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ABSTRACT  

The intrinsic p-type behavior of graphene field-effect transistors (FETs) under ambient conditions 

poses a fundamental challenge for the assembly of complex electronic devices such as integrated 

circuits. In this work, we present a protocol of tunable n-type doping of graphene FETs via 

polyvinyl alcohol (PVA) coating. Using graphene grown by alcohol catalytic chemical vapor 

deposition, functionalization of the surface by this hydroxyl anion-rich polymer results in an 

evolution of the FETs from p-type to ambipolar or n-type even under ambient air condition. The 

doping level of graphene is strongly related to the PVA film coating parameters, such as solution 

concentration, hardening temperature and hardening time. This PVA coating proves to be a simple 

and stable approach to tuning the Dirac point and doping level of graphene, which is highly 

desirable and of great significance to the future graphene-based electronic devices. 
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Introduction 

There are many advantages to using graphene for electronic and optoelectronic devices due to 

graphene’s outstanding electrical, mechanical, and optical transparent properties.1-3 Its many 

physical and electrical properties, such as extraordinarily high carrier mobility (up to 200,000 

cm2V-1s-1),4 ballistic transport distance up to 1 m,5 half-integer quantum Hall effect,6-7 and 

superior mechanical elasticity,8 open up possibilities as a promising candidate to substitute silicon 

in the next generation of electronics. However, the full potential of graphene in the device industry 

is still restricted by several challenges. For example, it is crucial to open a bandgap in graphene to 

realize the ON- and OFF-states in electronic devices. Solutions to this challenge involve tailored 

nanoribbon structures,9-12 bilayer graphene in the presence of a vertical electric field,13-16 graphene 

nanomeshes,17 etc. Furthermore, due to the fact that ambient conditions makes graphene behave 

as a p-type semi-metal,18 we must adjust the positive and negative carrier concentrations by 

shifting the Fermi level away from its Dirac point in order so that the device can also behave as n-

type and be assembled into circuits.19-20 Several approaches to locally change the carrier density 

have been explored using different dopants, such as gases, alkali metals, polymers, heteroatom, 

photochemical, and so on.18, 20-26 However, these approaches show disadvantages in device 

fabrication, such as difficulty in processing or patterning, or poor device stability, applicability, 

controllability and so on. For instance, potassium doping has led to the fabrication of n-type 

graphene field-effect transistors (FETs) and enabled the integration of more complex devices such 

as intra-graphene p-n junctions with different device functions.27 Furthermore, such alkali dopants 
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suffer from immediate degradation upon exposure to air, making them inapplicable for n-type 

doping of graphene in practical device applications.  

In this work, we present a protocol of tunable n-type doping of graphene by functionalizing the 

surface with a polyvinyl alcohol (PVA) film. Using high-quality graphene grown by alcohol 

catalytic chemical vapor deposition (ACCVD), functionalization of the graphene surface by this 

hydroxyl anion-rich polymer results in an evolution of the FETs from p-type to ambipolar or n-

type. The doping level of graphene is strongly correlated with different treatment conditions of the 

PVA film, for instance, the polymer concentration. This PVA coating proves to be a simple and 

stable approach to tuning the Dirac point and doping level of graphene, and this environmentally 

free n-type doping enables us to fabricate more complex electronic devices such as p-n junction 

diodes, complementary inverters, and numerous complicated logic circuits. 

 

Experimental Methods 

The graphene used in our study was produced by ACCVD using a copper foil enclosure, as 

described in our previous work.28 Briefly, the copper substrate was first cleaned by hydrogen 

chloride, acetone and isopropanol sequentially to remove the foil protection layer. To smooth the 

metal surface and remove metal oxides, the copper substrate was annealed at 1000 oC for 20 min 

in Ar/H2 (3% H2). The graphene growth was at 1000 oC with 10 sccm ethanol flow diluted by 300 

sccm Ar/H2, and the growth time was 10 min.28 Uniform monolayer graphene was obtained on the 

inside surface of the copper enclosure. As to device fabrication, the source/drain electrodes were 

firstly patterned on a SiO2/Si (600 nm) substrate using a standard photolithography process. The 

40 nm/2 nm thick Pt/Ti electrodes were deposited in high vacuum condition using a thermal 
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evaporator (ULVAC, VPC-260F) with a quartz crystal thickness meter (ULVAC, CRTM-6000). 

As-grown graphene was then transferred using poly(methyl methacrylate) (PMMA) (average 

molecular weight ~950k, Sigma-Aldrich) 4% in anisole onto the substrate with predefined 

electrodes, similar to the process reported previously.29 The PMMA layer was then removed by 

acetone, followed by annealing the device at 350 oC for 3 hours under vacuum condition. 

