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Restorable Type Conversion of Carbon Nanotube
Transistor Using Pyrolytically Controlled Antioxidizing
Photosynthesis Coenzyme
By Bo Ram Kang, Woo Jong Yu, Ki Kang Kim, Hyeon Ki Park, Soo Min Kim,

Yongjin Park, Gunn Kim, Hyeon-Jin Shin, Un Jeong Kim, Eun-Hong Lee,

Jae-Young Choi,* and Young Hee Lee*
Here, a pyrolytically controlled antioxidizing photosynthesis coenzyme,

b-Nicotinamide adenine dinucleotide, reduced dipotassium salt (NADH) for a

stable n-type dopant for carbon nanotube (CNT) transistors is proposed. A

strong electron transfer from NADH, mainly nicotinamide, to CNTs takes

place during pyrolysis so that not only the type conversion from p-type to

n-type is realized with 100% of reproducibility but also the on/off ratio of the

transistor is significantly improved by increasing on-current and/or

decreasing off-current. The device was stable up to a few months with

negligible current changes under ambient conditions. The n-type

characteristics were completely recovered to an initial doping level after

reheat treatment of the device.
1. Introduction

Since several demonstrations of single-walled carbon nanotubes
(SWCNTs) that revealed excellent transistor performances,[1–7]

there have been tremendous efforts to utilize SWCNT transistors
for practical circuit units with high integration density for the next
generation after the silicon era.[8–11] Nevertheless, the develop-
ment of the CNT technology has been hampered by several
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obstacles. One serious bottleneck technol-
ogy is a precise doping control of CNTs for
p-type[12] andmore seriously for n-type. The
doping concept of CNTs is very different
from that of conventional semiconducting
materials since the foreign impurity mater-
ial is incorporated into thehostmaterial and
the doping level is determined by the
solubility of impurity materials within the
host material. In contrast, all the host
carbon atoms in SWCNTs are exposed to
the nanotube surface or inner empty space,
making them difficult to incorporate for-
eign atoms into substitutional or interstitial
sites due to large activation energy. For this
reason, doping of CNTs by the substitution
of carbon atoms with foreign atoms such as nitrogen or boron has
been rare let alone their control of the doping level.[13] Instead,
adsorbates such as atoms, molecules, polymers with appropriate
functional groups have been introduced on the nanotube
surface.[13–18] The main effect is to-and-fro motion of electrons
betweenadsorbates andCNTs that eventually causes theshift of the
Fermi level.[19] The amount of electron transfer determines the
doping level or the Fermi level of CNTs. Unlike a conventional
metal-oxide-semiconductor field effect transistor (MOSFET) that
involves a charge depletion layer, a CNT device is operated as a
Schottky barrier FET in which the current is exclusively
determined by the Schottky barrier engineering at the junction.[20]

The direction of the transferred electrons decides the doping type.
The n-type (p-type) doping is realized by electron transfer from
adsorbates to CNTs (from CNTs to adsorbates) where the Fermi
level is shifted towards the conduction (valence) band.

The p-type CNTs are naturally obtained under ambient
conditions, presumably caused by the electron-accepting adsor-
bates that downshift the Fermi level towards the valence band.
Similarly, n-type CNTs are obtained by the electron-donating
adsorbates such as alkali metals and amine-rich polymers that
upshift the Fermi level towards the conduction band.[21–23]

However, n-type doping is realized after charge compensation
of inherent hole carriers and hence difficult to achieve to reach
high concentration of electron carriers. To make it worse, even
though CNTs are n-doped, they are easily oxidized under ambient
conditions.[24,25] Therefore, alkali metal doping is unstable in
air.[24] Amine-rich polymers are degraded near the contacts at high
heim 2553
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source-drain voltages, restricting the range of operating vol-
tages.[25] Furthermore, there have been few reports that revealed
high on/off ratio in the transistor.

In this paper, we introduce b-Nicotinamide adenine dinucleo-
tide, reduced dipotassium salt (NADH) as an n-dopant, a
coenzyme found in all living cells that play a key biochemical
role inmetabolic redox reaction and in cell signaling, to reach high
concentration of electron carriers with long time stability under
ambient conditions. NADH was pyrolytically decomposed into
NADþ and a proton at 150 8C. The nicotinamide group in NADþ

played a key role in donating electrons to CNTs, whereas the
adenine group was inert against charge transfer. The fabricated
n-type transistors with NAD showed higher on/off ratios than
those before n-doping. This was in good contrast with the
conventional n-dopant with PEIs where relatively low on/off ratios
were observed due to the high leakage current. Our devices were
stable up to two months with a negligible change in the device
characteristics under ambient conditions and fully recovered their
device performance by reheat treatment. This environmentally
free n-type doping enabled us to fabricate p–n junction diode and
complementary inverter, and should be utilized to numerous
complicated logic circuits.
2. Results and Discussion

