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ABSTRACT: Control of the electrical conduction type in single-walled carbon nanotube field-

effect transistors (CNT-FETs) is essential for the realization of practical complementary CNT-

based integrated circuits with low power consumption. Conduction-type conversion techniques 

that utilize the sensitivity of the electronic properties of CNTs to the surrounding environment 

have been developed to date. However, the mechanisms involved are still under discussion, 

particularly with respect to the use of a polymer coating. In the present study, the effect of a 

polyvinyl alcohol (PVA) coating on CNT-FETs was investigated in terms of bulk and interfacial 

charges. When the CNT channels are covered with pure PVA, the FET characteristics clearly 

change from unipolar p-type to ambipolar. The addition of ammonium ions (NH4
+) in the PVA 

leads to further conversion to unipolar n-type conduction. The capacitance−voltage characteristics 

of a PVA/SiO2 stacked capacitor indicate that a high density of positive charges is induced at the 

PVA/SiO2 interface and within the bulk PVA. Electrons are electrostatically accumulated in the 

CNT channels due to the presence of the positive charges, and thus, stable n-type conduction of 

PVA-coated CNT-FETs is observed, even under ambient conditions. The mechanism for 

conversion of the conduction type is considered to be electrostatic doping and not charge transfer 

from the PVA molecules, due to the large amount of positive charges in the PVA and the weak 

interaction between CNTs and ammonia molecules. A blue-shift of the Raman G-band peak was 

observed for CNTs coated with NH4
+-doped PVA, which corresponds to unipolar n-type CNT-

FET behavior. These results confirm that electrostatic control of the conduction type in CNT-FETs 

can be achieved with a charged PVA passivation layer, and this is expected to lead to the realization 

of flexible and transparent pn complementary circuits composed of all-carbon materials. 
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1. INTRODUCTION 

The sp2 hybridization configuration of carbon–carbon bonds in single-walled carbon 

nanotubes (CNTs) and their one dimensionality in the nanoscale range make CNTs an attractive 

material in terms of both their unique mechanical (flexibility and robustness) and electrical 

(metallic or semiconducting) properties. To utilize these flexible semiconductor materials, an 

integrated circuit on a bendable plastic substrate has been realized using p-type CNT field-effect 

transistors (CNT-FETs).1-4 To further enhance the device functionality, mechanical flexibility and 

optical transparency through the use of a thin polymer passivation layer and plastic substrate, CNT-

FETs with n-type behavior have been an important target. Both p and n-type FETs are necessary 

for the realization of low-power consumption complementary circuits. 

To date, n-type conversion of CNT-FETs has been reported through approaches such as 

the use of low work function metal electrodes,5-8 high-κ materials as gate dielectrics or passivation 

layers,9-13 chemical modification of CNT surfaces,14-18 and polymer coatings. Among these, the 

polymer coating technique is a promising low-cost approach to fabricating transparent and flexible 

CNT-FETs.19-21 When a CNT-FET is covered by an amine-rich polymer such as polyethylene 

imine, n-type conduction is observed,22-25 whereas for a CNT-FET passivated with polymethyl 

methacrylate (PMMA),4, 26, 27 polyethylene oxide,28 polyacrylic acid29 or poly(sodium 4-

styrenesulfonate)30, the conduction type does not change. This phenomenon could be as attributed 

to charge transfer between the CNTs and the polymer molecules;28, 29, 31, 32 however, the 

mechanism for this conversion has yet to be clearly determined. 

It has been reported that charge transfer occurs when electron donating molecules are 

adsorbed on the surfaces of CNTs.33, 34 However, theoretical studies have revealed that the charge 
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transfer effect is rather weak due to non-covalent bonding with the CNT surface.35-37 In addition, 

the charge transfer distance between a CNT and non-covalently attached NH3 molecules is 

considerably shorter (0.29 nm)38 than the water depletion layer thickness for a CNT (0.84 nm).39 

Polymer molecules dissolved in water cannot directly contact a CNT because the surface is 

superhydrophobic;40, 41 therefore, charge carriers cannot be transferred to CNTs from water-

soluble polymers. We have previously reported conduction-type conversion in both CNT-FETs 

and graphene FETs after polyvinyl alcohol (PVA) coating.42, 43 Observation of an electron current 

in CNT-FETs and a shift of the Dirac point in graphene FETs are considered to be caused by 

electron doping in their channels. However, the detailed mechanism for electronic conduction due 

to the PVA coating has not been elucidated because water-soluble PVA molecules cannot be 

chemically adsorbed on these hydrophobic carbon surfaces. 