Subsequently, the second photolithography step was adopted to remove graphene film exclusive 

of the channel region between source and drain by exposing the substrate oxygen plasma (100 W, 

100 Pa) for ~1 min.  

The PVA solution was prepared by dissolving 1, 10, or 20 wt% PVA powder (average molecular 

weight ~1500, Wako) in distilled water. The polymer thin films were formed on the graphene 

channel by spin-coating the solution at 2000 rpm for 60 s, followed by baking at 60–150 oC for 

10–30 min.  

After the fabrication of pristine and polymer-coated graphene FETs, the devices were 

characterized using a semiconductor parameter analyzer system (Agilent 4156C) under air and 

vacuum condition, scanning electron microscopy (SEM, Hitachi, S-4800, acceleration voltage at 

5 kV), and micro-Raman spectroscopy (Nanophoton Raman-11 system, Renishaw inVia system).  

 

Results and discussion  

Figure 1a presents the SEM image of as-grown graphene on the inside surface of a copper 

enclosure. The graphene film shows uniform high quality, as demonstrated by the scanning Raman 

map in Figure 1b. The number of active graphene layers was determined from the intensity ratio 

between the Raman G'- and G-bands (IG'/IG), which exhibits an average value of ~2. Only a small 

disorder band is visible in the Raman spectra (see Figure S1 in the Supporting Information), which 



 6

proves the high quality monolayer of graphene. Its full width at half maximum (FWHM) was 32–

35 cm-1 in our as-grown graphene, consistent with the value reported for monolayer graphene.30 

Figures 1c and 1d illustrate the schematic and SEM image of our graphene FETs on silicon 

substrate with a bottom gate and a coated polymer film as dopants. So far PVA was formerly an 

encouraging material as polymer dielectrics in flexible devices or alignment layer in liquid crystal 

applications due to its high dielectric constant, good surface alignment effect, photosensitivity, and 

good resistance to damage by solvents involved in the lift-off process.31, 32 We have examined the 

doping effect of the graphene devices with PVA coating by preparing an as-grown graphene on 

SiO2/Si substrate and measuring its gate response to different polymer film conditions, such as 

annealing time, temperature, and polymer concentrations. The functionalization of the graphene 

surface by hydroxyl anion-rich polymers leads to the development of graphene from p-type to n-

type or ambipolar. Here, doping by functional groups of adsorbed polymers on graphene presents 

a simple means of changing the doping level. Furthermore, we achieve n-type graphene FETs that 

are stable under air without keeping the graphene in a vacuum or an inert environment. This is 

discussed in more detail below. 

We demonstrate that the adsorption of PVA on graphene results in a negative shift of the Dirac 

point. Similar phenomena were also reported for single-walled carbon nanotube FETs and 

graphene using poly(ethylene imine) (PEI) from other groups.23, 33-34 This is illustrated in Figure 

2a, where the transfer curve (Ids-Vgs) after PVA exposure exhibits a shift of the neutrality point to 

more negative gate voltages under ambient conditions. In Figure 2a, our as-transferred graphene 

FETs show p-type transport behavior with highly positive Dirac points of > 40 V. The neutrality 

point of as-grown graphene device was a surpassing position gate voltage range, for instance, from 

-100 to 100 V because the as-grown graphene was heavily p-type doped, as shown in Figure S2 in 
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the Supporting Information. The reason is that the adsorption of water molecules or/and oxygen 

can affect the electrical properties of graphene.22 The intrinsic Fermi level of graphene is 

downshifted to the valence band when graphene is exposed readily to ambient air. Initially, the 

Dirac point of the graphene transistors is shifted around 5 V after as-coated graphene devices and 

then the Dirac voltage was shifted considerably to negative voltages, indicating the n-type doping 

effect of coated PVA film on monolayer graphene. The current level was reduced with ambipolar 

behavior. The Dirac point of the doped graphene transistors was shifted significantly from > 40 V 

to about -20 V after seven days. A 10 wt% doped graphene device was left under ambient 

conditions for one month, and its Dirac voltage move to positive gate voltage but the n-type doping 

behavior was still preserved, as shown in Figure 2a. The air stability of a PVA-doped graphene 

transistor was monitored by measuring the performance as a function of time, in which graphene 

was doped with a solution concentration of 10 wt% PVA and monitored for more than 30 days, as 

shown in Figure 2b. After more than 30 days, the Dirac point of these graphene devices that we 

kept in ambient air was not shifted to over 0 V and exhibited ambipolar behavior, indicating that 

the doping with PVA was still effective in air to donate electrons to the unintentional p-doping of 

graphene and recover its expected ambipolar behavior for pristine graphene. The doping-induced 

electric transport asymmetry shown in Figure 2a is caused by a combination of the neutrality point 

misalignment at the electrode/channel interface and the variable density of states of the graphene 

electrodes.34  

We find that hardening temperature is another factor that can affect the electron transport 

behavior of graphene FETs using 10 wt% PVA solution. As shown in Figure 3a, similar heavily 

p-type unipolar to ambipolar conversions were observed when using different baking temperature. 

