-dependent transport properties is not ap-
plicable to our findings. Clearly, a description based
solely on carrier scattering processes would be fully re-
versible with temperature, but reversibility is not ob-
served in our measurements except after the first heat-
ing cycle when in fact the U-shaped response is
eliminated. It is important to note that we observe this
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behavior consistently, irrespective of film thickness,
sheet resistance (50—20000 ()/sq), or deposition tech-
nigue. Consequently, it is interesting to speculate why
such behavior has not been noted elsewhere in studies
of electrical transport in thin SWNT films. Early resistiv-
ity measurements on thick bucky papers noted that
similar changes in the shape of the R(T) curve were pro-
duced by heating in vacuum, but dopant desorption
and reversibility were not discussed.® Zhang et al.* also
presented a temperature-dependent resistivity mea-
surement up to 400 K under vacuum that shows no evi-
dence of a transition to dR/dT > 0, and once again,
the issue of doping was not discussed. In this case, the
films were either undoped initially or the T* value asso-
ciated with dopant desorption was significantly higher
than 400 K. In other studies, it must be that reversibility
was always seen and considered to be unremarkable,
or cycling measurements were not performed. Note
that repeated measurements on a given film would
yield the same U-shaped response if the temperature
programs were the same and the films were permitted
to equilibrate with laboratory air between measure-
ments. Also, the reversibility we observe would not be
found unless temperatures were sufficiently high to de-
dope the films by desorption and the atmosphere
above the film was inert. Though hysteresis is well-
known in the resistivity of nanotube gas sensors,?%%’
the related phenomena have not been fully appreci-
ated by the community interested in the optolectronic
properties of thin SWNT films.

To clarify the discussion in the rest of this paper, we
adopt the symbol T*.4pe to signify that thermal de-
sorption of dopants is responsible for the behavior we
observe in our films, as clearly demonstrated in Figure
1a. For previous reports, we adopt the symbol T, - met
to signify that this metric defines the temperature at
which the fundamental conductivity mechanism
changes from tunneling-limited to phonon-limited
(metallic) resistance. Our data suggest that previous
studies reporting U-shaped R(T) behavior with T*, et
near room temperature may have been observing arti-
facts from the thermal desorption of dopants, in other
words, measuring T egope- HOWever, we note here that
we have no data to infer that reports demonstrating
lower T*,,,,-me: Values (e.g., < 250 K) were confounded
by similar artifacts.

To understand the effect of dedoping on the trans-
port properties in more detail, we investigated the tem-
perature dependence of R, during the first heating us-
ing films with varying m-SWNT fractions that were not
intentionally doped (Figure 2a). The SWNTs in these
films were separated from unpurified bulk soots (see
Methods) and were never exposed to acids, so the dop-
ing levels were only controlled by equilibration with
O, in air. Nevertheless, the films showed the same tran-
sition to dR/dT > 0 behavior as films that had been ex-
posed to acids, and similar changes in the optical prop-
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Figure 2. R; versus T for films formed with various m:s-SWNT
ratios: (a) first temperature scan for as-produced films that
were not exposed to acids and not intentionally doped; (b)
nitric acid-doped films showing hysteresis; and (c)
hydrazine-treated films showing reversibility. The traces in
(c) have been offset for clarity.

erties with heating. Thus, the high-temperature change
in resistivity is also due to dedoping in these sepa-
rated samples. Because these tubes were never ex-
posed to acid, it is clear that adventitious doping from
atmospheric impurities?® can lead to these effects. It is
particularly interesting to note that the rate at which R,
increases above T* 4. 4ope decreases as the m-SWNT frac-
tion increases. Also, the value of T*.4ope is NOt appre-
ciably altered by changes in metallic tube content. Both
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of these observations are in conflict with the model
that describes the U-shaped response as being due to
a transition at T* from semiconducting to metallic
transport.