Here, we investigate the mechanism for conduction-type conversion in a CNT-FET by 

PVA coating, and discuss how electron doping occurs in a CNT channel. It is our assumption that 

charge transfer would not occur due to the weak adsorption energy of physisorbed molecules due 

to the superhydrophobic nature of the CNT surface. Therefore, to clarify the effect of the PVA, a 

stacked PVA capacitor was fabricated and the charge densities within the bulk and at the interface 

were estimated by capacitance–voltage (C–V) measurements. Furthermore, Raman 

characterization of PVA-treated CNTs was performed to evaluate the carrier doping density. 

 

2. EXPERIMENTAL SECTION 

A p-type Si substrate with a 600 nm thick thermal oxide layer was first cleaned using a 

standard process of ultrasonication in acetone and isopropyl alcohol, followed by exposure to UV–
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plasma. A patterned cobalt catalyst (nominal thickness: 0.2 nm) for CNT growth was then 

deposited on the substrate by RF magnetron sputtering using photolithography and a lift-off 

process. The CNTs were synthesized by alcohol catalytic chemical vapor deposition (ACCVD) at 

800 °C for 10 min. The details of the CNT synthesis have been described in previous reports.44, 45 

The CNTs were characterized using SEM (Hitachi S-4800) and resonance Raman spectroscopy 

(homemade system based on Seki Technotron STR-250). Sulfur and naphthalene crystals were 

used to calibrate the Raman spectra for high accuracy prior to measurements. Raman spectra were 

measured at room temperature using an excitation wavelength of 488 nm with 1200 line/mm 

gratings. 

A 10 wt% aqueous solution of PVA was prepared by dissolving PVA powder (Wako Pure 

Chemical Industries, Ltd., molecular weight: 1500) in distilled water and heating overnight at 

80 °C with stirring. The solution was then degassed by ultrasonication. A PVA layer was formed 

by drop-casting the PVA solution onto the channel region. The substrate was then annealed at 

65 °C for 10 min to solidify the PVA. The electrical characteristics of the CNT-FETs were 

measured using a semiconductor parameter analyzer (Agilent 4156C) at room temperature under 

ambient conditions. Fabrication of the air-exposed CNT-FETs with a stacked PVA/SiO2 dielectric 

layer was achieved by spin-coating the PVA solution on the patterned CNT-FETs and heating for 

solidification of the PVA. SiO2 and Au layers were deposited using RF magnetron sputtering under 

an Ar/O2 gas mixture and vapor deposition in a thermal evaporator, respectively. The CNT-FETs 

were then peeled off from the Si substrate support and placed again on the substrate for the I-V 

measurement. The scheme is shown in Figure S1 in Supporting Information. 

Au/PVA/SiO2/p-Si stacked capacitors were fabricated using p-type Si substrates (SiO2 

thickness: 250 nm) with a resistivity of 0.5 to 0.6 Ω cm. The substrate was first cleaned using a 
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standard process of ultrasonication in acetone and isopropyl alcohol, followed by exposure to UV–

plasma. The PVA solution was then spin-coated at various rotation speeds and dried on a hot plate 

at 65 °C for 10 min. A 50 nm thick Au electrode was then deposited on the PVA through a stencil 

shadow mask using a thermal evaporator. The PVA film thicknesses were measured using a stylus 

surface profiler (Dektak 6M). C–V measurements were performed using a precision LCR meter 

(Agilent E4980A) at room temperature in the dark under ambient conditions. An AC voltage of 

