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One-Dimensional Poole-Frenkel Conduction in the Single Defect

Limit
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ABSTRACT: A single point defect surrounded on either side by quasi-ballistic, semimetallic carbon nanotube is a nearly ideal
system for investigating disorder in one-dimensional (1D) conductors and comparing experiment to theory. Here, individual
single-walled nanotubes (SWNTs) are investigated before and after the incorporation of single point defects. Transport and local
Kelvin Probe force microscopy independently demonstrate high-resistance depletion regions over 1.0 ym wide surrounding one
point defect in semimetallic SWNTSs. Transport measurements show that conductance through such wide depletion regions
occurs via a modified, 1D version of Poole—Frenkel field-assisted emission. Given the breadth of theory dedicated to the possible
effects of disorder in 1D systems, it is surprising that a Poole-Frenkel mechanism appears to describe defect scattering and

resistance in this semimetallic system.
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single point defect can convert a ballistic, one-
dimensional (1D) conductor into a more resistive
wire," ™ and a pair of defects can produce Coulomb blockade
effects as high as room temperature.® Driven by these dramatic
effects, the current International Technology Roadmap for
Semiconductors” calls for physics models to better address the
role of single defects and dopants in semiclassical 1D devices.
Unfortunately, well-characterized systems for studying defect-
induced effects is acknowledged as a challenging gap to address
experimentally.® Theory predicts a range of novel quantum
phenomena with practical consequences in disordered 1D
conductors,”'® such as resistivity dipoles and Luttinger scaling
exponents. However, experiments are often limited to random
contaminants and imperfections of unknown character. The
precision placement of individual atoms into conducting
structures, either using scanning probe tips17 or by
implantation,”"® is a notable example for which quantum
transport has been studied at cryogenic temperatures, but these
quantum states are not robust at higher temperatures.

On the other hand, single-walled carbon nanotubes
(SWNTs) exhibit a quantum-mechanical regime extending to
room temperature'” with hints of Luttinger liquid behaviors
above 100 K.”7*' In past work, SWNTSs have been a poor
example of precision control: disorder in SWNTSs has been
ubiquitous, random, and varied.' ~¥?%%3 Recently, we demon-
strated an electrochemical technique for adding a single
oxidative adduct to SWNT transistor devices.”* These oxidized
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defect sites were sufficiently disruptive to affect SWNT
conductance at room temperature and in relatively “clean”
SWNT devices (those exhibiting room-temperature inelastic
mean free paths >1 um), they could be the sole inelastic
scattering site. Here, we report measurements comparing
individual SWNTs before and after defect incorporation and
show that these sites fail to demonstrate the power-law scaling
of a Luttinger liquid or the activated thermodynamics of a
simple barrier. Instead, defect scattering in SWNTs has the
temperature and bias dependence of Poole—Frenkel con-
duction, though with modifications accounting for the 1D
electrostatics. The Poole—Frenkel mechanism,”*® which is
frequently applied to thin, 2D insulators,”” has never been
observed in the limit of a single defect, and its applicability to
point defect scattering in a 1D channel is wholly unanticipated
in the theoretical literature. Some past research has reported
Poole-Frenkel conduction in SWNTs,”*** but it has always
been attributed to ensemble disorder.

Experimental Methods. To accomplish this work, devices
containing isolated SWNTSs were prepared using techniques
typical for this field.”* SWNTSs were grown on 4" p++ Si wafers
having a 300 nm, thermally grown oxide by catalyst-assisted
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chemical vapor deposition (CVD).”**> CVD used extremely

dilute catalyst coverage to create well-separated SWNT's having
diameters of 0.9 to 1.7 nm, as verified individually by atomic
force microscopy (AFM). Ti or Pt/Ti electrodes were
patterned onto the randomly grown SWNTs using optical
lithography. Electrode spacings of 2 pm, combined with the
various angles of intersection with SWNTs, gave channel
lengths ranging from 2 to 6 um. Figure la depicts a schematic
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Figure 1. Carbon nanotubes with single point defects. (a) Three-
terminal and scanning probe characterization of a m-SWNT. (b)
Example drop in I, used to identify point-defect incorporation by
electrochemical oxidation. (c) Ip(Vg) before and after defect
incorporation with (d) SGM image of the localized nature of the
new gate dependence. (e) In(Vp) at Vg = —1 V before and after defect
incorporation, and (f) corresponding KPFM image illustrating the
large potential gradient at the same site. All data acquired at T = 180

of the device layout, with the p++ Si serving as a back gate
electrode. Electronic characterization of the source-drain
current (Ip) as a function of drain and gate biases (Vp, and
V) identified quasi-metallic samples (m-SWNTs) with modest
Vi sensitivity that were the primary focus of this investigation.