NADH is an antioxidizing coenzyme found in all living cells that
plays akeybiochemical role inmetabolic redox reactions and in cell
signaling. It can reach high concentration of electron carriers with
high stability.NADHconsists of nicotinamide andadenine groups
supported by ammonium dihydrogen phosphate (ADP)-ribose
(Fig. 1a). NADH is a well-known reducing agent that generates
Figure 1. I–V characteristics of NADH-treated TFTs. a) Ball and stick model o

and the schematic of NADH adsorption of CNT surface (left) and fro

b) Schematic of SWCNT channel and the optical micrograph of a SWCNT array

channel with source and drain (left bottom). The corresponding SEM image

network in the channel. c) Typical IDS–VG characteristics of the NADH-treated

n-type behavior (that of the pristine device in inset) and d) the corresp

characteristics, showing an almost linear behavior.

� 2009 WILEY-VCH Verlag GmbH &
electrons during one of the photosynthesis processes in living
cells, where NADH$NADþþ 2 e�þHþ.[26] The energy that is
released during the oxidation of glucose, together with electrons
and protons is transferred to NADþ, resulting in the reduction of
NADH, as part of glycolysis and the citric acid cycle. The electrons
generated by the oxidation of NADH through glycolysis are
transferred into the mitochondrion by the glycerol phosphate
shuttle, which pumps protons across the membrane, generating
ATP through oxidative phosphorylation.[27,28] A high NADþ/
NADHratio allows this coenzyme to act as both an oxidizing agent
and a reducing agent.[29] The strong reduction potential of NADH
was utilized in imposing n-type doping in our SWCNT
transistors.[30] One intriguing feature of NADH is that it has
strongantioxidizingproperties and thusprevents themfrombeing
oxidized under ambient conditions.[31,32] This provides a
possibility for CNTs to maintain stable n-type characteristics
under ambient conditions.

The prepared NADH solution described in the experimental
method was simply dropped on an array of the SWCNT TFTs and
I–V characteristics weremeasured (Fig. 1b–d).[33] Figure 1c shows
the source-drain current (IDS) as a function of gate bias (VG) from
theNADH-treated TFT. The IDS increased at a positiveVG andwas
suppressed at a negative VG with increasing drain bias (VDS),
clearlydemonstratingn-typegatemodulation.This is a remarkable
change compared to the pristine sample that showed a clear p-type
gatemodulation (inset). The current was also well modulated with
VDS. The resulting on/off ratio was 10

4–105 with an off-current of
10�11–10�9 A, depending on VDS. IDS increased almost linearly
with VDS and furthermore was well modulated by the gate bias.

As mentioned above, the nicotinamide in NADH (2H-
nicotinamide) is transformed to that in NADþ (1H-nicotinamide)
with a proton by oxidation and the release of two electrons during
f NADH (middle)

nt view (right).

with a magnified

s of the SWCNT

device, showing

onding IDS–VDS

Co. KGaA, Weinheim
photodissociation (inset in Fig. 2a).[26,34] Unlike
the conventional approach of spontaneous
oxidization of NADH by ubiquinones,[34] the
oxidation process of NADH by SWCNTs was
endothermic. Therefore, NADH-decorated
SWCNTs were pyrolytically controlled to trans-
form NADH into NADþ and simultaneously
generate electrons to donate to SWCNTs. UV
absorptionspectroscopywasused tomonitor the
oxidation of NADH by pyrolysis. An absorption
maximum was observed near 340 nm from the
NADH-dropped sample after drying at 40 8C
(Fig. 2a). This absorption peak was significantly
reduced after heat treatment at 150 8C. Our
observation of an absorbance maximum near
340 nm in the absorption spectrum is consistent
with previous reports[35,36] and enabled us to
identify NADH with strong adsorption near
340 nm and NADþ with negligible adsorption.
The effect of heat treatment in the SWCNT
channel was clearly visible in Figure 2b and c.
After a simple drying at 40 8C, the magnitude of
IDS was decreased by two orders of magnitude
for an applied negative VG compared to the as-
prepared sample. The effectiveness of electron
generation by the structural transformation of
NADH toNADþwas poor in this case and hence
Adv. Funct. Mater. 2009, 19, 2553–2559
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Figure 2. UV absorption of NADH-treated TFTs. a) UV absorption spectra

