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The use of graphene grown by chemical vapor deposition to fabricate solution-gated field-effect

transistors (SGFET) on different substrates is reported. SGFETs were fabricated using graphene

transferred on poly(ethylene 2,6-naphthalenedicarboxylate) substrate in order to study the influence

of using a flexible substrate for pH sensing. Furthermore, in order to understand the influence of

fabrication-related residues on top of the graphene surface, a fabrication method was developed for

graphene-on-SiO2 SGFETs that enables to keep a graphene surface completely clean of any residues

at the end of the fabrication. We were then able to demonstrate that the electrical response of the

SGFET devices to pH does not depend either on the specific substrate on which graphene is

transferred or on the existence of a moderate amount of fabrication-related residues on top of the

graphene surface. These considerations simplify and ease the design and fabrication of graphene pH

sensors, paving the way for developing low cost, flexible, and transparent graphene sensors on

plastic. We also show that the surface transfer doping mechanism does not have significant influence

on the pH sensing response. This highlights that the adsorption of hydroxyl and hydronium ions on

the graphene surface due to the charging of the electrical double layer capacitance is responsible for

the pH sensing mechanism. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4819219]

I. INTRODUCTION

Graphene, a two-dimensional material of sp2-bonded car-

bon atoms arranged in a honeycomb lattice, has attracted tre-

mendous interest in the last few years due to its outstanding

electrical, optical, and mechanical properties.1–3 Numerous

electronic applications are being targeted by this material,

including high frequency transistors,4 frequency multipliers5

and mixers,6 solar cells,7 and flexible displays.8 Furthermore,

graphene, being an all-surface material with very high carrier

mobility, is also very promising for chemical sensing

applications9–11 that require high sensitivity, low noise, and a

fast response. In addition, graphene grown by chemical vapor

deposition (CVD) possesses the attractive advantage of ena-

bling integration in large area and flexible substrates.12

Specifically, solution-gated graphene field effect transistors

have great potential to accurately detect pH9,10 as well as bio-

molecule sensing,13,14 and also to record cell activity.15,16

Graphene-based chemical sensors also show an intri-

cate response of their transfer characteristics to changes in

electrolyte properties, such as salt concentration, type of

ions, or pH.17 In addition, they could be expected to be sen-

sitive to the substrate underneath and the amount of resi-

dues left on top of graphene during device processing;

however, these two issues have not been studied in detail.

And yet, in sensing experiments, the specific electric signal

from targeted biomolecules could be obscured by signal

perturbations like substrate charging effects as well as

charging effects of ionizable groups on residues at the gra-

phene surface.17–19 Understanding the influence of these

different elements on the sensor response will enable to

improve the intrinsic graphene sensor response to targeted

molecules.

In this article, after describing our fabrication methods

for graphene solution-gated field-effect transistors (SGFETs)

on SiO2 and poly(ethylene 2,6-naphthalenedicarboxylate)

(PEN) substrates, we compare the pH dependence and

sensitivity of the electrical response of graphene SGFETs on

these two substrates. We also compare the pH sensitivity of

graphene-on-SiO2 SGFETs that have either a moderate

amount of fabrication-related residues on top of the graphene

surface or a graphene surface completely clean of residues.

These comparisons emphasize that the use of a flexible sub-

strate as well as the presence of moderate amounts of organic

residues on top of the graphene surface does not significantly

influence the pH sensing mechanism. Finally, by fabricating

graphene SGFETs on octadecyltrichlorosilane (OTS) sub-

strate, we demonstrate that the surface transfer doping effect

has a weak effect on the graphene pH sensing mechanism.

II. EXPERIMENTAL: FABRICATION METHODS

In this work, single-layer graphene films were grown by

low-pressure CVD on copper foils.20 Copper substrates are

first annealed at 1000 �C at 350 mTorr in hydrogen gas toa)tpalacios@mit.edu.
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remove native oxide and improve surface morphology. They

are then exposed to CH4 at 1.6 mTorr to initiate graphene

growth. Raman characterization of the graphene film shows

that it is more than 90% monolayer. Subsequently to the

growth, a polymethyl methacrylate (PMMA) layer is coated

on top of the graphene film and the copper substrate is etched

away in copper etchant (CE-100 Transene). After cleaning in

diluted HCl, the graphene film is transferred either on a Si/

SiO2 substrate or onto a PEN Teonex
VR

(Teijin DuPont) sub-

strate 125 lm thick. In order to study the influence of

fabrication-related residues on pH sensing, two types of gra-

phene SGFETs were fabricated: devices with a graphene sur-

face completely clean of residues and devices with residues

on top of the graphene surface. For the fabrication of gra-

phene-on-SiO2 transistors clean of residues, the removal of

the PMMA layer was done by a high temperature anneal at

500 �C in H2/Ar atmosphere that completely removes the

PMMA layer and any residues left on the graphene surface.