Single point defects were introduced into each SWNT using
the method of conductance-controlled point functionaliza-
tion.”**¢ Briefly, this method uses I,(t) as a real-time indicator
of covalent modifications during the dilute electrochemical
oxidation of a SWNT device.”**® SWNT channels were
covered with a water droplet, and then I, (#) was monitored
while the potential of the SWNT was slowly raised above the
threshold for electrochemical oxidation by water, which was
typically 0.9—1.1 V. At this threshold, individual oxidation
events occur stochastically with waiting times of seconds. The
oxidation, which is believed to be the covalent addition of an
—OH adduct, was precisely limited to a single stepped drop in
Ip(t) defect using a software trigger with a 30 ms response time

that dropped the oxidative potential down to 0 V. In this
manner, single defects were achieved in 80% of attempts and
further oxidative damage was strictly limited. Figure 1b shows a
typical Ip(t) trace in which a device increased resistance from
430 to 600 k€2 in one discrete step while being held at 1.0 V.
Oxidation occurred at a random position along each SWNT
channel, and then the sites were subsequently located by
scanning-probe imaging.”*

To precisely determine the electronic effects of a defect, each
SWNT was characterized before and after this electrochemical
defect incorporation. After oxidation, devices were immediately
blown dry and transferred into a high-vacuum (1077 Torr),
variable-temperature transport and AFM system (JEOL JSPM
5200) that was used to acquire I(Vp,V,T) and surface maps
of local properties. Frequency-modulated Kelvin probe force
microscopy (KPFM) was used to image surface potentials Vip
and potential gradients resulting from scattering.”’ using a
custom-designed KPFM system that has been described
previously.***’ Scanning gate microscopy (SGM) was also
used to locate the defects based on their localized gate
sensitivity dI/dVg.**~* Images shown here were all acquired at
185 K to eliminate hysteresis and drift associated with mobile
surface contaminants at higher temperatures. In our system,
custom electronics synchronized AFM imaging to the
acquisition of I, and control of Vp, Vi, and the probe tip
potential V. In this work, the lateral KPFM resolution was
limited to 10—350 nm by the probe geometry.”® This resolution
was at least ten times narrower than the average potential
gradients analyzed below, so tip resolution does not affect the
conclusions drawn.

Results. Figure 1 illustrates the increases of resistance and
gate sensitivity that accompanied the addition of a defect to an
example m-SWNT. Compared to the pristine case before
modification, the damaged m-SWNT exhibited a higher low-
bias resistance, a non-Ohmic I,(Vp), and twice as much gate
modulation in I(Vg) (Figure 1ce), all in accord with previous
reports.”**> Scanning probe imaging further proved these
effects to be localized. Figure 1d shows an SGM image of dI,/
dV; (red) overlaid on AFM topography (gray), indicating how
the increased gate sensitivity in Figure lc was entirely
concentrated at one spot midway between the source and
drain connections. Figure 1f shows that KPFM imaging of Vi
under similar conditions (Vg = —1 V) resolved a large potential
drop at the same location. In comparison, pristine m-SWNTs
exhibited shallow KPFM potential gradients with large drops at
the electrode interfaces’**” and minimal SGM sensitivity.*"**
Data from other SWNTSs showed qualitatively similar features
to Figure 1. Semiconducting SWNTs, which have intrinsic gate
responses and Schottky barrier effects,””*>** have been
excluded from this report in favor of the simpler characteristics
of m-SWNTs, which are more straightforward to interpret.

Two experimental methods were used to investigate the
added resistance associated with point defects. Higher-
resolution KPFM versus Vp, and I, allowed for a detailed
investigation of the potential gradients surrounding a scattering
site. Figure 2a shows a set of KPFM images acquired from the
device of Figure 1 as it was biased from +2.0 to —2.0 Vin 0.5V
increments (from left to right, with Vj, = 0 not shown).* These
images have been cropped to highlight the region surrounding
the SWNT defect and line cuts along the SWNT channel
(Figure 2b) were extracted for analysis. At the locus of SGM
sensitivity, KPFM resolved a small potential barrier at Vj, = 0
(Figure 2b, bottom) and a symmetric, high-field potential drop

