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ABSTRACT: Many carbon nanotube (CNT) applications require precisely controlled
chemical functionalization that is minimally disruptive to electrical performance. A promising
approach is the generation of sp3 hybridized carbon atoms in the sp2-bonded lattice. We have
investigated the possibility of using a carboxylic acid-functionalized diazonium reagent to
introduce a deﬁned number of sp3 defects into electrically contacted CNTs. Having performed
real-time measurements on individually contacted CNTs, we show that the formation of an
individual defect is accompanied by an upward jump in resistance of approximately 6 kΩ.
Additionally, we observe downward jumps in resistance of the same size, indicating that some
defects are unstable. Our results are explained by a two-step reaction mechanism. Isolated aryl
groups, formed in the ﬁrst step, are unstable and dissociate on the minute time scale. Stable
defect generation requires a second step: the coupling of a second aryl group adjacent to the
ﬁrst. Additional mechanistic understanding is provided by a systematic investigation of the gate
voltage dependence of the reaction, showing that defect formation can be turned on and oﬀ. In summary, we demonstrate an
unprecedented level of control over sp3 defect formation in electrically contacted CNTs, and prove that sp3 defects are minimally
disruptive to the electrical performance of CNTs.

■

INTRODUCTION

electrical resistance. For example, Goldsmith et al. report step
sizes on the order of 300 kΩ.12
In contrast to oxidative defect generation, no carbon atoms
are removed upon formation of an sp3 defect. Instead, one
carbon atom converts from sp2 to sp3 hybridization. Theory
predicts that an isolated sp3 defect in the CNT lattice causes a
resistance change of approximately 6 kΩ,14 much less than the
resistance change associated with an oxidative point defect.
Since many applications of functionalized CNTs require
preservation of electrical performance, a small change in
resistance, such as that potentially introduced by the diazonium
reaction, is advantageous. Additionally, the diazonium reagent
can be functionalized with a variety of substituents so that many
diﬀerent chemical functionalities can be coupled onto the CNT
surface.
The experimental observation of electron transport past a
single sp3 defect has remained an outstanding challenge for over
a decade. Despite exciting results with optical detection of
single diazonium-generated defects in highly luminescent
CNTs suspended in an agarose gel,15 electrical detection of a
single sp3 defect has not been achieved. Moreover, the

The functionalization of carbon nanotubes (CNTs) using
diazonium salts shows great promise for a variety of
applications. This covalent functionalization approach utilizes
the high reactivity of diazonium radicals toward the sp2 lattice
of the CNT, yielding an sp3 hybridized reaction product. The
diazonium reaction has been used for dispersing CNTs in
liquids,1,2 sorting CNTs by chirality,3 integrating CNTs into
high-strength materials,4 attaching CNTs to speciﬁc locations
on a semiconductor device,5 increasing the quantum yield of
CNT photoluminescence,6 and making CNT-based bioelectronic devices with biologically functional coatings.7−9 Future
applications include the attachment of single enzymes onto
CNT sensors to study single-enzyme kinetics,10 or the creation
of optically active defect sites that can generate single photons
on demand.11
In many of these applications, the number of covalently
attached groups on a CNT needs to be precisely controlled.
The ultimate level of control is the placement of a single
functional group. This type of point functionalization has
previously been achieved using oxidative chemistry on
CNTs.12,13 The generation of these oxidative defects involves
the removal of at least one carbon atom, and the binding of one
or more oxygen atoms directly to the CNT lattice. The
introduction of an oxidative defect leads to a step-like change in
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observe the introduction of single defects. To quantify the
electrical characteristics of CBD-functionalized CNTs, we
determined the gate-dependent resistance of the CNT after
multiple rounds of exposure to the reagent. The resistance was
measured by applying a source-drain bias, Vsd = 25 mV, and
recording the source-drain current (see inset of Figure 2a). The

possibility of simultaneously monitoring and controlling the
generation of sp3 defects in CNTs has not been explored.
In this work, we use a carboxylic acid-functionalized
diazonium reagent to introduce sp3 defects into electrically
contacted CNTs. We quantify the change in electrical
resistance associated with the creation of the resulting sp3
defects, including measurements with single defect resolution.
We explore the stability of the generated sp3 defects and
control the rate of defect formation. By monitoring the
resistance of individual CNTs and simultaneously controlling
the electrochemical potential, we demonstrate the possibility of
preparing a CNT with a controlled degree of functionalization.