Qualitatively similar information is obtained when
intentionally doped films are examined. Figure 2b
shows the R, versus T data for three films with different
m:s ratios that were treated with nitric acid (see Meth-
ods). The data are presented in a normalized format, but
note that the room temperature resistivity of the
semiconductor-enriched film at T* . 4ope ON the first
scan is 135 ()/sq, which is far lower than the measured
R, data presented in Figure 1a,b. Consistent with the
data in Figure 1, all three curves show a large hyster-
esis that is associated with dopant desorption that be-
gins at T j.qope- COnsistent with the data for the adven-
titiously doped samples (Figure 2a), the magnitude of
the dR/dT > 0 response above T*j.q0pe is related to the
s-SWNT content in the films. The degree of hysteresis
found with decreasing temperature is also a strong
function of the s-SWNT content since s-SWNTs are more
sensitive than m-SWNTs to dopant-induced changes in
carrier concentrations.'”'®

If the increase in R, above T* is caused primarily by
dopant desorption, as our data suggest, then a com-
pletely dedoped SWNT network should not exhibit the
U-shaped response and the associated irreversibility. In
this case, one would expect to observe reversible be-
havior such as that found after desorption of dopants
(Figure 1a). To test this idea, we soaked three films hav-
ing a range of m:s-SWNT contents in hydrazine. Hydra-
zine (N,H,) has been shown to dedope films'”-?8 via the
addition of excess electrons.?' Figure 2¢ shows the R,
versus T data for the same films presented in Figure 2b
after treatment in hydrazine. Each film shows very good
reversibility and no evidence of an upturn in R,. Opti-
cal transmission measurements (not shown here) dem-
onstrate that the hydrazine-treated films undergo no
change in optical density after heating to 450 K, while
the nitric acid doped films showed obvious dedoping
after heating.

Repeating the temperature-dependent R, experi-
ment on intentionally and unintentionally doped films
yielded similar results to those observed in Figure 2.
Many chemical doping treatments for SWNT networks
exist in the literature, and we tested HNO,>* and
SOCI,* extensively on separated samples because
these treatments yielded the highest conductivity, with
SOCl, exhibiting the best thermal stability.'” HNO; has
been shown to chemically dope the networks by shift-
ing the Fermi level into the valence band®* and also im-
prove conductivity by network densification through
residual surfactant removal.'® AFM (atomic force
microscopy) does not show a significant change in
thickness in our films, and there appears to be little re-
sidual surfactant in the networks. Nevertheless, HNO,
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Figure 3. Normalized R, as a function of temperature for (a)
93% metallic SWNT film and (b) 12% metallic SWNT film as-
produced and after treatment in HNO;, N,H,, and SOCI,.

may remove trace amounts of surfactants that ad-
versely affect conductivity.

Figure 3 shows the effects of different chemical
treatments on a (a) metallic SWNT-enriched network
and (b) semiconducting SWNT-enriched network. Both
plots illustrate similar phenomena, but the overall
change in sheet resistance is much larger for the
semiconductor-enriched sample than for the metal-
enriched one. The value of T*.4ope is NOt strongly de-
pendent on tube type and varies only from ~325 K for
adventitious and HNO; doping to ~375 K for SOCI,. At
T < T*4edope the slope of the R, versus T curve decreases
as the doping level increases from the N,H,-treated, to
the adventitiously doped, to the HNO;- and SOCI.-
treated films, the latter of which have approximately
equal doping levels. The opposite is true at T >
T* gedoper AU T > T* jeqopes Rs increases most dramati-
cally for films treated in nitric acid and shows little or
no change for the films treated in hydrazine. SOCI, ap-
pears to be much more stable than HNO; or adventi-
tious doping for the semiconductor-enriched film. In
general, the metal-enriched films exhibit far smaller
changes in R, with doping than the films containing sig-
nificant fractions of semiconducting tubes, which is
consistent with our previous findings.'” In agreement
with the results shown in Figure 2, these data suggest
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that conductivity in networks composed of predomi-
nantly metallic tubes should exhibit better stability with
temperature than semiconducting networks. This has
also been observed in a recent comparison of a metal-
enriched film with an unseparated bulk sample.>®

Electrical Transport at Low Temperatures. Below T* .o per
the temperature dependence of the resistivity is fairly
weak, suggesting that a tunneling process may be con-
trolling the conductivity at lower temperatures. Sev-
eral authors have used a tunneling equation similar to
eq 1 to model resistivity in SWNT networks at all mea-
sured temperatures.'*?23" Here, the linear term was
used to represent the metal-like conductivity that was
ascribed to the high-temperature dR/dT > 0 behavior.
The second term was used to represent the tunneling
contribution, which is dominant at lower temperatures.
Similar data have been fit previously without using the
linear metallic term.®' Since the so-called metallic con-
tribution is not evident unless dopant desorption oc-
curs, we can set a equal to 0 to model our data and use
only the tunneling term to fit our data.