0.5 V with a frequency of 10 kHz was superimposed on the DC bias voltage. 

 

3. RESULTS AND DISCUSSION 

Figures 1(a) and 1(b) show a schematic illustration of a PVA-coated CNT-FET and a 

scanning electron microscopy (SEM) image of the channel region. CNT-FETs with CNT-network 

source and drain electrodes were fabricated on a SiO2/Si substrate using a photolithographically 

patterned CNT growth technique.42 For the growth conditions and device dimensions used in this 

study (channel length L = 10 μm, electrode width W = 5 μm), the number of CNT channels was 

one or two.46, 47 The electrical properties of the CNT-FETs, from unipolar p-type to ambipolar 

behavior without and with a PVA layer, respectively, are shown in Fig. 1(c). The influence of the 

PVA coating on the channel region is clearly reflected by the electrical properties of the CNT-FET. 

Prior to PVA coating, the FET exhibited unipolar p-type conduction, and no electron current flow 

occurred in the positive gate voltage (VG) region under the measurement conditions used (drain 

voltage VD = −1 V, VG = ±10 V). In contrast, an electron current was observed after the PVA 

coating, similar to our previous report.42 This ambipolar conversion is reproducible, and similar 

trends were observed in all FETs fabricated in this work. 
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Figure 1. (a) Schematic of PVA-coated CNT-FET. The SiO2/Si substrate is employed as a 

gate insulator/gate electrode (denoted as G), whereas the CNT network acts as source (S) 

and drain (D) electrodes, and a semiconducting channel. PVA solution is dropped on the 

channel region and heated for solidification. (b) SEM image of the channel region before 

PVA coating. (c) Typical transfer characteristics of an uncoated FET (black) and a PVA-

coated FET (red). The device was measured at room temperature under ambient conditions. 

 

The field-effect mobility in the linear regime (μFE) was estimated in both cases using the 

following equation: 

୊୉ߤ ൌ
డூీ
డ௏ృ

௅

ௐ஼౥౮௏ీ
,       (1) 

where Cox is the capacitance per unit area, which in this case is estimated to be 5.76×10−9 F/cm2 

based on a dielectric constant of 3.9 for SiO2. For the uncoated CNT-FET, μFE is 81.2 cm2/Vs, 

while for the PVA-coated CNT-FET, μFE for holes and electrons is estimated to be 26.1 and 42.4 

cm2/Vs, respectively. The subthreshold swing (ss) for the uncoated FET, hole accumulation and 

electron accumulation regimes for the PVA-coated FET are 0.6, 0.45 and 0.75 V/dec, respectively. 
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This slight improvement in the ss for the hole accumulation regime, despite a decrease in μFE, will 

be discussed later. In the case of back and forth sweep ID-VG measurements, hysteresis behavior 

was observed for both the uncoated and PVA-coated FETs (Figure S2). A reduction in the 

hysteresis window was observed after PVA coating, which is possibly due to the passivation effect 

of PVA. 

 To elucidate the conduction-type conversion in terms of impurity charges, capacitor 

structures with and without a PVA layer were fabricated, and the charge densities in the PVA bulk 

and at the PVA/SiO2 interface were then estimated. Figure 2(a) shows the C–V characteristics of 

the capacitors with and without a PVA layer, which are represented as Au/PVA/SiO2/p-Si and 

Au/SiO2/p-Si, respectively. The insets show schematic cross-sectional diagrams of the stacked 

structures. The fabrication and characterization processes are presented in the experimental section. 