In the case of graphene-on-SiO2 transistors with residues on

top of the graphene surface as well as in the case of gra-

phene-on-PEN transistors, in order to remove the PMMA

layer, the transferred film was first exposed to acetone vapor

to partly dissolve the PMMA layer while ensuring a good ad-

hesion of the graphene to the substrate, and then the substrate

was dipped in acetone to dissolve the remaining PMMA

layer completely. This acetone cleaning process leaves a

moderate amount of residues on top of graphene.

In the case of graphene-on-PEN transistors, prior to the

graphene transfer, metal ohmic electrodes (Ni/Au, 20 nm/40

nm, Ni being used as the adhesion layer) were fabricated on

the PEN substrate by a low temperature thin film metalliza-

tion process, photolithography patterning, and subsequent

local wet etching of both Au and Ni layers. In the case of

graphene-on-SiO2 transistors, metal ohmic electrodes (Ti/Pt/

Au, 2.5 nm/45 nm) were fabricated on the Si/SiO2 substrate

by photolithography patterning and e-beam evaporation of

metals. This bottom-contact process ensures that the metal-

graphene interface is clean of any polymer residue (e.g.,

PMMA) from the transfer process. Photoresist residue is typ-

ically found in top-contact electrodes, which increases the

contact resistance.21 For the graphene patterning for gra-

phene-on-SiO2 transistors arrays, a thin layer of methyl

methacrylate (MMA) was used as a protective layer spin-

coated on the graphene. Subsequently, a layer of OCG 825

photoresist was spin coated. After defining the device struc-

tures with photolithography, the devices were isolated with

an O2 plasma etch. An acetone rinsing was then performed

to remove the photoresist and the MMA layers. Finally, an

annealing at 500 �C with H2/Ar flow allowed the complete

removal of the MMA residues left on the graphene surface

as shown in Figure 1 below. For the purpose of the study of

the influence of fabrication-related residues on pH sensing,

the high temperature annealing was not performed in the

case of graphene-on-SiO2 transistors for which we purposely

wanted to have the residues on top of the graphene surface.

Figure 1 shows the atomic force microscopy (AFM)

images of graphene with and without residues on top at the

end of the fabrication process of the graphene-on-SiO2 tran-

sistors. It is worth noticing here that in the case where the

graphene surface has residues on top, there is a high density

of residue particles but the residues (i.e., mainly photoresist

residues) do not form a continuous layer covering entirely

the graphene surface. For the case of the graphene surface

without residues, the root mean square (RMS) surface

FIG. 1. (a) Optical micrograph of a

sensor array on Si/SiO2. The inset on

the bottom right corner shows the

detail of a CVD-grown graphene-on-

SiO2 transistor before depositing the

insulation. (b) Raman spectrum for a

wavelength k¼ 532 nm confirms the

presence of mono-layer graphene. (c)

AFM image obtained with a Veeco

Dimension 3100 system of the gra-

phene surface for graphene-on-SiO2

transistors that were fabricated with

the method that completely cleans the

graphene surface of any fabrication

related residues. (d) AFM image of the

graphene surface for graphene-on-SiO2

transistors that were fabricated with

the method that leaves organic residues

on top of the graphene surface.

084505-2 Mailly-Giacchetti et al. J. Appl. Phys. 114, 084505 (2013)
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roughness is of the 5� 5 lm2 size image (0.65 nm), which is

very close to the one of silicon dioxide without graphene on

top (�0.4–0.5 nm). In the case of the graphene surface with

residues on top, there is an increase in RMS surface rough-

ness (2.1 nm) compared to the case of very clean surface of

graphene (0.65 nm).