T
Ri=aT+p exp(T—iT) M
S

The tunneling term in eq 1 was originally derived in
the work of Sheng, where it was applied to a variety of
disordered materials (including metallic fibril networks)
exhibiting fluctuation-induced tunneling.>* Ineq 1, T,
can be described relatively simply as the temperature
above which fluctuation effects become important. T,
is a considerably more complex function of the tunnel-
ing barrier height and shape as affected by the image
force and local electric field. Smaller values of T, are in-
dicative of an effectively lower barrier height; B is a
weak function of temperature that also accounts for
the barrier shape and network properties, and it can
be considered constant compared to the exponential
portion of eq 1.3?

The resistivity data were fit using eq 1 between 100
and 325 K (T < T*jeq0pe) for each film described here.
Fits to eq 1 are shown as solid lines in Figure 2b,c and
Figure 3a,b. Fits are not shown for the remaining data in
order to maintain clarity in the figures, but the data in
all figures were fit satisfactorily with the model. The re-
sistivity data were first plotted as In(R,) versus 1/T to in-
dependently calculate B from a linear fit. T, and T, were
then fitted to the R, versus T data using the previously
determined 3 value to reduce uncertainty in the model.
The fitting parameters are presented in Table 1 for sev-
eral of the films after different chemical treatments.
The validity of the model is demonstrated by the fact
that data above 325 K for the dedoped networks
treated with N,H, could be represented by extrapola-
tion of the low-temperature data. The values of T,, and
T, are consistent with literature values, but they both
(T,, in particular) have significant uncertainties.'*?
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TABLE 1. Tunneling Parameters for Films Presented in
Figures 2 and 37

sample ID T, T,
metal - N,H, 130.64 = 7.42 16.72 = 8.08
mix - N,H, 181.62 = 10.7 20.96 * 8.41
semi - N,H, 167.68 = 10.3 20.50 = 8.78
metal - HNO, 71361 = 3.53 10.02 £ 6.9
mix - HNO, 66.519 = 4.1 11.69 = 8.75
semi - HNO, 35.786 = 1.43 5.05 *5.48
metal - SOCI, 77.051 £3.92 11.84 = 7.22
mix - S0Cl, 52.905 * 2.05 7.65 = 5.41
semi - SOC, 33.715 = 0.898 4.79 * 3.68

“The metallic tube contents for each sample are: metal = 93%, mix = 64%, semi
= 12%. The values of T, and T, are mean values in a distribution due to the widely
varying junction properties in the networks. The given standard deviations are in-
dicative of the width of the distribution of values for each sample.

Large uncertainties in the fit are expected due to poly-
dispersity in the type and number of junctions in the
films. A small amount of residual surfactant in the net-
works may also contribute to the uncertainty in these
values. All of the measured temperatures in this study
are significantly above T in Table 1, indicating that the
fluctuation effects should significantly reduce the effec-
tive barrier heights seen by the charge carriers in all
samples.