The thick PVA layer decreased the capacitance significantly because the capacitance was inversely 

proportional to the distance between the electrodes. The flatband voltage (VFB) was estimated by 

the flatband capacitance (CFB) method, of which the details can be found in the literature.12, 48 In 

the case of the PVA/SiO2 stacked capacitor, VFB can be represented by: 

୊ܸ୆ ൌ െ
ଵ

ଶఌ౥౮
୔୚୅ݐ୔୚୅ߩ

ଶ െ
ଵ

ఌ౥౮
൫ܳ୔୚୅ ൅ ܳୗ୧୓మ൯ݐ୔୚୅ ൅ ߶୫ୱ െ

ଵ

ఌ౥౮
ܳୗ୧୓మݐୗ୧୓మ,  (2) 

where ms is the work-function difference between the metal (Au) and the semiconductor (p-Si), 

ox is the permittivity of SiO2, PVA is the bulk charge density in the PVA, QPVA and QSiO2 are the 

charge densities at the PVA/SiO2 and SiO2/p-Si interfaces, respectively, and tPVA and tSiO2 are the 

thicknesses of the PVA and SiO2 insulators, respectively. The details of Eq. (2) for a stacked 

capacitor are described in the Supporting Information (Figure S3). The two capacitors of SiO2 and 

PVA are connected in series; therefore, CFB with the PVA layer (CFB,PVA) is given by: 
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where CPVA is the capacitance of the PVA, which is determined by CPVA = ε0εPVA/tPVA. Here, the 

dielectric constant for the PVA (εPVA) is estimated to be 5.6 using a Au/PVA (1.81 μm)/SiO2 (235 

nm)/p++-Si structure, where the capacitance of the PVA was measured to be 27.6 pF/mm2 (Figure 

S4). Note that unlike in other C–V measurements, a heavily doped Si substrate was used to estimate 

εPVA. Figure 2(b) shows the relationship between VFB and the PVA thickness with the best fitted 

quadratic curve. Using QSiO2 (−8.7×1011 cm−2) calculated from the relationship between VFB and 

QSiO2 in the case of the Au/SiO2/p-Si capacitor (calculation details shown in Figure S5 and Table 

S1 of Supporting Information), PVA and QPVA were estimated to be 3.6×1015 cm−3 and 5.4×1011 

cm−2, respectively. This PVA value corresponds to an areal density of 1011 cm−2 (the PVA thickness 

in this study is ca. 1 μm), which is considerably high for a bulk charge density. The bulk charge 

density in thermally-grown SiO2 is typically negligible when compared with the interface charge 

density.49, 50 However, the PVA has a high density of positive bulk charge; therefore, we focused 

on the bulk charge in addition to the interface charge density in this work. 

 

Figure 2. (a) Typical C–V characteristics for capacitors with and without a PVA layer. VFB 

was estimated by the CFB method. The insets show schematic cross-sectional diagrams of the 
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stacked capacitor structures. The PVA thickness estimated using a stylus surface profiler 

was 670 nm. The frequency for the C–V measurements was fixed at 10 kHz. (b) Estimated 

VFB as a function of the PVA thickness. The dashed line represents the quadratic fitting curve. 

Based on the best fitting line, the bulk charges within PVA and at the PVA/SiO2 interface 

are positively induced. The error bars are the maximum and minimum values of the 5 

measured samples for each PVA spin-coating condition, while the data points represent the 

average value. 

 

The ambipolar conversion of the PVA-coated CNT-FET was considered in terms of the 

high density of positive charges within the PVA bulk and at the PVA/SiO2 interface. Figures 3(a) 

and 3(b) show schematic cross-sectional diagrams of the CNT-FET when VG is applied. In case of 

VG < Vth (threshold voltage), holes are accumulated in the semiconducting CNT channel, similar 

to the case for an uncoated CNT-FET [Fig. 3(c)]; however, the accumulated carrier density is 

slightly suppressed in comparison with that for uncoated FETs due to the presence of electrons in 

the CNT channel induced by the positive bulk and interfacial charges. In addition, the CNT channel 

is not placed on the PVA but surrounded by the PVA, and the surrounding structure enhances 

carrier accumulation. The positive charges in the PVA quickly deplete the accumulated holes, so 

that ss is strongly dependent on VG. With the improvement in ss due to the PVA coating effects, 

Vth is negatively shifted and the on-state current is slightly decreased, as shown in Fig. 1(c). This 

behavior can be explained by the electrostatic doping of electrons in the CNT channel due to the 

surrounding PVA with positive charges. In contrast, when VG > Vth [Fig. 3(d)], electrons are 

accumulated in the CNT channel because of the bulk and interfacial charges; therefore, an electron 

current was observed. In addition to its role as a positively charged layer, PVA is employed as a 
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passivation film that can prevent electron trapping by ambient water molecules, which results in a 

reduction in the hysteresis window (Figure S2).20 Although the surrounding PVA layer includes 

water molecules in its composition, the amount of electron trapping molecules that interact with a 

CNT is considered to be low compared with that for an uncoated FET structure. 