After the fabrication of graphene transistors, the devices

were integrated in a chip carrier and wirebonded for easy elec-

trical characterization. We then covered the chip carrier and

the transistor electrodes with silicone rubber (Dow Corning

370) in order to prevent the direct contact of the wires and

most of the metal electrodes with the electrolyte. The leakage

current between the gate electrolyte and the source contact was

always negligible (�1 nA) thanks to this electrical insulation.

III. RESULTS AND DISCUSSION

A. Impact of fabrication-related residues on pH
sensing

After fabrication, the devices were then immersed in a

10 mM phosphate buffer solution pH 7 with an ionic strength

adjusted to 100 mM with sodium chloride. In all pH sensing

experiments, aliquots of 0.5 M HCl and NaOH were added to

change the pH of the solution. The solution was constantly

stirred at 140 rpm. The SGFETs were gate biased by intro-

ducing an Ag/AgCl reference electrode into the solution in

contact with the devices. To characterize the performance of

the fabricated devices, the drain and source contacts of the

graphene transistors, as well as an Ag/AgCl reference elec-

trode, were connected to an Agilent 4155 Semiconductor

Parameter Analyzer. The drain-source voltage Vds was set to

50 mV, and the gate-source voltage Vgs sweep was limited in

a window range of 0.5 V around the Dirac point to avoid the

creation of surface defects as mentioned elsewhere.22

First, the influence of resist residues left during photoli-

thography processing on top of graphene was studied by

comparing the pH sensitivity obtained for a graphene surface

completely clean of residues and a graphene surface with

residues on top.

The graphene-on-SiO2 transistor transfer characteristics

for a graphene with and without residues and their depend-

ence with pH are shown in Figure 2.

In both devices, the Dirac point in the graphene transistor

shifts linearly towards more positive voltages when the pH is

increased. This allows pH sensing by measuring the graphene

electrical characteristics. The shift of the Dirac point is due to

the increase in negative charge close to the graphene when

the pH increases and indicates that the electrochemical dou-

ble layer at the graphene/electrolyte interface is sensitive to

pH allowing the capacitive charging of the surface by H3Oþ

or HO� ions.9 The more significant p-doping effect in gra-

phene with a surface clean of residues is essentially attributed

to the high temperature annealing used to clean the surface

since we consistently observe in our devices a strong

p-doping induced by high temperature annealing.

For a graphene surface with residues on top, the pH sen-

sitivity is 21 mV/pH and in the case of a graphene surface

clean of residues, the pH sensitivity is 22 mV/pH. Thus,

these very similar pH sensitivities highlight that photoresist

residues on top of graphene are not directly influencing the

pH sensing mechanism. This observation opposes the hy-

pothesis that the presence of ionizable acidic groups in resist

residues could create pH-dependent surface charges in the

vicinity of graphene responsible for the dependence of its

electrical response with pH.17 This observation also simpli-

fies the processing of graphene pH sensors since the presence

of a reasonable amount of residues will not influence the pH

sensitivity.

Besides, it is worth noticing that this sensitivity is quite

similar to the one reported at the Dirac point for mechani-

cally exfoliated graphene on SiO2(26 mV/pH)10 and for epi-

taxial graphene on silicon carbide(19 mV/pH).22 Similar

sensitivity was also found in suspended graphene.11

B. Impact of the use of a flexible substrate for pH
sensing

In order to pave the way for flexible graphene pH sen-

sors, the influence of a PEN substrate compared to a SiO2

substrate was studied. Figure 3 illustrates the structure of a

graphene-on-PEN transistor and shows its transfer character-

istics, compared to a graphene-on-SiO2 device.

The graphene transferred to both SiO2 and PEN is

p-doped as it is usually observed for graphene grown by

CVD.23–25 However, graphene-on-SiO2 is more p-doped

than the one on PEN, which is attributed to the high tempera-

ture annealing performed during fabrication of graphene-

on-SiO2 transistors. The transconductance gm ¼ @Id

@Vgs
is a key

parameter determining the sensitivity of the sensor since it

corresponds to the modulation of the sensor output (the

drain-source current Id) for a small variation of gate-source

FIG. 2. Transfer characteristics of a 20

� 40 lm2 graphene-on-SiO2 SGFET at

a constant drain-source voltage of

Vds¼ 50 mV for different pH (a) with

a graphene surface completely clean of

residues, (b) with residues on top of

the graphene surface. Top-right corner

insets show the linear relation between

the shift at the Dirac point VDIRAC
gs and

the pH.