The Dirac point of a graphene device changes as temperature increases, for instance, the 
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corresponding transfer curves (Ids-Vgs) of graphene FETs are gradually shifted from 24 V when 

hardened at 80 oC to -7 V when hardened at 150 oC. Figures 3b and 3 c show the Dirac point shift 

as a function of temperature with a standard deviation and resistance of graphene from source-

drain current modulation with various temperatures, respectively. We can also straightforwardly 

tune the Fermi level of the graphene using coated PVA films with different hardening time, as 

shown in Supporting Information Figures S3a-f. The Dirac point of PVA-doped graphene 

transistors initially induced a down-shift compared to that of the as-grown graphene, and then 

saturated as the baking time increased. Our results show that the hardening temperature and time 

can control the Dirac point of graphene devices. Figures S3a-f depict devices with or without 

coating polymer films on graphene, which show the Ids-Vds characteristics that can be interpreted 

as doped graphene. The transfer characteristics of GFETs were linear before doping. In case of 10 

wt% PVA, the total resistance including contact and channel increases to 4.6 k from 1.9 kdue 

to the reduction of carrier concentration in PVA-doped graphene devices in Figure S4a. A shift of 

the Fermi level owing to charge transfer significantly affects the carrier density in graphene. 

To estimate ability of PVA to donate electrons to graphene, we compared the Dirac point shifts 

between graphene devices based on PVA solutions with different concentrations. Because PVA 

consists of anion-rich groups, which bear presumably a lone pair of electrons, we considered anion 

molecules adsorbed on graphene. Electron carriers from these sites are pulled into the graphene 

monolayer by the downward electric field induced by a back-gate voltage, resulting in a sudden 

increase in electron density and hence increased conductance. Prior to PVA coating, we first 

confirmed the transfer characteristics and Raman spectroscopy of all as-grown graphene were the 

quality and doping level. As the extension of PVA concentration, the neutrality point of graphene 

device is readily shifted to negative gate voltage, i.e., n-type electrical switching behavior, because 
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of electron transfer to graphene from coated polymer films. The Ids-Vgs curves from low 

concentration solutions (1 wt%) of PVA-doped graphene devices do not significantly change when 

compared with that of pristine graphene transistors as shown in Figure 4a. This may be the reason 

the p-type carrier is compensated by a light n-doping, resulting in the reduction of drain current 

observed in Figure 4a. On the other hand, there was no appreciable n-dopant remaining at the low 

concentration of 1 wt%. This will be discussed in more detail later. The transfer characteristics of 

high concentration solutions (20 wt%) of PVA-coated graphene devices convert to n-type from p-

type behaviors as shown in Figure 4b, respectively.  

To confirm the n-type doping effect of PVA on as-grown graphene films and derive a better 

understanding of the interfacial electron transfer, we obtained Raman spectra from these graphene 

FETs. We characterized both the as-transferred and doped graphene films with different 

concentration solutions of PVA and compared their Raman spectra features. The G-band and G'-

band positions of as-grown graphene are ~1584 cm-1 and ~2688 cm-1, respectively.35 Previous 

reports for in situ Raman measurements using gate tuning of Dirac points found that the G-band 

position of graphene upshifts for both n-type and p-type doping.36-37 On the other hand, the G'-

band downshifts with heavy electron donation, and the G'- to G-band intensity ratio has a strong 

dependence on the doping level. As to our graphene devices, the as-grown graphene shows a slight 

upshift of G-band position due to unintentional p-type doping by oxygen and other impurities 

during the transfer process (Figures 5a and 5b). After doping with a low concentration solution of 

PVA, the graphene G-band starts to downshift to lower wavenumbers, indicating a doping effect 

that is consistent with the observed conversion from p-type to ambipolar behavior. As the PVA 

concentration increases, the G-band position upshifts as the graphene FET becomes n-type, which 

was also observed for doping by gate tuning. The evolution of the G-band FWHM is opposite to 
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that of the G-band position, which exhibits a narrowing for both electron and hole doping. 