DOI: 10.1021/acs.nanolett.5b01506
Nano Lett. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.nanolett.5b01506
http://pubs.acs.org/action/showImage?doi=10.1021/acs.nanolett.5b01506&iName=master.img-001.jpg&w=207&h=278

Nano Letters

pristine
m-SWNT

@ yith
[ ]
- @ defect

’
3

T=7T7TK

10 00 1.0 100 200

1/2 1/2
x (um) V IkgT (V' leV)
d) >
“;::v"'ﬂ o »*'y
14 - < P <« pr
o ﬂ‘*““ «4“4" R
—_— L LAl 4."‘ B
> ¢ a AN " 4
3 15 —asat '," *_1.-"' » 300 K
oy v o @
= ver"? o A 180K
il e - 5 v 130K
— “I‘A ‘.i 4 100K
A7 e ._,»' > 77K
L il 1 1 1 1
20 40 60 80 100

AV 1 kT (v'rev)

Figure 2. Potential gradients around defect sites. (a) Selected portions
of KPFM images around a m-SWNT defect site at Vi = +2 to =2 V in
0.5 V steps. (b) KPFM line cuts extracted along the m-SWNT, with
reverse-bias data plotted as dashed lines. (c) Example Poole—Frenkel
plots of raw data I,(Vp) at T = 77 K before and after defect
incorporation. (d) Poole—Frenkel plot of the differential, added
resistance I(AVp,T) with fits to eq 1 (dashed lines).

F = dVip/dx in response to currents (Figure 2b, top). For
example, at V, = 1 V the KPFM potential drop AVyp was 0.68
+ 0.04 V and the field reached F = 0.76 V/um. This drop in
potential corresponded to a local resistance AVyp/Iy = 928 +
54 kQ that was two-thirds of the total device resistance and that
matched the two-terminal increase measured at the same
temperature and bias. In this manner, KPFM allowed direct
measurements of each defect’s resistance, independent of
contact resistances and diffusive scattering along the rest of the
SWNT. Diffusive scattering far from defect sites has been
extensively investigated at low and high bias by transport
techniques**™** and by quantitative KPFM,**** so it is not the
focus of this report.

To complement direct KPFM imaging, two-terminal
measurements of I(Vp,VgT) were acquired over a wider
range of bias and temperature. Figure 2c shows an example
measurement of In(Vp) at T = 77 K plotted on axes used for
Poole—Frenkel (PF) analysis. The pristine SWNT had an
ohmic, temperature-independent conductance that resulted in a
nearly horizontal line on these axes; the addition of a defect
reduced the conductance and induced a nonohmic bias
dependence. The PF axes are clearly inappropriate for the

raw data, which unlike KPFM include the contact resistance
and diffusive channel contributions. However, careful sub-
traction of Ip(Vp) data sets before and after defect
incorporation allowed us to define the additional drain voltage
AV}, necessary to obtain a particular current I, at fixed V; and
T. This subtraction approximates the semiclassical limit of the
Landauer—Buttiker formalism in which each constituent
scattering mechanism constitutes a series resistance. So long
as point functionalization occurs far from the electrodes and
does not affect the SWNT’s contact resistance or inelastic mean
free path, the addition of one new scattering site introduces an
extra voltage drop AVp for a given Ip. A similar distinction
between Iy(V},) and I,(AV}) can be used to analyze ensemble
radiation damage.49

Discussion. The I,(AVp) difference curves suggested bias
increases AVp that were in excellent agreement with the
potential drops AVyp measured directly by KPFM. Further-
more, these curves fit the functional form of Poole—Frenkel
(PF) conduction over a wide range of bias and temperature. PF
conduction is governed by

1/2

I(AV,, T) = aAV, exle]

kT (1)
where the detrapping electric field F is Sproportional to AVp and
a and b are both positive constants.”**" PF fitting for In(AVp,)
curves at six temperatures is shown in Figure 2d. Plots of In(Ip/
AVp) versus AVp'Y2/T at different temperatures produced a
family of nearly parallel, straight-line curves for each m-SWNT
we have investigated.

