
We investigated the chemical sensing

mechanism of epitaxial graphene grown on

6H-SiC (0001) to different polar solvents and

their behavior at higher temperatures. We

show that at 300 K the sensitivity of the

graphene sensor increases exponentially

with the dipole moment of a solvent and

decreases significantly as the temperature

increased to 425 K. Using electrical

measurements, we also show that graphene

can effectively discriminate between polar

protic and polar aprotic solvents with the

shift in device electrical resistance at 300 K.
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Abstract

Introduction

Conclusions
In summary, using the change in device

electrical characteristics, we have

demonstrated the feasibility of epitaxial

graphene as an organic solvent sensor. This

sensor can uniquely discriminate between

polar protic and polar aprotic solvents at 300

K but this effect is limited at elevated

temperatures. For all six solvents tested

here, we observed an exponential increase

in sensitivity with the increase in the

solvents dipole moment at 300 K. The

sensitivity decreased significantly when the

temperature rose to 425 K. However, the

response rate and the recovery times of the

sensor increased substantially at an

expense of sensitivity.
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Figure 1 - I-V characteristics of fabricated graphene sensor

exposed to various polar protic and aprotic chemicals. Inset:

device structure of the sensor used in this study

Figure 3 - Sensing behaviour of graphene to polar protic and

aprotic solvents at 300 K

Figure 4 - Sensing behaviour of graphene to polar protic

and aprotic solvents at 425 K

Figure 5 - Temperature dependent chemical sensitivity of

epitaxial graphene to protic and aprotic solvents
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Figure 2 - Relationship between the dipole moment of a

solvent and the sensitivity of the sensor

Graphene, a two dimensional form of carbon,

has been demonstrated as a promising

sensing material because of its unique

physiochemical properties such as ultrahigh

surface-to-volume ratio, excellent thermal

and electrical conductivity and extraordinary

carrier mobility at room temperature [1].

Previous studies have shown that graphene

can be extremely sensitive to various gases

with a single molecule detection limit for

certain gas species [2].

However, a substantial proportion of these

studies were performed either on graphene

oxide or mechanically exfoliated graphene,

which are not suitable for large scale

industrial production [3].

When considered for practical applications,

epitaxial graphene grown on SiC is desirable,

because of its ability to produce wafer size

films directly on insulating SiC substrates.

Moreover, the chemical sensing behaviour of

graphene to various organic solvent vapors

has been overlooked in the literature. The

effect of temperature on the chemical

sensing mechanism of graphene has not

been discussed to date. Since military and

aerospace applications require operation of

devices over a range of temperatures,

addressing the sensing mechanism of

graphene with temperature is also of great

interest. Moreover, chemical sensitivity of

graphene to organic solvent vapours has

been overlooked in the literature. The effect

of temperature on the sensing mechanism of

graphene has also not been discussed to

date. As military and aerospace applications

require operation of devices over a range of

temperatures, addressing the sensing

mechanism with temperature is of great

interest.

In this work we show that the epitaxial

graphene grown on 6H-SiC (0001) is

sensitive to a variety of chemicals including

polar protic (hydrogen peroxide (H2O2), DI

water (H2O)) and polar aprotic (Di-Methyl

Acetamide (DMA), Di-Methyl Sulphoxide

(DMSO), Acetic anhydride and N-Methyl-2-

Pyrrolidone, (NMP)) solvents.

We also show that the sensitivity of our

graphene sensor increases exponentially

with the increase in dipole moment but

decreases substantially with temperature.

The graphene films were synthesized on

semi-insulating, 6H-SiC (0001) substrate at

1500°C in a vacuum of ~10-5 mbar [4, 5].

The inset of Fig. 1 shows the prototype

sensor structure used in this study, where

seventy devices were fabricated on a

5X5mm2 sample. These devices were

electrically isolated by lithographically

patterning the graphene film into mesas by

means of SF6 based reactive ion etching.

Ti/Au (10nm/300nm) metal films were then

deposited on the patterned graphene using

e-beam evaporation, followed by lift-off in

warm acetone (~50˚C).

In order to eliminate any photo-resist

contamination and its possible impact on the

electrical and sensing properties of the

graphene, the sample was annealed in an

N2/H2 atmosphere at 400˚C for 120 sec using

rapid thermal processing system prior to the

measurements. The ohmic nature of the

contacts was verified from the linear I-V

characteristics (Fig. 1) as expected for a

graphene-metal based system. The baseline

resistance of all the devices on the sample at

300 K varied between 20 kΩ to 30 kΩ. To

avoid the current variation between devices,

all results reported in this work are extracted

from the same device.

For chemical sensing experiments, two polar

protic solvents (H2O2 and H2O) and four polar

aprotic solvents (NMP, DMSO, DMA and

acetic anhydride) were used. For each

chemical, the change in electrical resistance

of the device was recorded upon exposure.

The analyte exposure started at t = 0 sec,

and at t = 120 sec, the response of the

device was measured, having allowed

sufficient time for the analyte to adsorb on to

the graphene surface. This was repeated five

times to obtain an average response for each

analyte tested.

After each measurement the sample was

cleaned with DI water and ambient annealed

at 150˚C to recover the sensors initial state

before the next measurement. Repeated

exposure and annealing cycles showed no

‘poisoning’ effects of these chemicals on the

device performance.

Experimental

As graphene on SiC is usually n-doped [6], upon exposure to polar chemicals, negative surface

charges on graphene are expected to attract the positive-charged poles of molecules, which strongly

adsorb to the graphene. This strong interaction leads to charge transfer between the adsorbed analyte

and graphene, shifting the Fermi level in the graphene above or below the Dirac point [7]. Such types

of chemical doping by analyte molecules can affect the charge carrier density of the graphene film. At

300 K, aprotic NMP with a high dipole moment of 4.09 D showed the strongest response with 27%

decrease in resistance, while protic H2O2 with a low dipole moment of 2.01 D showed the lowest

response with 15 % increase in resistance (Fig. 2) .

The increase and decrease in resistance change is attributed to the electron donating and withdrawing

behavior of these chemicals. For example, aprotic solvents with strong electron donating groups such as

carbonyl (C=O) and sulphoxide (S=O) exert an electron pumping effect into the graphene during

exposure, resulting in larger reduction in resistance. Whereas, protic solvents with attached hydroxyl

groups (-OH groups) exert an electron withdrawing effect and leads to an increase in resistance.

The observed response to all the solvent

vapours was rapid and clearly showed

discriminating behavior between protic and

aprotic solvents (Fig. 3). Fig. 4 shows the

discriminating behavior of protic and aprotic

solvents at 425 K, in which all the chemicals

have shown a very weak response (less than

5%) except NMP which still showed ~7%

change.

With every 25 K rise in temperature, a rapid

decrease in sensitivity was recorded for all the

solvent types (Fig. 5). This decrease is

attributed to the rise in vaporization rate of

molecules with the increasing temperature,

resulting in decrease in the equilibrium

concentration of analyte molecules on the

graphene surface.
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