Furthermore, the change in G'-band position is smaller than that in G-band position, as shown in 

Figure 5c. Another important parameter to estimate the doping level is the intensity ratio of G' to 

G-band. IG' to IG exhibits a strong dependence on the PVA doping concentration as shown in Figure 

5d. As PVA concentration increased, PVA peaks were clearly observed at 1362 cm-1 and 1441 cm-

1.38 The transfer characteristics of as-grown graphene and typical PVA-coated graphene devices 

are shown in Supporting Information Figures S4b and S4c, with higher hole and electron mobilities 

of ~1116 cm2V-1s-1 and ~850 cm2V-1s-1 compared with as-grown graphene FETs (hole mobility of 

~397 cm2V-1s-1), calculated from the transfer curves (Ids-Vgs ). The field-effect mobilities of 

electrons and holes were derived from the slope of the source-drain current variation from gate 

voltage to the linear regime using the equation . Here Lc and W are the channel 

length and width,  is the transconductance, C is the gate capacitance, and Vd is the source-drain 

voltage. The hole mobility for 10 wt% PVA-coated graphene devices (2200 cm2V-1s-1) showed ~2 

times that of the pristine FET (1260 cm2V-1s-1). It has been reported that n-type doping on graphene 

by the amine groups improves or recovers the electrical properties of graphene.39-40 The anion in 

the PVA film donates similarly its lone pair electron to graphene which increases the electron 

carrier density and induces n-type doping. The charge compensates the p-type doping to recover 

the intrinsic electrical properties of the as-grown graphene and induces improved charge carrier 

mobility. Both type conversion and the changed mobilities are reproducible in many graphene 

FETs that were independently prepared, as shown in Figure S5a and S5b. The Vgs dependent 

carrier density n calculated from the intrinsic mobility of CVD graphene is shown in Figure S5c. 

The intrinsic mobility of graphene FETs was derived from i = 1/nieρxx. In the case of PVA-doped 

graphene FET, the carrier concentration was derived from nPVA = /ei. We can determine the 
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carrier concentration both n- and p-type as the above step. Figure S5d shows an optical micrograph 

of graphene FETs fabricated by e-beam lithography. 

Electronic properties of graphene can be adjusted by the chemical modification.22 However, one 

drawback of chemical doping is the return of an n-type FET to p-type when exposed to air because 

the dopants are readily oxidized and lose their ability for n-type doping. For instance, graphene 

FETs doped with inorganic (NO2)41 and organic molecules (amines)34 exhibit n-type behavior in 

vacuum, but readily change to a p-type behavior on exposure to air. PEI, which contains an amine 

group, leads to doped graphene FETs that exhibit n-type behavior with a relatively high on/off 

ratio, but again changes back to p-type under ambient conditions. The 10 wt% PVA-coated 

graphene FETs results in n-type characteristics that is stable under ambient air conditions for one 

month, as shown in Figures 2a and 2b. To assess device stability, we doped graphene FETs with 

medium concentration (10 wt%) and high concentration (20 wt%) solutions of PVA, and then left 

the devices under ambient conditions for up to 3 months. The device doped with 10 wt% PVA 

solution returned to p-type characteristics (similar to as-grown graphene device) as shown in 

Figure 6a. However, after heat treatment of the sample at 150 oC for 30 min, the device fully 

recovered the n-type behavior (Figure 6b). This remarkable reversibility can be attributed to charge 

transfer as well as the passivation layer by the PVA film, which prevents ambient gases from being 

adsorbed onto the graphene surface. Although water molecules are adsorbed into the PVA films 

as time passes, these molecules can be removed by heat treatment. In Figure 6c, the corresponding 

Ids-Vgs characteristics of a device doped with 20 wt% PVA were slightly reduced, but n-type 

doping behavior was maintained under ambient conditions for up to three months. This high 

stability in PVA allows the fabrication of circuits using conventional lithography under ambient 
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conditions. It is expected that this reversible stability will prove beneficial in many aspects of 

device fabrication in the future. 

 

Conclusion 

In summary, we demonstrate a method of implementing n-type doping of as-grown graphene in 

ambient conditions using solution-based PVA coating. Varying the temperature and hardening 

time of PVA coated on graphene films can affect the extent of n-type doping level. Furthermore, 

the graphene FETs can be converted from p-type transport behavior to ambipolar and n-type 

transport behavior by PVA doping with different concentration solutions. We also demonstrate 

long-term stability of the n-doped graphene transistors, up to three months in ambient conditions. 