 

Figure 3. (a,b) Schematic cross-sectional diagrams of a PVA-coated CNT-FET with applied 

VG < Vth and VG > Vth. ρPVA, QPVA, and QSiO2 are the bulk charge density in the PVA layer, 
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and the charge densities at the PVA/SiO2 and SiO2/p-Si interfaces, respectively. The bulk 

charge-induced and bias-induced charges are accumulated in the CNT. (c,d) Possible band 

diagrams for the bias voltage application shown in (a) and (b). (e) Transfer characteristics 

for the CNT-FET with a stacked PVA/SiO2 dielectric layer fabricated by the peel-off 

technique. The channel region is exposed to the air, as shown in the inset. The gate voltage 

sweep is from −10 to +10 V, similar to that for the other measurement conditions. (f) Electron 

accumulation band bending structure when VG > Vth in the air-exposed CNT-FET with the 

stacked dielectric layer. 

 

According to related work that discussed a similar unipolar–ambipolar conversion using a 

hydrophilic/hydrophobic substrate surface, the contribution of surrounding water molecules on the 

hydrophilic substrate is quite large.20 Water molecules can withdraw electrons; therefore, only p-

type behavior has been obtained on a hydrophilic substrate.51 However, the surface of PVA is 

superhydrophilic due to OH termination. To confirm the carrier accumulation in the CNT channel 

caused by the positive charges in the PVA, we measured the electrical properties of a CNT-FET 

with a stacked PVA/SiO2 dielectric layer where the CNT channel was exposed to the ambient air. 

Figure 3(e) shows the transfer characteristics obtained and a schematic cross-sectional diagram of 

the FET in the inset. Ambipolar behavior was observed, although the top PVA dielectric surface 

was hydrophilic. This can be reasonably understood by the presence of positive charges in the 

dielectric PVA layer because the positively charged PVA induces electron accumulation in the 

CNT channel with VG > Vth, as shown in Fig. 3(f). Observation of an electron current in the CNT-

FETs fabricated on the hydrophilic PVA surface suggests that the density of positive charges in 

the PVA is much higher than that of electron trapping molecules.  Although the sweep direction 
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of VG (−10 to +10 V) was the same as that for the FET measurement condition shown in Fig. 1, 

Vth was positively shifted with the stacked PVA/SiO2 dielectric layer. The counter-clockwise 

hysteresis (Figure S6) is possibly caused by a ferroelectric polarization effect of the PVA.52, 53 The 

dipole behavior is pronounced when the PVA is used as a gate dielectric. 

The positive bulk and interfacial charges induce electron accumulation, so that the unipolar 

p-type CNT-FETs were converted to ambipolar. If the positive charge density is further increased 

by the introduction of additional molecules, then the hole current is possibly reduced, and unipolar 

n-type conduction would be realized. Here, ammonium ion (NH4
+) was selected as an additive and 

it was added into the PVA (denoted as PVA:NH4
+) for conversion to unipolar n-type conduction. 

The PVA:NH4
+ polymer solution was prepared by adding 0.5 mmol of ammonia solution (25% 

v/v, Wako Pure Chemical Industries, Ltd.) to the 10 wt% PVA solution and mixed by 

ultrasonication. Figure 4(a) shows the transfer characteristics of the CNT-FET before and after the 

PVA:NH4
+ coating. The hole current in the FET is completely suppressed and the electrical 

behavior is clearly converted to unipolar n-type from p-type. The n-type operation was stable under 

ambient conditions, which could be attributed to the dense PVA matrix where NH4
+ is well 

embedded in the polymer chain and the dense matrix prevents reaction with the ambient air.54, 55 