■

RESULTS AND DISCUSSION
The reaction steps associated with diazonium functionalization
are shown in Figure 1.16−20 First, an aryl radical is formed and

Figure 1. Mechanism of the diazonium reaction at low pH. (1) The
diazonium cation is reduced by an electron originating from the CNT.
The generation of the aryl radical is accompanied by the release of
nitogen gas. (2) The aryl radical reacts with an sp2 hybridized carbon
atom of the CNT to form an sp3 hybridized covalent bond, leaving a
radical on the CNT. (3) The presence of the radical in the vicinity of
the attached phenyl ring promotes the attachment of a second
diazonium radical to the CNT, stabilizing the structure.

N2 is released. Second, the radical reacts with the CNT,
creating an sp3-hybridized carbon atom that protrudes from the
cylindrical surface of the CNT. The ﬁrst step, reduction of the
diazonium cations into aryl radicals, can proceed via two
possible mechanisms.19,20 In one pathway, the diazonium
cation ﬁrst adsorbs on the CNT and is then reduced by an
electron originating from the CNT. Previous authors have
utilized an electrochemical driving potential between the CNT
and the liquid to enhance this pathway.16 In the other pathway,
the diazonium cation is converted into the aryl radical following
a reaction with OH− ions in solution. In our experiments, we
suppress the OH− pathway by using a low pH buﬀer
solution.19,20 With the OH− pathway suppressed, we are able
to turn the reaction on and oﬀ by an electrochemical driving
potential. For our work, we have chosen 4-carboxybenzene
diazonium (CBD; R = COOH) as the substituent. COOH is a
versatile functional group that will easily allow further
functionalization of the CNT for a number of applications.
Using the COOH-functionalized diazonium reagent CBD,
we ﬁrst investigated the electrical characteristics of a quasimetallic CNT that has undergone varying degrees of
functionalization by the diazonium reaction. Measuring a
CNT with tens to hundreds of defects, we establish a
framework for interpreting experiments that are designed to

Figure 2. Electrical characteristics of a CNT exposed to the diazonium
reagent. The CNT channel length was 6 μm. (a) The resistance of a
CNT before (orange) and after (red, pink, purple, black) four
exposures to CBD. The gate voltage, Vlg (applied with a Ag/AgCl
electrode), was used to tune the number of charge carriers in the
CNT. The charge neutrality point coincides with the resistance peaks
and is marked with an asterisk. The inset shows the circuit diagram
used for measuring CNT resistance. (b) The resistance of the CNT
after the ﬁrst exposure to CBD. The dashed line was measured after
washing the CNT for 2 min. The solid line was measured after
washing the CNT for 10 min. (c) The on-state resistance RON and the
charge neutrality point resistance, RCNP, plotted as a function of the
shift in charge neutrality point. The data points correspond to the ﬁve
curves in Figure 2a. Gray lines are guides to the eye. The upper
horizontal axis shows an estimate of the number of defects on the
CNT (see main text).

liquid gate voltage, Vlg, was used to tune the number of charge
carriers in the CNT from several thousand holes to several
thousand electrons. In general, the resistance of a CNT is
largest at the charge neutrality point (CNP), where the number
of electron/holes is minimized. Both the position of the CNP
and the magnitude of the CNT resistance are important
parameters for characterizing the CNT electronic properties.
B
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Figure 3. CNT resistance as a function of time recorded before, during, and after exposure to CBD. (a) Prior to CBD exposure (20 mM MES pH
4.6), a stable resistance was observed. (b) Upon exposure to 0.3 mM CBD solution (holding Vlg at 0 V using a gold electrode), several step-like
changes in resistance were detected. (c) Washing the CNT in buﬀer shows only downward steps. R(t) data is collected at a rate of 500 samples per
second. The size of each step (in kΩ) is indicated by arrows.