This type of model was initially used to explain how
a network of metallic fibers could exhibit “nonmetallic”
resistivity characteristics because of the high tunneling
resistance between fibers.3? This is similar to what is ob-
served here. In Sheng’s work, T*,,,_me: i identified to
be the temperature where the tunneling resistance be-
tween bundles or tubes equals the intrinsic metallic re-
sistance of the individual tube networks where doping
is not a factor.>? Here, the observed resistivity minimum
observed during the first heating is due to the combi-
nation of tunneling resistance and dopant desorption
effects. Figure 2c does not show a clear transition tem-
perature, which indicates that the point where the tun-
neling resistance equals the intrinsic resistance of the
bundles is greater than 450 K in a truly undoped net-
work. This effect is masked in the doped networks, but
it suggests that the tunneling resistance will dominate
the resistivity in all networks at the temperatures of in-
terest here. It is possible that T*,,,,.e: could be ob-
served at higher temperatures, but it has not been ob-
served in dedoped or vacuum-treated films at
temperatures up to 600 K in the literature.>?> Although
it is difficult to quantify absolute differences between
the calculated values of T, and T,, due to the wide varia-
tions in the networks, it is possible to discern some im-
portant trends. First, the values for T, in doped net-
works are significantly lower than the values for N,H,-
treated networks regardless of tube type. This suggests
that doping alters the shape and/or height of the tun-
neling barriers in a manner that increases the tunneling
probability. Also, the N,H,-treated metal-enriched
samples show lower T,, values than the dedoped mixed
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or semiconductor-enriched samples. This supports the
notion that the barriers between metallic tubes are
easier for carriers to tunnel through in the absence of
chemical dopants.®* However, the lowest effective bar-
riers, represented by the smallest T, are in the doped,
semiconductor-enriched networks. This is consistent
with our previous work demonstrating that those net-
works have the lowest resistivities compared to all other
networks we have produced.'” Improved tube—tube
coupling with heavy doping has also been observed to
lead to higher conductivities in bucky papers.?

Electrical Transport at High Temperatures. As shown in Fig-
ures 1, 2, and 3, R, shows a strong temperature depen-
dence above T*.4pe for all doped films in this study.
Returning to the high-temperature data in Figure 2a, R,
shows a pronounced increase above T*.qope for the
film containing 4% m-SWNTs, as well as a monotonic
decrease in dR/dT as the m-SWNT content is increased.
This, combined with the optical data in Figure 1c and
the hysteresis shown in Figures 1a,b and 2b suggests
that there is a strong correlation between dopant de-
sorption rates and m-SWNT content in the networks.

It is interesting to consider these data at T > T*
with the assumption that the resistivity changes are
proportional to the changes in the concentration of the
adsorbed molecular dopants (i.e., O,, H,0, etc.). This
view is consistent with many previous nanotube sen-
sor studies?*3* and the switching behavior of SWNT
FETs (field effect transistors) in the presence of molecu-
lar oxygen.'"* Figure 4 shows the relative change in
sheet resistance between 450 and 300 K (R,(450 K)/
R.(300 K)) for films with varying m-SWNT concentra-
tions as-produced and after doping with HNO; and
SOCl,. As mentioned previously, the semiconducting
samples undergo the largest changes in R, upon heat-
ing, and the metallic samples show the smallest
changes. It is somewhat difficult to compare the abso-
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ducting sample at around 380 K compared to at about 700
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lute differences in the R (450 K)/R,(300 K) ratio for differ-
ent dopants because it is highly unlikely that the total
injected carrier concentration per dopant is identical for
different dopants. However, the ratio of injected carri-
ers to adsorbed dopants is probably similar for the dif-
ferent tube types with a single dopant. This allows the
high-temperature change in resistivity to be used as a
probe of molecular desorption and the change in
R.(450 K)/R,(300 K) to be considered as representative
of the relative differences in barrier heights for dopant
desorption from the films. First, for all dopants, R,(450
K)/R4(300 K) is substantially larger for the low m-SWNT
content films, indicating a low barrier to desorption. Ad-
ventitiously and HNO5-doped films show a monotonic
decrease in R,(450 K)/R,(300 K) with increasing m-SWNT
content. SOCI,-doped films show a relatively constant
R.(450 K)/R,(300 K) for s-SWNT-enriched and mixed
films and a large decrease for the heavily m-SWNT-
enriched film. These data show that the dopants are
most strongly bound to m-SWNTs and that mixing ef-
fects from the remaining s-SWNTs in all samples have a
significant effect on dopant binding and the thermal
stability of the resistivity.