The highly stable n-doping originates from molecular charge transfer doping and PVA films act 

as a passivation layer against p-doping from chemical species in the ambient environment. We 

believe our approach will improve the long-term stability of doped graphene FETs, further 

enabling us to fabricate basic logic circuits that are stable under ambient conditions. 
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Figure 1. (a) SEM image of as-grown graphene on a copper substrate grown via ACCVD. (b) 

Intensity ratio of G'- to G-band of scanning Raman spectroscopy using an excitation energy of 

514.5 nm (2.41 eV). (c) Schematic illustration of polymer-films-coated graphene field-effect 

transistors with source, drain, and gate electrodes. (d) Corresponding SEM image of graphene 

transferred onto SiO2/Si substrate (600 nm thick oxide layer) between the source/drain electrodes 

(channel length = 5 m, width = 20 m).  

Figure 2. Corresponding electronic transport properties of 10 wt% PVA-treated graphene devices. 

(a) Stability of transfer characteristics of 10 wt% PVA graphene devices as a function of time 

evaluation under ambient conditions (channel length = 20 m, width = 10 m, Vds = -10 mV). (b) 

Dirac point shift of the 10 wt% PVA-coated graphene transistors in terms of assessment time under 

ambient conditions.  

Figure 3. Electronic properties of PVA-doped graphene transistors (channel length = 10 m, width 

= 10 m). (a) Corresponding Ids-Vgs characteristics of 10 wt% PVA-coated graphene devices as a 

function of different hardening temperature for 10 min. (b) Dirac point position shift of graphene 
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transistors depend on diverse hardening temperature with standard deviation. (c) Resistance of 

graphene depending on different hardening temperature. 

Figure 4. Comparisons of electronic properties between high concentration (20 wt%) PVA-treated 

CVD graphene transistors and low concentration (1 wt%) PVA-treated devices. (a) Corresponding 

transfer (Ids-Vgs) characteristics of as-grown and low concentration solution of PVA-doped 

graphene devices as a function of gate voltage before and after doping, respectively. (b) 

Corresponding transfer curves of as-grown and high concentration solution (20 wt%) of PVA-

doped graphene transistors as a function of gate voltage before and after doping, respectively. 

Figure 5. (a) Raman spectra of monolayer graphene doped with various concentration solutions 

of PVA on a SiO2/Si substrate. The intensity of G'- to G-band ratio of as-grown graphene was > 2, 

while the peak position of G- and G'-bands are ~1585 cm-1 and ~2688 cm-1. The stars indicate the 

Raman features from the PVA films. (b) G-band position shift and its FWHM in terms of PVA 

concentration, respectively. (c) G'-band position shift of monolayer graphene as a function of PVA 

concentrations. (d) Intensity of G'- to G-band ratio as a function of various concentration solutions 

of PVA. 

Figure 6. Long-term stability of n-type doping. (a) Corresponding Ids-Vgs characteristics of as-

grown, as-doped (10 wt%), and after 104 days of graphene transistors under ambient air conditions, 

respectively. (b) Corresponding Ids-Vgs characteristics of lightly doped (10 wt%) graphene devices 

after 104 days and after re-heat treatment at 150 oC. (c) Stability of Ids-Vgs characteristics of 20 wt% 

PVA-doped graphene devices after 63 days, 90 days, and 104 days, respectively. 
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Figure 3. Kim et al.  
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Figure 4. Kim et al. 
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Figure 5. Kim et al. 
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Figure 6. Kim et al. 
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Figure S1. Raman spectroscopy using an excitation energy of 488 nm (2.54 eV) for as-grown 

graphene on SiO2/Si substrate. 

 

Figure S2. Corresponding transfer characteristics of as-grown graphene device. 



 S3

 

Figure S3. (a) - (f) Ids-Vg characteristics of 10 wt % PVA-doped graphene transistors with 

different baking temperature and time.  



 S4

 

Figure S4. Ids-Vg characteristics before and after 10 wt % PVA-coated graphene devices under 

ambient conditions (Vds = -10 mV). (a) Ids-Vds curves before and after PVA doped. (b) Transfer 

curve for as-grown CVD graphene transistor. (c) Transfer curve for 10 wt % PVA coated 

graphene devices under ambient air condition. 
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Figure S5. (a) Ids-Vgs characteristics and transconductance as a function of gate voltage for 10 

wt % PVA-doped graphene transistors (Vds = -10 mV). (b) Mobility before and after 1, 10, and 

20 wt % PVA coated graphene devices. (c) Carrier concentration of graphene as a function of 

gate voltage. (d) Optical microscopy image of the graphene device. 
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