of NADH-dropped SWCNTs (top), that of heat-treated sample at 150 8C for

3min (middle), and that of the SWCNTs without adsorbates (bottom). The

inset shows possible electron generation during the structure transform-

ation. b) Typical I–V characteristics of the pristine SWCNT channel and that

of an NADH-dropped channel after drying at 40 8C. c) The corresponding
I–Vs of the pristine sample and the sample after the NADH drop followed

by heat treatment at 150 8C.
charge compensation partially occurred (Fig. 2b). However, with a
heat treatment at 150 8C,NADHwas fully converted toNADþ, thus
generating a high enough number of electrons. In this case, not
only was there charge compensation, but type conversion was also
clearly observed (Fig. 2c).

To estimate the electron-donating ability of NADH, we
performed ab initio calculations based on the density functional
theory. Because NADH consists of 2H-nicotinamide, presumably
an electron-donating group,[37] we considered only a 2H-
nicotinamide molecule adsorbed on a CNT. The optimized
Adv. Funct. Mater. 2009, 19, 2553–2559 � 2009 WILEY-VCH Verl
structure is provided in the bottom of Figure 3a. The circles
indicate the 2Hand 1H regions that are different structurally from
each other. The binding energy of 2H-nicotinamide was –0.88 eV
(exothermic) with a nearest separation distance of 2.53 Å. No
practical charge transfer occurred during this adsorption. In
contrast, neutral 1H-nicotinamide (Fig. 3b), which is a functional
group of NAD, donated electrons to the CNT by 0.62 e. Due to
another electron from reaction (NADH$NADþ e�þHþ), the
net donated charges are1.62 e.This ensures that carbonnanotubes
can be an n-type semiconductor by doping with 1H-nicotinamide.
Energy band structures of the 1H-nicotinamide and 2H-
nicotinamide on the (8,0) nanotube show the same behavior
(See the Supporting Information Fig. S1). For positively charged
1H-nicotinamide (See the Supporting Information Fig. S2),
electrons are transferred from the CNT to nicotinamide by
0.23 e. However, two electrons generated during conversion
(NADH$NADþþHþþ 2 e�) from NADH to NADþ are
expected to be transferred to CNTs and therefore total charges
of 1.77 e are donated to the CNT, compared to 1.62 e in the neutral
NAD. These results clearly showed the difference between 1H-
nicotinamide and 2H-nicotinamide. In addition, the binding
energy of 1H-nicotinamide increased to �1.46 eV with a closer
nearest separation distance of 2.45 Å. The corresponding I–V
characteristics with nicotinamide solution (not NADH) showed a
type conversion fromp-type ton-type after the sameheat treatment
(Fig. 3c and d). Similar calculations were done for the adenine
group of NADH (see the Supporting Information Fig. S3). No
practical charge transfer was observed, unlike the nicotinamide
group. The corresponding I–V characteristics with an adenine
solution also showed no type conversion before and after the same
heat treatment (see the Supporting Information Fig. S3). Our
additional experimentswith theoretical analyses ledus to conclude
that it was the 1H-nicotinamide group, not the adenine group, that
played an important role in donating electrons to the CNTs,
causing the type conversion from p-type to n-type.

To investigate the doping efficiency, TFTs with various on/off
ratioswere doped. Relatively high on/off ratioswere obtained even
without electrical breakdown process. This demonstrated the
efficiency of our approach in fabricating NxN channels compared
to the previous works.[23,38] Remarkably, all the samples,
independent of the on/off ratios, showed type conversion;
furthermore, device performance was improved with higher
on/off ratios, as observed in Figure 4a. It is of note that even the
deviceswith lowon/off ratios (large off-currents)were converted to
n-type devices. Despite unpredictable doping probability in the
network SWCNT TFTs, a high yield of type conversion was
observed. We expect that the conversion efficiency should be
improved in the case of isolated SWCNTdevice. Controllability of
the doping concentrationwas also investigated. I–Vcharacteristics
weremeasured by increasing thenumber of droplets of theNADH
solution onto the same channel (Fig. 4b). To see this effect, weused
a low-concentration solution (1.35mM) of NADH. Initially, p-type
channels were gradually converted to n-type with increasing
number of droplets. The hole current at a negative gate bias was
drastically suppressed by the charge compensation, whereas the
electron current at a positive gate bias increased gradually. The
electron current again exceeded the hole current in this case,
increasing on/off ratio. It is of note that the n-type carrier
concentration was controlled precisely by increasing the number
ag GmbH & Co. KGaA, Weinheim 2555
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Figure 3. DFT calculations for charge transfer and binding energy of neutral nicotinamide. The

optimized structures of a) 2H-nicotinamide and b) 1H-nicotinamide. The values indicate the

amount of Mulliken charge on the nicotinamide after adsorption on CNT. Negative signs indicate

the accumulation of electrons. The shortest separation distance is marked in the bottom panel

with the binding energy. In the neutral 1H-nicotinamide, electrons are transferred from nico-

tinamide to CNT by 0.62 e. I–V characteristics c) before (2H-nicotinamide) and d) after (1H-

nicotinamide) heat treatment.
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of NADH droplets, which is another advantage of this approach
compared to the conventional metal electrodes.[39]