NH4
+ can act as a proton donor in PVA;56 therefore, the PVA:NH4

+ layer itself is expected to 

exhibit p-type behavior if a sufficient amount of NH4
+ is added, although its conductance would 

be much lower than that for a semiconducting CNT. This assumption is clearly reflected in the C–

V characteristics in Fig. 4(b). The curve is very different to that for the undoped PVA [Fig. 2(a)] 

because the metal/insulator/semiconductor capacitor changes to a 

semiconductor/insulator/semiconductor (SIS) capacitor with an increase in the positive charge 

density in PVA. The C–V measurements indicate that the PVA is more positively charged by NH4
+ 
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doping than pure PVA, which results in the suppression of hole accumulation in the CNT channel 

caused by the Fermi level (EF) shift toward the conduction band edge. Peng et al. suggested that 

the EF shift can be attributed to charge transfer between the CNTs and adsorbed NH3.34 However, 

NH3−CNT interaction is very weak, so that no significant charge transfer occurs between them.35, 

37 Even if NH3 gas is diffused out from PVA and the gas molecules adsorb on defect sites of CNTs, 

NH3 cannot bind to the surface, even at room temperature and despite the existence of dangling 

bonds, due to the low adsorption energy of NH3.57 Furthermore, in the case of NH3 dissolved in 

water, the device sensitivity to NH3 is pronounced because NH3 in the gaseous and aqueous phases 

causes different device responses.33, 34 This situation is similar to the PVA-coated CNT-FET 

structure where the PVA layer includes water molecules. In this case, NH3 is ionized to NH4
+ and 

the surrounding water layer is positively charged; therefore, the EF shift is electrostatically induced 

by the surrounding charges. This is consistent with electron injection at the contact interface due 

to the change in the Schottky barrier height (SBH), as reported previously.58-60 Positive charges in 

the PVA induce electron accumulation and an EF shift; therefore, the SBH is modulated. Even with 

the CNT-CNT contact configuration used in this study, this modulation can be considered to be 

similar to that for a conventional metal-CNT contact.36 We consider that the n-type behavior can 

also be explained by electrostatic doping rather than by charge transfer. 

In the stacked capacitor shown in Fig. 4(b), both semiconductor layers in the SIS capacitor 

are p-type; therefore, the SIS is denoted as a p-i-p capacitor (Figure S7 in Supporting Information 

for a schematic of the p-i-p capacitor behavior). When a CNT-FET was coated with a negatively 

charged polymer such as PMMA,61, 62 the FET behavior maintained the initial p-type conduction 

and μFE was increased from 72.1 to 75.6 cm2/Vs (Figure S8 in Supporting Information shows 

transfer characteristics for a PMMA-coated CNT-FET). These results suggest that the density of 
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the bulk/interfacial charges and the polarity of the polymer are very important for controlling the 

conduction type and electrical properties of polymer-coated CNT-FETs. The obtained conduction 

type was opposite to the polarity of the charged polymer, which indicates that the conversion 

mechanism is electrostatic doping. If charge transfer occurs between CNT and PVA molecules, 

then PVA with positive charges must enhance the initial p-type conduction. 

 

Figure 4. (a) Transfer characteristics measured at room temperature under ambient 

conditions for a CNT-FET before and after PVA:NH4
+ coating. (b) C–V characteristics for 

the Au/PVA:NH4
+/SiO2/p-Si capacitor. The increase in the capacitance at positive bias is 

attributed to the heavily positive charged PVA:NH4
+ layer, assuming that the behavior is 

similar to a p-i-p capacitor. 