Dopant desorption from the networks can be readily
confirmed by temperature-programmed desorption
(TPD) measurements on SOCI,-treated films. Figure 5
shows that SOCI, desorbs rapidly, peaking at 400 K,
from the semiconducting network, whereas the peak
desorption temperature in the metal-enriched network
is at almost 700 K. This is consistent with temperature-
dependent resistivity measurements that show that
metal-enriched films undergo less change after heat-
ing to 450 K. The TPD results demonstrate that signifi-
cant amounts of dopant should desorb from the
semiconductor-enriched samples at temperatures well
below 450 K. The higher apparent dopant binding en-
ergies for the metal-enriched films cause the dopants to
be more stable compared with the semiconductor-
enriched films.

We have found two recent papers that compare rela-
tive adsorption energies of molecular dopants on s- and
m-SWNTs. Yang et al. modeled the adsorption of NO,
on three s-SWNTs and three m-SWNTs.3® They found
that the adsorption energy is stronger for m-SWNTs by
50—130 meV. They also suggest that the degree of
charge transfer, and therefore binding energy, “will be
even bigger for positively charged NO,* used in real ex-
periments.” Maeda et al. calculated adsorption ener-
gies for methylamine (NH,CH,) on the (13,0) s-SWNT
and (7,7) m-SWNT and found that the adsorption en-
ergy was 70— 140 meV higher for the m-SWNT.?” Our
current data do not allow us to evaluate the adsorption/
desorption energies with any accuracy. However, it
seems clear from the data in hand that m-SWNTs have
a higher affinity for dopants than do s-SWNTs, in agree-
ment with available theory. Further experimental work
on this topic is warranted.

CONCLUSIONS

We have presented data on the temperature depen-
dence of resistivity for metallic and semiconducting
SWNT-enriched transparent networks. Our data exhibit
a U-shaped dependence of resistivity with temperature,
but we propose a different explanation for the in-
crease in R, at high temperatures than is typically pro-
posed. We show that this increase for our bulk (unsep-
arated) and separated transparent conductive SWNT
thin films may be consistently ascribed to dopant de-
sorption. We have shown that the predominance of me-
tallic or semiconducting SWNTSs in a network does not
yield the expected metallic or semiconducting depen-
dence of resistivity on temperature but does produce
important differences in electrical properties. The
s-SWNT-enriched networks are extremely sensitive to
chemical doping, whereas networks enriched with
m-SWNTs are less affected. The temperature-
dependent resistivity measurements and complemen-
tary TPD data indicate a higher dopant desorption tem-
perature for m-SWNT-enriched networks. The data
shown here suggest that the metal-like increases in R
with temperature are due to dopant desorption, rather
than truly metallic conductivity. We present a conduc-
tivity mechanism controlled by fluctuation-assisted tun-
neling for these networks that is able to fit the low-
temperature resistivity well and is predictive of the
high-temperature resistivity in chemically dedoped
films. We note that other models may also fit the low-
temperature-dependent behavior in these networks,
but that the fluctuation-assisted tunneling model cap-
tures it well. At T < T joq0pes the conductivity appears
to be dominated by fluctuation-assisted tunneling
across tube—tube or bundle—bundle barriers. These
barriers are smallest in highly doped, nearly pure semi-
conducting SWNT networks, likely contributing to the
observed higher conductivity in these networks. These
data suggest that semiconducting nanostructure net-
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works may be excellent candidates for transparent con-
ducting materials if they can be stably doped. Metallic
nanostructure networks may also prove fruitful, but this
work suggests that finding network materials with

METHODS

The synthesis, purification, and separation methods used in
this work are detailed elsewhere.'” Briefly, the tubes were pro-
duced using laser vaporization (LV) of a graphite target in a ni-
trogen atmosphere. LV-generated soots were used to produce
both bulk (unseparated) and type-separated SWNT networks.
Bulk films were produced by first purifying the soot with a 16 h
reflux in 3 M nitric acid. Following the reflux, the purified SWNTs
were filtered through a PTFE filter membrane to create a “bucky
paper.” This paper was washed with successive iterations of
deionized water, acetone, and 1 M KOH to remove non-
nanotube carbon. Following this purification, the purified paper
was dispersed by sonication in 1% sodium dodecyl sulfate (SDS)
in water.