Doping was conducted under ambient conditions for our
experiments. A heavily-doped device was left under ambient
conditions for up to two months. The on/off ratio was slightly
reducedbut then-typedopingbehaviorwas still preserved (Fig. 4c).
Another lightly-doped device was exposed for 100 days under
ambient conditions and heat-treated again at 150 8C. The n-doped
sample after 100 days was converted to p-type. However, n-type
character was fully recovered to the similar level as the as-doped
sample after re-heat treatment (Fig. 4d). This pyrolytically
controlled bistability of n-type doping is in good contrast to the
conventional n-type dopant of alkali metals that do not have
controllability in the carrier concentration. The remarkably high
stability was attributed to the presence of bulky ADP and ribose in
NADH, acting as a protective layer, which could be an origin of
antioxidant properties of NADH (right panel of Fig. 1a).[29,30] This
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
was confirmed by the separate nicotinamide
doping without the bulky part of ADP and
ribose that showed relatively short term
stability. This long term stability in NADH
allowed fabrication of circuits using conven-
tional lithography under ambient conditions.
These circuits could be protected by a capping
layer after completion. We expect that this
reversible stability will prove to be advanta-
geous in many aspects of device fabrication in
the future.

In order to rationalize the better doping
characteristics of NADH, the conventional PEI
was further testedunder similar situations. The
on/off ratio after PEI treatment decreased to
102 from104 (Fig. 5a). Figure 5b shows the long
term stability of the PEI-doped sample. The
current level was significantly reduced with
reduced on/off ratio. This is an evidence of the
reduction of electron carriers (charge compen-
sation) due to the oxidation under ambient
conditions. The similar heat treatment of this
sample at 150 8C decreased the current level
further, although the on/off ratio increased
significantly. In other words, the device
characteristics were severely altered after re-
heat treatment. This is in good contrast with the
fully reversible NADH doping under re-heat
treatment. The enhancement of on/off ratio in
the NADH doping resulted from the suppres-
sionof theoff current as shown inFigure 5c.On
the other hand, the PEI doping increased on
current by about 10 times but the off (leakage)
current was enhanced as well by about 1000
times. Thus, the on/off ratio decreased by about
100 times in the case of PEI doping. This was
attributed to the formation of conducting paths
through the PEI (dopant) coating layer. It is
noted that linear PEI has a small energy gap
(�0.4 eV),[40] which is similar to that of
semiconducting CNTs.

The long term stability of NADH shown

above allowed us to fabricate several devices. We first demon-
strated this by formingap–n junctionwhere thehalf of the channel
was covered by a photoresist using photolithography followed by
the NADH drops (Fig. 6a). In spite of network SWCNT TFTs, the
device clearly showed off-current at a positive drain bias and high
on current at negative drain bias, revealing excellent rectifying
behavior.Another advantageof this approach is thatNADHdoping
is compatiblewith conventional photolithography, becauseNADH
is not soluble in organic solvents such as acetone and alcohol. This
contrasts with the conventional n-dopant of PEI that can be easily
dissolved in organic solvent which cannot be therefore used for
conventional photolithography.[25] The complementary inverter
was fabricated by combining p-type and n-type TFTs in the same
array. The p-channel and n-channel was connected by Au wire by
using a wire bonder (Fig. 6b). Vout was switched by sweeping the
back gate bias (Vin). The controllability of the doping level in an
individual channel, which is critical for practical applications, can
Adv. Funct. Mater. 2009, 19, 2553–2559
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Figure 4. Controllability and stability of n-type doping. a) Statistics for the number of

TFTs as a function of the on/off ratio before and after n-type doping. The total number

of devices was 51. b) I–V characteristics in terms of number of NADH drops. Each drop

of 100mL had a concentration of 1.35mM NADH. c) Stability of I–V characteristics of

heavily doped device exposed for 36 and 55 days under ambient conditions. d) I–V

characteristics of the lightly doped device after 100 days and after re-heat treatment at

150 8C.