covalently bound cations shift the CNP position (VCNP)
without aﬀecting RCNP (a coating of charged molecules can
change the number of charge carriers in a nanomaterial without
changing carrier mobility).24 Our data show a clear change in
RCNP, consequently, the desorption of unreacted cations is not a
likely explanation for the recovery of CNT conductance.
We gain additional insight by investigating the relationship
between RCNP and the position of the charge neutrality point.
For each R(Vlg) curve in Figure 2a, we note RCNP as well as the
on-state resistance (RON). The on-state resistance is measured
at Vlg = −500 mV, where the CNT is heavily doped with charge
carriers. RCNP and RON are then plotted against the shift in the
charge neutrality point, ΔVCNP (see Figure 2c). Fitting a
straight line to the ﬁrst three RCNP values yields a slope of 64 ±
4 kΩ/mV. Fitting a straight line to the ﬁrst three RON values
yields a slope of 29 ± 3 kΩ/mV. For larger ΔVCNP, the increase
in resistance is superlinear.
We interpret the shift in VCNP as a chemical doping eﬀect.
When an sp2 bonded carbon atom converts to the sp3
conﬁguration, a delocalized electron is removed from the
conduction band of the CNT. (The same eﬀect occurs in
graphene25). Additionally, the electron-withdrawing character
of the COOH-group may contribute to chemical doping, and
deprotonated carboxyl groups (COO−) may aﬀect the charge
neutrality point by electrostatic doping. These additional
eﬀects, however, can be considered small compared to the
removal of one electron from the conduction band by sp2-tosp3 conversion. We use the sp2-to-sp3 doping eﬀect to estimate
the number of defects in the CNT, Ndefect. We ﬁrst consider
how chemical doping will impact VCNP. The capacitance
between an electrolyte gate and a metallic CNT is
approximately 0.4 fF/μm (equal to the quantum capacitance
of a metallic CNT).26 Therefore, the charge on the 6-μm-long
CNT changes by 15e when Vlg changes by 1 mV (e is the
elementary charge). If chemical doping removes 15 electrons
from the CNT, we expect ΔVCNP = +1 mV, i.e., after chemical
doping, a more positive liquid gate potential must be applied to
reach the charge neutrality point. A stable defect (aryl pair) is
depicted in Figure 2c. Each aryl pair is expected to remove 2
electrons from the CNT, thereby shifting VCNP by 0.13 mV.
The total number of defects in the CNT is then given by Ndefect
= ΔVCNP/[0.13 mV]; see the upper horizontal axis of Figure 2c.
For small values of ΔVCNP, we interpret dR/dNdefect as the
resistance per aryl pair. At small ΔVCNP, the density of aryl pairs
is low so that we can assume that each pair acts as an
independent resistor in series (the phase coherence length of
electrons in CNTs is a few hundred nanometers27). We ﬁnd
dRCNP/dNdefect = 8.5 kΩ, while dRON/dNdefect = 3.9 kΩ,