The PF model is most frequently used to understand the
transport that occurs when localized defect states enhance
conduction through thin, insulating films.””*° The unbiased
and biased situations are depicted by energy diagrams in Figure
3a. Each defect is modeled as a Coulomb trap with a barrier @,
in an insulating film of thickness D and dielectric constant &.
When the insulator is biased, charges may tunnel into this
trapping state and then be emitted into the insulator’s
conduction band. The PF mechanism describes the following
emission: the mean applied field F = AVp/eD lowers the
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Figure 3. Energy band diagrams compare conventional Poole—Frenkel
conduction through a 2D insulator and through the depletion region
surrouding a SWNT defect. In both cases, the insulating region has a
characteristic dimension D, a defect-induced trap state (red), and an
effective barrier height @ < ®,. ® is on the order of 1 eV for a
conventional insulator but only 10—50 meV for the small band gap of
a m-SWNT. Eg is the Fermi energy of carriers.
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barrier from ®, to ® by an amount proportional to F/2>%°!

leading to the functional form expressed in eq 1. PF plots like
the one shown in Figure 2d can be used to extract experimental
values of ®,,”"** which are typically 1—2 eV for traps in SiO,.

Fitting eq 1 to SWNT data results in inferred barrier heights
@, of only 10—40 meV and small detrapping fields F, the latter
of which suggest eftective lengths D = AV/eF approaching the
2 pm source-drain separation. Such small barriers and wide
lengths were discounted as unphysical in the first report of PF
conduction in SWNTs™® but subsequent researchers have
repeatedly shown that hi%hly disordered and damaged SWNT
films can all be fit to eq 1.””~** The application of eq 1 to point
disorder in 1D m-SWNTs is not self-evident because the
electrostatics of the PF mechanism across 2D insulators and 1D
conductors are so dissimilar. Furthermore, detrapping fields F
over micron-scale lengths seem inconsistent with the single-
defect limit studied here. In 2D insulating films, the PF
mechanism can be relevant for insulators up to 300 nm thick,
but only because the model can be extended to ensembles of
traps having broad energy distributions.>**

Nevertheless, KPFM imaging directly observes fields on the
order of 1 V/um and potentials AVy dropping over
micrometer distances, proving that the lengths inferred from
PF fitting are physically relevant. As one example, the PF slopes
in Figure 2d were observed in KPFM as a high-F region
extending for 0.9 + 0.1 um. As seen in Figure 2b, the width of
the high-F region was relatively insensitive to Vp and it
extended symmetrically around the defect site. Similar
agreement between KPFM and transport has been observed
in all SWNT samples, proving that eq 1 appropriately captures
the bias dependence for single-defect scattering in a SWNT.
Furthermore, PF fitting to eq 1 determines the average field
AVp/eD and KPFM measurements observe AVp, and D, so the
two can be combined to solve for e. The resulting value of
approximately 2.5 is intermediate between air and SiO,, as is
generally assumed for exposed SWNT devices. Previously,
authors reporting PF fitting have hypothesized that small fields
F were evidence of diffusive scattering due to gross disorder
introduced by SWNT processing, entanglement, or other
materials issues.””™>* Here, before-and-after imaging in the
single-defect limit proves that F is small because AV drops
uniformly over substantial widths.

Moreover, experimental agreement between transport and
KPFM also covered the strong gate sensitivity shown in Figure
lc. Transport data for different m-SWNTs led to detailed sets
of In(AVp, Vi, T) data, each of which exhibited excellent fits to
eq 1 (09 < R < 1) when the two parameters @, (V) and
D(Vg) were allowed to be gate-dependent. Figure 4a shows
D(V;) and ®,(V;) from one m-SWNT with +16 error bars to
illustrate which features were significant (and assuming a value
€ = 2.5 intermediate between SiO, and air). Ignoring fine
details, similar features across different devices included sharp
extrema, broad regions insensitive to V, and anticorrelated @,
and D. KPFM was too laborious to map the full V; dependence
but it was used to confirm that high-F regions widened or
shortened in response to moderate gating at Vg = —1, 0, and +1
V. This direct imaging helped prove that the width of high-F
regions like those shown in Figure 2b were much more
sensitive to V; than to V. KPFM also revealed that SWNT
diameter played an important role in systematically scaling with
width of the high-F regions, which ranged from 0.3 to 0.9 ym
for one m-SWNT but from 1.1 to 2.4 um for another. Figure 4b
shows KPFM measurements of this apparent width at Vi; = —1
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Figure 4. (a) Gate dependence of defect-induced barrier width D and
height @ in a 1.6 nm m-SWNT. (b) Comparison of D among four m-
SWNTs, all measured at V; = —1 V and confirmed by direct KPFM
imaging. Dashed line shows least-squares fit to an inverse diameter law.
All error bars are one standard deviation.