Figure 5. Comparison of NADH-treated sample to PEI-treated sample. a) IDS–VG
characteristics of the pristine and NADH-treated sample and b) those of the pristine

and PEI-treated sample. The variation of on/off ratio normalized by on/off ratio of

the pristine sample, on current, and off current of c) NADH and d) PEI doping for the

pristine, after doping, and re-heat treatment after 100 days.

Adv. Funct. Mater. 2009, 19, 2553–2559 � 2009 WILEY-VCH Verlag GmbH &
be improvedby adopting an ink jet printer,wheredroplet
size can be controlled by the choice of nozzle size and
doping solution.
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3. Conclusions

In summary, we have demonstrated a method of
implementing stable n-type doping of carbonnanotubes
using antioxidizing photosynthesis coenzyme. The
n-type doping was achieved by pyrolysis of NADH at
150 8C. The device characteristics such as on/off ratio
and high on current/low off current were clearly
demonstrated with controllability of doping concentra-
tion and 100% of doping yield. Long term stability of the
n-doped CNT transistors up to two months was also
observed. Together with density functional calculations,
we found the follows. It was nicotinamide group, not
adenine group in NAD that donated electrons to CNTs,
invoking type conversion from p-type to n-type in CNT
transistors. The long term stability originated from the
backbone of NADH, namely ADP that played as a
protecting layer against ambient oxidizing agents.
Compared to these advantages, the conventional n-type
dopant, PEI gave rise to undesirable device performance
such as high leakage current and degradation of PEI near
the contacts at high voltage. This long term stability
enabled us to fabricate basic logic circuits under ambient
conditions. We anticipate that our approach will allow
fabrication of complicated CNT-based logic circuits and
numerous device fabrications under ambient conditions.
4. Experimental

The network SWCNTs were synthesized with an array of
predesigned pattern of photo-resist catalyst on Si substrate
covered with SiO2 (thickness: 400 nm) using plasma-assisted
chemical vapor deposition. The corresponding source and
drain electrodes with Ti (10 nm)/Au (100 nm) (channel length:
10mm, width: 40mm) were deposited to form an array of 200
thin film transistors. The detailed method has been described
elsewhere [41]. NADH (98% purity), nicotinamide (99þ%
purity), and adenine (99% purity) powders were purchased
from Aldrich. NADH solutions of 13.5mM, unless specified
otherwise, were dissolved in deionized water followed by a
sonication in a bath type for 30min. Similarly, solutions of
nicotinamide in deionized water and adenine in 1-methyl-2-
pyrrolidinone (NMP) were obtained for comparison to NADH.
One hundred microliters of the prepared solution was dropped
onto ten TFT channels at a time by using a micropipette. Each
sample was dried in an oven at 150 8C for 3min.

Measurements: I–V characteristics of the CNT-TFTs were
measured under ambient conditions by a source-measure unit
(Keithley 236, 237) using a probe station. UV-vis-NIR
absorption measurements were taken using a Cary 5000
spectrophotometer (Varian, CA, USA). For absorption mea-
surements, the SWCNTs were prepared on quartz and the
NADH solution was dropped. Scanning electron microscope
(JEOL, JSM-7401F) images were taken by secondary electron
image mode under a pressure of � 4� 10�3 Torr.

Computational Methods: The first-principles pseudopoten-
tial calculations were performed based on the density functional
Co. KGaA, Weinheim 2557
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Figure 6. Fabrication of diode and inverter. a) I–V characteristics of a p–n

junction diode fabricated by depositing an NADH solution on a half-

covered TFT by photoresist. The top inset shows the schematic of

the device and the bottom inset shows I–V characteristics of the pristine

TFT. b) Vin–Vout characteristics of the inverter with the device schematic in

the inset.
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theory (DFT) within the local density approximation with the spin
polarization (LSDA) implemented in the DMol3 package [42,43]. We used
the double numerical basis set with a polarization p-function (DNP).
Norm-conserving DFT semicore pseudopotentials were employed to
describe the core and valance electrons [44–46]. A unit cell size of
20.00� 20.00� 17.04 Å3 for the (8,0) CNT, equivalently five unit cells, was
chosen for total energy optimization. The total energy was calculated at the
gamma point. The maximum forces were 0.002Ha Å�1 with an energy
convergency of 1.0� 10�5 Ha during the geometry optimization. The
binding energy of NADH was calculated as the difference of total energies
between the adsorbed system and the separate species,
Eb(NADH)¼ E(NADHþCNT) � E(NADH) � E(CNT).
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