To produce type-separated films, the raw laser soot was son-
icated in a cosurfactant solution and density gradient medium
to separate the tubes by electronic structure.? We have used
this method to produce SWNT solutions with metallic fractions
up to 99% type-pure and semiconducting fractions as high as
95% type-pure as determined by optical absorbance spectros-
copy.'” The type-pure solutions were then mixed in varying frac-
tions to create solutions with tuned m:s ratios. Films were depos-
ited from these solutions by a simple vacuum filtration
process.'*'"The metallic nanotube content for each film was de-
termined using optical absorbance spectroscopy by integrating
the area underneath the second envelope of semiconducting
optical transitions (S,,) and first envelope of metallic optical tran-
sitions (M;,) in the spectrum. Then the relative oscillator
strengths of these transition envelopes, determined previously
for our LV-SWNTs,"” was used to calculate the relative percent-
ages of metallic and semiconducting SWNTs. This procedure is
described in more detail in ref 17.

SWNT films were doped by immersion in neat SOCI,*° or a
4 M solution of HNO;?* to increase their conductivity. SWNT
films were dedoped by soaking in a 1 M solution of
hydrazine'”?® in ethanol or by heating the films in vacuum at
450 K for 30 min. Both dedoping treatments produced similar ab-
sorbance spectra and temperature-dependent resistance behav-
ior. Temperature-dependent resistance measurements were ob-
tained on an Accent Optical Hall measurement system equipped
with a liquid nitrogen cryostat and a heater. Resistance measure-
ments were conducted between 100 and 450 K in vacuum. First,
the sample chamber was evacuated to a base pressure of ~0.5
Torr. Then, each sample was cooled to 100 K, where the first R,
measurement was taken. Measurements were then taken at con-
stant temperature approximately every 15 K until the sample
reached 450 K. For the sample shown in Figure 1, the tempera-
ture was fixed at 450 K for 30 min after the first heating ramp,
and then measurements were taken at constant temperature ev-
ery 15 K while cooling to 100 K (first cooling ramp) and immedi-
ately repeating the heating/cooling cycle (without the 30 min
bake at 450 K). All other R, measurements in this study were con-
ducted using the same procedure without the 30 min bake at
450 K. Optical transmission before and after heating the films
was obtained using a Cary 5 UV—vis—NIR spectrophotometer.

Temperature-programmed desorption was performed on
<0.5 mg opaque mats of two separated films, one enriched
with semiconducting SWNTs and one enriched with metallic
SWNTs. Samples were placed in a platinum packet, and this plati-
num packet was then placed into a 2-mm-wide quartz tube.
The quartz tube was affixed to the TPD apparatus via a VCR fit-
ting. The sample was then pumped down via turbo pump to a
base pressure of 7 X 102 Torr. It is critical to pump both sepa-
rate samples (m-SWNT and s-SWNT) to the same pressure and to
ensure that this base pressure is not too low. This detail arises
from the fact that a large amount of SOCI, desorbs from the
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small tunneling barriers (low T,, values) is more impor-
tant for conductivity than simply producing a network
from the most highly conductive wires, rods, or

tubes.

s-SWNT sample in the pump-down phase even when no heat is
applied to the sample, while this is not the case for the m-SWNT
sample. This is consistent with the relative desorption tempera-
tures of SOCI, from each type of SWNT sample, shown in Figure
4. Thus, the low-temperature peak for the s-SWNT sample may
not be captured if the base pressure is too low (e.g., 1 X 1078
Torr), masking the large difference in the primary desorption
temperatures between the two samples.

Once the base pressure of 7 X 102 Torr is reached, the
sample was heated linearly to 773 K via a copper jacket heater,
at a heating rate of 0.4 K/s. The evolved chemical species were
monitored with a Stanford Research Systems residual gas ana-
lyzer with a range of 1—100 amu. The full mass spectrum was re-
corded every 6 s. The predominant peaks were located at 32,
36, 48, 64, and 83 amu, which are consistent with the mass spec-
trum for thionyl chloride listed in the NIST database.*® Kinetic
traces were recorded simultaneously for these five peaks. All
peaks demonstrated similar kinetic behavior, and only the peak
at m/z of 48 (singly ionized SO) is displayed in Figure 4.
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