V from four m-SWNTs with a fit illustrating the inverse
diameter dependence D = (1.06 + 0.01 nm)(diameter)™".
Variability in extrinsic doping among different SWNT's limited
a more quantitative comparison, but future work could
investigate gate dependence in more detail.

Finally, we note that the applicability of eq 1 was surprisingly
insensitive to the extent of chemical disorder. Point-function-
alized devices having very modest (~10%) increases in room
temperature resistance were compared against devices that had
been exposed to more extensive electrochemical oxidation,
ultimately up to the limit of near-insulating devices analyzed
previously.””**7** When the differential technique described
above was used to isolate AV}, and analyze only the increase in
resistance, all types of damage exhibited a PF bias dependence
with apparent barriers a few tens of millielectronvolts high and
widths of 0.3 ym or more.

The results described here challenge conventional theoretical
treatments of SWNT defect scattering, which have not
previously predicted a PF bias dependence or micrometer-
scale high-field regions. We believe the most relevant work is
the prediction that point charges near a SWNT can induce
carrier depletion over widths exceeding 1 um.”>* The
Coulomb potential of a charged adduct, such as the —OH
chemical group introduced here, is essentially unscreened by
the small, 1D carrier density of m-SWNTs. At Vj, = 0, KPFM
around defects directly imaged sharp potential peaks on top of
broad shoulders, and we interpret these features as charged
defects surrounded by zones of carrier depletion (Figure 2b).
At Vp, > 0, the depletion zones result in high-field regions that
stay symmetrically centered around the defect but which vastly
exceed the defect’s spatial extent. In fact, such long depletion
widths appear to be a hallmark of SWNT conduction. At
Schottky barrier interfaces, Freitag et al. used scanning
photovoltage imaging to image band bending and depletion
widths extending over many microns.”> SWNT screening
lengths are predicted to depend sensitively on SWNT diameter,
chirality, and carrier density with a general trend toward better
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screening in larger diameter SWNTs***” due to weaker charge
confinement effects.”>>* All of these elements are supported by
observations described here, though we do not rule out other
possible phenomena such as negative quantum capacitance.”**”

The applicability of eq 1 further requires that field-assisted
emission from localized states is a key to the conduction
observed through these wide depletion regions. A charged
adduct and its associated disorder have one or more localized
electronic states that may be involved, and we propose that
trapping and detrapping by this state is responsible for the
successful fitting to eq 1. Figure 3 illustrates the functional
equivalency between the conventional, 2D insulator having a
charged trap state (Figure 3a) and the depleted region of a 1D
m-SWNT surrounding a charged adduct (Figure 3b). The band
bending and depletion in the m-SWNT that are observed by
KPFM at zero bias produce a semi-insulating region that plays a
role similar to the insulating film; at high field, charge injection
into the SWNT defect state and field-induced emission out of it
lead to conduction that mimics the PF behavior of thin films. In
addition, the high fields and disorder may hybridize the SWNT
subbands or allow mechanisms such as interband Zener
tunneling60 to introduce the necessary states. We note that
@, is comparable to the small band gaps of m-SWNTs'” and
that any model of hybridized m-SWNT subbands would
symmetrically accommodate defects having either positive or
negative charge. In any case, first-principles modeling will be
needed to determine the exact mechanisms that allow eq 1 to
apply to defect scattering in SWNTs. The conventional
interpretation in PF conduction has no explicit dependence
on carrier density nor Vi, because neither of these has a role in
determining F in 2D insulating thin films. Furthermore, trap
emission depends exponentially on F, which in 1D has unique
electrostatics and is sensitive to details of the carrier
concentration, confinement effects, and electron correla-
tion.”"%>

Conclusion. In conclusion, we directly imaged potential
drops surrounding single, isolated SWNT defects and found
that the high-field regions could extend to over 1 ym in length,
which is in agreement with theoretical predictions of divergent
depletion lengths in 1D.>* Conduction through these depletion
regions followed a gate-dependent, Poole—Frenkel-like charac-
teristic that challenges existing models of defect resistance. Such
long depletion lengths have not been reported in PF-limited
semiconductor nanowires’**® or 2D graphene in the low-
carrier density limit.*** As emphasized by Yu et al,** the
combination of low carrier densities and a 1D geometry may
prove to be critical for understanding not only the effects of
defects and disorder but also heterojunctions and contact
resistance in extremely scaled semiconductor devices.
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