084505-3 Mailly-Giacchetti et al. J. Appl. Phys. 114, 084505 (2013)
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voltage Vgs. The maximum transconductance of the gra-

phene-on-PEN device is 1020 lS in the hole conduction re-

gime and 716 lS in the electron conduction regime. When

normalized by the transistor width, the maximum transcon-

ductance of the transistor is then 1 mS mm�1, which is 5

times smaller than the transconductance of the reference gra-

phene-on-SiO2 devices. It should be noted that the transcon-

ductance for graphene on silicon dioxide is more than an

order of magnitude higher than conventional planar silicon

SGFET technology.23,26,27 This is due to the high interfacial

capacitance28 at the graphene/electrolyte interface as well as

the high carrier mobility in graphene.23

The higher transconductance in graphene-on-SiO2 devi-

ces can be attributed to the higher carrier mobility on silicon

dioxide than on PEN. Indeed, the field effect carrier mobility

in a transistor lFE can be calculated using lFE ¼ 1
Cint

@r
@Vgs

,

where Cint is the interfacial graphene/electrolyte capacitance

and r is the conductance. Following the interfacial capaci-

tance model described in Ref. 28, we can extract a maximum

carrier mobility of 300 cm2 V�1 s�1 for the graphene-on-PEN

transistor and of 1250 cm2 V�1 s�1 for the graphene-on-SiO2

transistor. The lower carrier mobility in the graphene-

on-PEN devices is expected because the PEN substrate

has more than 10 times higher RMS surface roughness

(�5–10 nm) than SiO2 (�0.4–0.5 nm), which increases car-

rier scattering and degrades graphene transport properties.29

The dependence of the graphene-on-PEN transistor

transfer characteristics with pH is shown in Figure 4.

As shown in Figure 4, the Dirac point shifts linearly

with the pH, with a sensitivity of 22 mV/pH. The same sensi-

tivity at the Dirac point was found with a transistor of size

100� 1000 lm2 confirming that the pH sensitivity is inde-

pendent of the transistor size. The very similar sensitivity

values obtained in the graphene-on-PEN and graphene-on-

SiO2 devices highlight that the use of a flexible substrate

does not significantly influence the electrical response of the

devices to pH. Therefore, the pH response observed in our

graphene transistors is not likely to arise from substrate

charging effects of the silicon dioxide. This is contrary to

what has been observed in Si/SiO2 ion-sensitive field-effect

transistors (ISFET), where the pH sensing mechanism comes

from SiO2 surface charging effects.30 However, in the case

of graphene, the absence of substrate charging effects is

expected since graphene is believed to be impermeable to

most gases and liquids,31,32 which would prevent the direct

interaction of ions in the electrolyte with the substrate. In a

FIG. 3. (a) Optical image of an array

of graphene chemical sensors on plas-

tic substrate. The inset on the bottom

right corner shows a detail of one of

the devices. (b) Schematic illustration

of a graphene-on-PEN solution-gated

transistor. Transfer characteristics in a

10 mM phosphate buffer solution of (c)

20� 1000 lm2 graphene transistor on

PEN as well as of (d) 20� 40 lm2 gra-

phene transistor on SiO2 for a drain-

source voltage Vds¼ 50 mV.

FIG. 4. Transfer characteristics of a 50� 1000 lm2 graphene-on-PEN

SGFET at a constant drain-source voltage of Vds¼ 50 mV for different pH

values. Top-right corner inset shows the linear relation between the Dirac

point shift VDIRAC
gs and the pH.

084505-4 Mailly-Giacchetti et al. J. Appl. Phys. 114, 084505 (2013)
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similar way, it has also been reported that the pH response of

single-walled carbon nanotubes (SWNT) is not influenced by

the substrate.19

In addition, the use of the graphene-on-PEN devices for

real time monitoring of pH was also demonstrated. In these

measurements, the voltage between gate and source was

fixed first at Vgs¼ 0.22 V and in a second experiment set to

Vgs¼�0.01 V to show pH monitoring in both the hole and

electron conduction regimes enabled by the ambipolar trans-

port properties of graphene. As shown in Figure 5, the

change in pH as a function of time is recorded as a change in

the drain-source current Id. The variations of Id value with

pH changes in both conduction regimes are consistent with

the shift of the entire transfer characteristics curve. It should

be noted that the pH sensing exhibits a good reversibility,

although there is a small decrease in the current level after

going down to very acidic pH.