 

Finally, Raman spectra of the CNTs were measured in order to investigate the influence of 

the PVA coating. PVA-embedded CNT films were prepared for Raman spectroscopy 

measurements using a peel-off method (Figure S1 in Supporting Information shows a schematic 

of the film preparation process). The surface of the CNT film embedded in the PVA was partially 
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exposed to the ambient air to obtain a sufficiently strong Raman signal. When the CNT film faced 

the bottom Si substrate surface (the upper side has a thick PVA layer), no recognizable peaks 

originating from the CNTs were observed. Figure 5 shows Raman spectra for the as-grown CNTs 

on the SiO2/Si substrate, and for CNT films embedded in PVA and PVA:NH4
+. These spectra 

indicate that the G-peak position, originally at 1594 cm−1, is blue-shifted by ca. 3 cm−1 with an 

increase in the density of electron accumulation, while there was no change in the peak width. The 

wavelength resolution with this Raman equipment at around 1590 cm−1 is 1.5 cm−1; therefore, the 

blue-shift in the G-peak is reasonable. The shift of the G-peak with increasing accumulated carrier 

density occurs with both holes and electrons, and is due to a change in electron-phonon 

interactions.63, 64 The Raman results for the PVA:NH4
+-embedded CNTs are consistent with the 

FET properties. More positive charge doping in PVA is expected to induce more electron 

accumulation in a CNT channel, and consequently, the EF shift causes a blue-shift of the G phonons. 

According to the calculation by Tsang et al. for a semiconducting CNT with a diameter of 2.5 nm, 

a Raman shift of 3 cm−1 at room temperature corresponds to a doping level of ca. 0.2% (1 electron 

per 500 carbon atoms).61 The average diameter of the CNTs used in this work was expectedly 

smaller than 2.0 nm. A smaller diameter widens the bandgap; therefore, a doping concentration of 

more than 0.2% was possibly achieved in this case. This doping concentration can move EF by ca. 

0.3 eV toward the conduction band edge.65 This modulation of EF is considered to be too small for 

electrostatic conversion from unipolar p-type to n-type conduction.12 However, the sample 

structure used for the Raman characterization is not exactly the same as that for the FET 

measurement; therefore, the impact on the interfacial charges (i.e., QPVA in the FET structure 

shown in Fig. 3) may be reduced. This is the reason why the G-peak position for the PVA-

embedded CNTs appears to be the same as that for the as-grown film, although electron conduction 
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was observed in the PVA-coated FETs. To discuss the correlation between the FET behavior and 

the G-peak shift in more detail, the effect of impurity charges originating from the device structure 

must also be considered. 

 

Figure 5. Resonance Raman spectra for CNT films. The black, red, and blue lines 

correspond to as-grown CNT film, PVA-embedded CNT film on a SiO2/Si substrate, and a 

PVA:NH4
+-embedded CNT film, respectively. The embedded samples were prepared by a 

peel-off method. Intensities were normalized with respect to the G-peak for comparison of 

the peak width. The excitation wavelength was 488 nm and the measurement was conducted 

at room temperature. 

 

4. CONCLUSIONS 
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We have demonstrated that the conduction type in CNT-FETs can be converted using a 

positively charged PVA coating. When the CNT channel was covered by pure PVA, the 

conduction type changed from unipolar p-type to ambipolar. Conversion of the conduction type is 

attributed to the positive charges in PVA. Based on C–V measurements, the PVA has high positive 

charge densities in the bulk (ca. 1015 cm−3) and at the PVA/SiO2 interface (ca. 1011 cm−2), which 

suggests that electrons are accumulated in the CNT channel electrostatically. To suppress the hole 

current in the PVA-coated CNT-FETs, NH4
+ was added into the PVA solution to increase the 

positive charge density. A unipolar n-type CNT-FET was then demonstrated at room temperature 

under ambient conditions. This ability to control the conduction type can be explained in terms of 

electrostatic doping. If charge transfer occurs between a CNT channel and the coated PVA 

molecules, then PVA with positive charges must enhance the initial p-type behavior of the CNT-

FET. The PVA-NH4
+-treated CNT film caused a shift of EF, and consequently a blue-shift of the 

Raman G-band peak was observed as consistent with the FET behavior. We consider that the 

present approach would be useful for electrostatic control and conversion of the conduction type 

of CNT-FETs using a PVA-based passivation layer, which could lead to the realization of flexible 

and transparent pn complementary circuits composed of all-carbon materials. 
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