The low-resistance curve in Figure 2a shows the device
characteristics before exposure to CBD. Microﬂuidics were then
used to introduce a 1 mM solution of CBD. After 2 min of
CBD exposure with Vlg held at −200 mV with respect to the
Ag/AgCl electrode, the resistance approximately doubled. The
CNT was then washed in buﬀer for 2 min to ensure the
reaction was stopped and the device was stable. The resistance
was then measured measured (red dashed curve in Figure
Figure 2b), washed again for 10 min, and measured again (red
solid curve in Figure 2a and 2b). This process was repeated
three more times using increasingly aggressive exposure times
and Vlg values. After each exposure to CBD, the resistance
increased, and the CNP moved to the right. This observation
invites a simple interpretation: upon exposure to CBD, aryl
attachment occurs and sp3 defects are created in the CNT
lattice. Each defect adds to the resistance of the CNT and
causes chemical doping that leads to a shift in the CNP. We
now build upon this basic interpretation.
The resistance curves obtained after washing the CBDexposed CNT for 2 min diﬀered from resistance curves
measured after 10 min of washing (Figure 2b). A partial
recovery of CNT conductivity was observed when extending
the washing time. The recovery of CNT conductance suggests
that some diazonium-generated defects are not permanent.
Figure 1 depicts two types of sp3 defects: the isolated aryl group
generated in the second reaction step and the aryl pair that is
formed in the ﬁnal step. Theoretical work predicts that an
isolated aryl group attached to a CNT has a dissociation rate
constant, koff, on the order of minutes.21 The recovery of CNT
conductance that we observe in our experiment is therefore
consistent with the dissociation of isolated aryl groups. In
contrast, aryl pairs are predicted to be signiﬁcantly more stable
than isolated aryl groups.14,22 Recent scanning tunneling
microscope imaging of covalently bound aryl groups on
graphite also supports the idea of stable aryl pair formation.23
Therefore, we hypothesize that the recovery of CNT
conductance is caused by the dissociation of isolated aryl
groups, leaving behind a CNT functionalized with stable aryl
pairs.
The dissociation of isolated aryl groups may not be the only
explanation for the recovery of CNT conductance. The ﬁrst
step of the diazonium reaction involves the adsorption of
diazonium cations on the CNT lattice. This may lead to doping
and a concurrent change in CNT conductance. Unreacted
diazonium cations adsorbed on the sidewall of the CNT may
then be removed during the washing step so that the
conductance can (partially) recover to its original value.
However, previous work on graphene suggests that nonC
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Control experiments such as shown in Figure 3a are an
important aspect of our real-time measurements. We measured
a number of other liquid-gated CNTs that exhibited less ideal
R(t). In some cases, the temporal ﬂuctuations in resistance were
too large (>1 kΩ), and discrete steps were not discernible. In
other cases, the devices exhibited random telegraph signals
(RTS) that were unrelated to the introduction of CBD.
Experiments by Sharf et al. have shown that RTS is caused by
the ﬂuctuating occupancy of trap states in the underlying
oxide.29 Therefore, we pursued additional measurements of
R(t) using fully suspended CNTs (the CNT is surrounded by
liquid and does not touch SiO2). These devices have minimal
ﬂuctuations in R and do not exhibit RTS.29 A sequence of 6 kΩ
steps was replicated by exposing a suspended CNT device to
CDB (see Supporting Information).
For the experiments depicted in Figures 2 and 3, the reaction
was controlled by liquid exchange. An alternative method of
controlling the reaction is to use Vlg. The electrochemical
potential can be changed instantaneously, while liquid exchange
requires a minimum equilibration time deﬁned, for example, by
the dead volume of the microﬂuidic system. Altering Vlg is
therefore a promising pathway to achieve deterministic control
of the reaction between CNTs and diazonium reagents.
According to the mechanism in Figure 1, the rate of radical
formation is determined by electron transfer between the CNT
and diazonium cations in solution. It is therefore likely that Vlg
will have a direct inﬂuence on this process. Figure 4 shows a

suggesting that the resistance per aryl pair is gate-voltage
dependent. Gate-dependent defect resistance has previously
been observed for oxidative defects,13 and has been predicted
for sp3 defects.14
At larger values of ΔVCNP, Figure 2c shows a superlinear
increase in RON and RCNP with respect to ΔVCNP. At these
higher defect densities, phase coherent scattering is known to
cause localization eﬀects.27 In this regime, the overall resistance
of the system is expected to be larger than the sum of individual
resistors. The transition from linear to superlinear, seen in
Figure 2c, is consistent with the crossover from low defect
density to high defect density.
To test our understanding of sp3 defect generation by the
diazonium reaction, we have subsequently performed real-time
measurements of resistance versus time as a quasi-metallic
CNT was exposed to CBD and then washed with buﬀer. Before
the addition of CBD, the CNT resistance was stable at a value
of R(t) = 82 kΩ with a standard deviation of less than 1 kΩ
(Figure 3a). No signiﬁcant drift or any sudden steps in
resistance were observed. Figure 3b shows R(t) after a droplet
of CBD solution was added to the buﬀer solution. After the
ﬂuid settled, a slow and smooth variation in resistance was
observed that was interrupted by abrupt steps. The size of each
step, in units of kΩ, is labeled in the Figure. The rise time of
each step is faster than the time resolution of our measurement
(2 ms). After replacing CBD with clean buﬀer solution, two
downward steps were detected before R(t) settled at ∼90 kΩ.
We interpret the upward and downward steps as the covalent
bonding and unbonding of aryl groups to the CNT. The
average step size is 5.7 kΩ, in good agreement with theoretical
studies predicting that the resistance of a short segment of
metallic CNT changes from h/4e2 to approximately h/2e2 when
one defect is added.14 The frequency of downward steps is
consistent with a dissociation rate on the minute time scale.
This is the ﬁrst direct observation of the resistance change
caused by a single sp3 defect in a CNT.
It is interesting that the resistance change we have calculated
for an aryl pair based on the data in Figure 2 (3.9−8.5 kΩ,
depending on Vlg) is similar to the resistance we have measured
in our real-time recording where we most likely observe the
attachment and detachment of isolated aryl groups (6 ± 1 kΩ).
Lee et al. have considered both isolated aryl groups and aryl
pairs in ﬁrst-principle electron transport calculations. Their
results predict that an aryl pair has a similar impact on CNT
resistance as an isolated aryl group. We are consequently not
able to directly distinguish these two types of defects based on
the step size observed in our measurements.14 A notable
diﬀerence predicted to exist between the resistance changes of
isolated aryl groups versus pairs is their diﬀerent gatedependence. Unfortunately, experiments probing such gate
dependence are extremely challenging due to the instability of
isolated aryl groups on the CNT.
The slow drift in resistance seen in Figure 3b,c is not fully
understood. It may be explained by the adsorption (increase in
Figure 3b) and desorption (decrease in Figure 3c) of unreacted
diazonium cations, as discussed earlier. Alternatively, transient
eﬀects associated with ﬂuid exchange may aﬀect the CNT
resistance. For example, the ratio of oxidized to reduced CBD
molecules may alter the electrostatic potential of the solution as
predicted by the Nernst equation.28 Such changes in the
solution potential would cause electrostatic gating and
consequently inﬂuence the CNT resistance.