C. Influence of the surface transfer doping effect on
pH sensing

After showing that neither residues nor the substrate

underneath graphene has significant influence in the pH sens-

ing mechanism of our devices, the influence of a surface trans-

fer doping effect was studied. Surface transfer doping is a

mechanism that takes place in many gas-sensing experiments

with graphene.33–35 Indeed, some gas molecules when they

adsorb on the graphene surface, it induces a charge transfer

from the adsorbed gas molecules (or graphene) to graphene

(or the adsorbed gas molecules). Therefore, a doping of the

graphene sheet occurs through this surface charge

transfer.33,36–38 In this mechanism, there is no electrostatic

gating effect taking place as no gate bias can be applied to the

gas.

To study the influence of surface transfer doping, gra-

phene was transferred on an OTS substrate. According to

Wang et al.,39 the OTS substrate should reduce the chemical

reactivity and the electron transfer reaction rate of graphene.

Thus, if surface transfer doping has a significant influence in

the pH sensing, a clear decrease in pH sensitivity should be

observed for graphene-on-OTS SGFET.

OTS self-assembled monolayers were formed on a SiO2

substrate, by exposing the substrate to an OTS solution

(Sigma-Aldrich, 90%), diluted to 10 mM in toluene, over-

night in a closed vial, then rinsed in fresh toluene and blown

dry with nitrogen. Then, graphene was transferred on the

substrate (which was already pre-patterned with the metal

electrodes) and the fabrication technology described earlier

for the graphene SGFET was performed in these devices.

The dependence of the graphene-on-OTS transistor

transfer characteristics with pH is shown in Figure 6.

We observe that the graphene is slightly n-doped. This

very small n-type doping can be attributed to the absence of

high temperature annealing during fabrication and to the

increased distance between the graphene and the charged

impurities in SiO2 due to the presence of the OTS layer that

could further screen the charged impurities. A pH sensitivity

of 18 mV/pH was found in this case, which is quite similar to

the one obtained for graphene on SiO2. This result seems to

support that surface transfer doping only has a weak effect in

the pH sensing mechanism, at least under the conditions

tested in this work.

Therefore, from all these pH sensing experiments, we

can conclude that the electrostatic gating effect that induces

FIG. 5. pH monitoring with a 50� 1000 lm2 graphene-on-PEN SGFET by

recording the drain-source current Id versus time while changing the pH: (a)

For a gate-source voltage Vgs¼ 0.22 V and (b) for Vgs¼�0.01 V.

FIG. 6. Transfer characteristics of a 20� 40 lm2 graphene-on-OTS SGFET

at a constant drain-source voltage of Vds¼ 50 mV for different pH values.

Top-right corner inset show the relationship between the Dirac point shift

VDIRAC
gs and the pH.

084505-5 Mailly-Giacchetti et al. J. Appl. Phys. 114, 084505 (2013)
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a specific adsorption of hydroxyl and hydronium ions at the

graphene surface by capacitive charging of the electrical

double layer is the main mechanism responsible for the pH

sensitivity of graphene.9 This is in agreement with the theo-

retical study that shows that there is a specific adsorption of

hydroxyl and hydronium ions at the graphene surface with

gate bias in the solution.40

IV. CONCLUSION

In summary, we demonstrated that graphene grown by

CVD can be well integrated on plastic substrates for the fab-

rication of high performance pH sensors with the same pH

sensitivity as on silicon dioxide. We further showed that nei-

ther the use of a flexible substrate nor the presence of moder-

ate amounts of organic residues on top of graphene

significantly influences the electrical response of graphene

SGFETs to changes in pH. These considerations simplify

and ease the fabrication of graphene pH sensors. Finally, we

observed that surface transfer doping mechanism has only a

weak influence on the pH dependence response of graphene

SGFET, which highlights that the adsorption of hydroxyl

and hydronium ions on the graphene surface due to the

charging of the electrical double layer capacitance is respon-

sible for the pH sensing mechanism.
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