Figure 4. Resistance as a function of time while exposing a CNT to
1 mM CBD. A gold electrode was used to apply various liquid-gate
voltages, Vlg. The upper panel shows the sequence of Vlg values:
−200 mV (green), −100 mV (blue), 0 (purple) and +100 mV (red).
The four dots at t < 0 show the resistance measured pre-exposure. The
four dots at t > 1000 show the resistance post-exposure.

series of measurements taken at various values of Vlg. First
(before introducing CBD), the device resistance was measured
at four values of Vlg (Vlg = −200 mV, −100 mV, 0 mV, and
+100 mV; colored circles at t < 0 in Figure 4). The increase in
resistance as a function of Vlg is due to electrostatic doping.
After introducing CBD, Vlg was held constant at −200 mV for
approximately 200 s. The device resistance did not change,
indicating that the reaction did not proceed. Next, Vlg was held
at −100 mV for approximately 200 s, leading to a slow increase
in R. The gate voltage was increased further two more times.
When Vlg was held at +100 mV, dR/dt = 2.5 kΩ/s. The
experiment was concluded by measuring device resistance at
the four values of Vlg (Figure 4, colored circles at t > 1000 s).
D
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From Figure 4, we conclude that the reaction between CBD
and the CNT is stalled when Vlg = −200 mV, but proceeds
rapidly at Vlg = +100 mV. This voltage-controlled reaction rate
is consistent with the reaction mechanism shown in Figure 1,
highlighting the importance of electrochemical aryl radical
formation for initiating the reaction. The required electron
transfer between the CNT and the diazonium cation does not
proceed if Vlg is too negative. We note that the value of Vlg
required to reach a speciﬁc rate dR/dt varied between diﬀerent
CNT devices. Sources of reaction rate variability include the
electrode used to apply Vlg (i.e., the interface potential at the
metal-liquid interface), and the age of the diazonium solution.
Most likely also the CNT diameter aﬀects the reaction rate.
Figure 4 clearly demonstrates that the diazonium reaction
can be turned on using Vlg. In a second experiment (see SI), we
have further shown that the gate voltage can turn oﬀ the
reaction equally well. This opens the door for the controlled
functionalization of a CNT with single sp3 defect resolution.
For example, the following protocol could be employed. (1)
Single defects can be created when holding Vlg at 0 mV until an
upward step in resistance is observed. (2) The stability of this
nascent defect can be tested by switching Vlg to −200 mV and
holding the device at this value for several minutes. Devices that
contain an unstable isolated aryl defect will exhibit a downward
step in resistance. If a downward step is observed, steps 1 and 2
can be repeated until a stable defect pair is obtained. (3) If a
stable defect is suspected, the reagent can be removed. After
extensively washing the device in buﬀer, R(Vlg) should be
measured to conﬁrm the defect conﬁguration. Such a protocol
would be ideally suited for future applications such as attaching
single enzymes onto CNT sensors where a single reactive group
on the CNT is desired.10 Alternatively, the protocol may be
employed for creating optically active single defects that
generate single photons on-demand.11
In conclusion, we have used electrical measurements to
monitor the attachment of a single diazonium-generated sp3
defect in real time. As a direct consequence of our single defect
resolution, we have quantiﬁed the associated resistance change
of approximately 6 kΩ. (In comparison, oxidative point defects
add signiﬁcantly more resistance.12) The exact value of this
resistance change may be determined by several factors such as
the diameter, the chirality, and the doping level of the CNT, as
well as the nature of the substituent on the diazonium reactant.
A more detailed investigation of these factors is an interesting
direction for future research. Our measurements of defect
healing support theoretical predictions that isolated aryl groups
easily dissociate from the CNT lattice and that only aryl pairs
form stable defects. Having combined real-time measurements
with real-time control of the diazonium reaction, we show that
the reaction can be turned on and oﬀ using the gate voltage as a
control parameter. Overall, these results provide the basis for
developing a well-deﬁned procedure capable of controlling the
number of stable aryl groups on an electrically contacted CNT.
Moreover, as a variety of substituents can be grafted onto
diazonium reagents, this approach oﬀers a ﬂexible, new route to
the chemical functionalization of CNTs with minimal impact
on resistance.

vapor deposition (CVD). Metal electrodes were evaporated on
top (30 nm Au with 2 nm Cr sticking layer). We have observed
equivalent results by growing CNTs after electrode deposition.
When growing CNTs in the last step, we fabricated metal
electrodes (1 nm Ti, 50 nm Pt), deposited catalyst islands on
top of the electrodes, then grew CNTs by CVD. An SiO2
passivation layer (80 nm thickness) was deposited on top of the
electrodes to reduce Faradaic currents between the metal and
the liquid environment. The distance between source and drain
electrodes was 4 μm, and the CNT channel length was ≥4 μm.
After fabrication, we selected devices with a single CNT
connecting the source and drain electrodes. CNT channel
lengths and diameters were measured by atomic force
microscopy. Diameters ranged from 1.5−3 nm.
4-Carboxybenzene diazonium (CBD) was synthesized using
a previously established protocol.30 Buﬀer solution (20 mM
MES pH 4.6) and CBD solution in buﬀer were applied to the
CNT devices either by placing a drop on the chip by hand, or
by ﬂowing solution through a microﬂuidic channel. A CBD
concentration between 300 μM and 1 mM was chosen to allow
for real-time observations. When applying solution by hand, a
few hundred microliters was placed on the surface of the chip
using a pipet tip. To stop the solution from spreading, a
Paraﬁlm dam was melted onto the chip with gentle heat (hot
plate at 115 °C for 2 min) prior to wetting the chip. When
using microﬂuidics, a PDMS ﬂow channel was pressed on the
surface of the chip. Flow was achieved by pressurizing the head
of the ﬂuid reservoir with nitrogen gas (approximately 5 psi). A
microﬂuidic selector valve (Idex) was used to exchange buﬀer
solution with CBD solution.
Electrical measurements were obtained in a semiconductor
probe station. A Yokogawa GS200 DC Voltage/Current Source
was used to supply the gating potential, Vlg. When liquid was
delivered by microﬂuids, Vlg was applied using a Ag/AgCl
reference electrode. When liquid was applied by hand, an onchip electrode (Au or Pt) was used to apply Vlg. A Stanford
Research Systems Low-Noise Current Preampliﬁer SR570 was
used to measure source-drain current and supply the sourcedrain bias of 25 mV. The liquid-gate potential was limited to a
range in which Faradaic currents were less than 500 pA.

MATERIAL AND METHODS
Carbon nanotube ﬁeld-eﬀect transistors (CNT-FETs) were
fabricated using standard photolithographic and metal deposition techniques. CNTs were grown from catalyst islands (1 nm
Ti, 40 nm SiO2, 1 nm Fe) on a Si/SiO2 substrate by chemical
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