Intrinsic Response of Graphene Vapor Sensors
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Abstract

Graphene is a purely two-dimensional material that has extremely favorable chemical sensor properties.
It is known, however, that conventional nanolithographic processing typically leaves a resist residue on
the graphene surface, whose impact on the sensor characteristics of the system has not yet been
determined. Here we show that the contamination layer both degrades the electronic properties of the
graphene and masks graphene’s intrinsic sensor responses. The contamination layer chemically dopes
the graphene, enhances carrier scattering, and acts as an absorbent layer that concentrates analyte
molecules at the graphene surface, thereby enhancing the sensor response. We demonstrate a cleaning
process that verifiably removes the contamination on the device structure and allows the intrinsic

chemical responses of graphene to be measured.



Graphene is a zero bandgap semimetal with extraordinary electronic'™ and mechanical properties’.
Comprised of a single layer of carbon with every atom on its surface, graphene is a purely two-
dimensional material and an ideal candidate for use as a chemical vapor sensor. It has been reported that
the absorption of individual gas molecules onto the surface of a graphene sensor leads to a detectable
change in its electrical resistance’. It is known, however, that typical nano-lithographic processes can
leave an uncontrolled residue on graphene® whose impact on device transport and vapor sensing
properties has not been fully explored. Moreover, the intrinsic sensitivity of graphene to gaseous vapors
can only be determined through the use of samples where contamination from lithographic processing
has been measured and verifiably removed. Graphene vapor sensors that are known to be free of
chemical contamination should then be amenable to (bio)molecular surface modification to control their
chemical sensitivity, as has been done for carbon nanotubes’ and semiconductor nanowires.'’ They
should also allow quantitative modeling of their sensor characteristics.''

Here we report on experiments where the structural and electron transport properties of a graphene
field effect transistor (FET) were measured immediately after mechanical exfoliation, after contact
fabrication using electron beam lithography (EBL) and thin film deposition, and after a cleaning process
based on that suggested in Ref. ¥ We find that standard EBL processing left the graphene covered by a
~I-nm thick contamination layer that has a substantial impact on the transport properties and vapor
sensor responses of the device. The contamination layer was removed by a high temperature cleaning
process in a reducing (H,/Ar) atmosphere, enabling measurements of the properties of the pristine
device. Compared to the as-fabricated (contaminated) device, we find that the clean device has roughly
one-third the concentration of doped carriers, four-times higher carrier mobility, and much weaker
electrical response upon exposure to chemical vapors. An electrical current annealing process has been

found to provide similar reductions in chemical doping and carrier scattering.” '* '



Samples were made using mechanical exfoliation to deposit graphene sheets onto an oxidized silicon
substrate (300 nm oxide thickness) with prefabricated gold alignment markers. Few-layer graphene
sheets were identified by optical microscopy'* and located with respect to the alignment markers.

Atomic Force Microscopy (AFM) was used to measure the graphene thickness. Au/Cr source and
drain electrodes were then fabricated using EBL and thin film evaporation. Polymethylmethacrylate
(PMMA) was used as the electron beam resist (Microchem Corp., C4 950); the resist was exposed with
a 30keV electron beam at a dose of 500 uC/cm” and then developed according to manufacturer
instructions. After electrode deposition by thermal evaporation and a liftoff step, the surface topography
was again measured by AFM, showing evidence of contamination, presumably by residual electron
beam resist. (see below). We conducted current-gate voltage (I-V) measurements of the device using
the p™" Si substrate as the back gate, and measured changes in electrical current upon exposure to
chemical vapors at varying concentration. At this point the sample was cleaned by heating in flowing
Hy/Ar (850 sccm Ar, 950 sccm Hy) at 400 °C for 1 h.? Finally, AFM, electron transport, and vapor
response data were collected on the cleaned sample for comparison with that obtained from the
contaminated device. For the vapor response measurements, gas flows containing analyte vapors of
known concentration were created using a bubbler system, as described previously.”” High purity
nitrogen was used to flush the device between exposure to analyte-containing gas flows.

Fig.1a shows the AFM image of a typical graphene sample, shown schematically in Fig.1b. The as-
exfoliated graphene film is 0.8 nm thick, and therefore presumed to be a bilayer (Fig. 1c, black line scan
data). After EBL, the measured thickness is 1.8 nm (Fig. 1c, blue data), with the thickness increase
attributed to the presence of PMMA residue. From the [-Vg characteristic (Fig. 1d, red data), and
assuming a combination of short-range and long-range carrier scattering we find a carrier mobility of
1600 cm?/V-s."? The I-V characteristic is hysteretic, similar to that of carbon nanotube FETs, where
this phenomenon was attributed to charge injection into surface traps.'® " This mechanism may be
relevant to graphene devices as well. The charge neutrality point (point of minimum conductivity)

occurs at ¥, ~ 30 ¥, corresponding to a doped carrier density of 2.2 x 10"%/cm*at ¥, = 0.



(b) )

Graphene

vg -
4 0.8
| {G} —— Exfoliated Graphene Sheet (d} — After Cleaning
—_— 3 —— After Ebeam Lithography ﬁ 1 —— Before Cleaning
E 9 After ArfH, Cleaning e 0.6
— i —
0 2- >
3 = 04
c
1+ ©
S =)
= 2 0.2
= 0+ o
: Q
-1 e 0.0 : : : :
0 1 2 3 4 0 10 20 30 40 50
X (um) Gate (V)

Figure 1 (a) AFM image of a graphene device. (b) Device schematic. (c) AFM line scans of the same
device after exfoliation (black data; 0.8 nm thickness), after electrode fabrication by e-beam lithography
(EBL) (blue data, ~ 2 nm thickness) and after a cleaning bake at 400°C in Ar/H; (red data, 0.8 nm
thickness). The Ar/H, cleaning process removes the residue of the EBL resist. (d) Measured electrical
conductivity versus gate voltage for the device before and after cleaning (red and black data,

respectively). The cleaning step leads to significantly improved electronic properties.

We see profound changes in the AFM data and the electrical transport measurements after the
cleaning bake. AFM line scans show a sample thickness of 0.8 nm, exactly equal to that of the as-
exfoliated graphene (Fig lc, red line scan data). From the I-V data (Fig. 1d, black data), we find that

the carrier mobility has increased by a factor of approximately four to 5500 cm?/V-s, and that the doped



carrier density at J, = 0 has been reduced by two-thirds to 7.0 x 10"/cm?. The hysteresis in the -V is

much smaller than that observed before the cleaning step. We conclude that the resist residue leads to
carrier doping into the graphene, increased carrier scattering, and a larger density of trap states for the
carrier injection that leads to greater I-Vg hysteresis. The cleaning step is effective at significantly

improving the structural and electronic properties of the graphene.
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Figure 2. Measured sensor responses, before (black) and after (red) sample cleaning, to vapors of (a)
water, (b) nonanal, (¢) octanoic acid, and (d) trimethlyamine. The cleaning step removes resist residue
from the lithography step and enables the measurement of the intrinsic responses of the graphene device.
Insets: Sensor responses to water vapor and TMA show a power law dependence, with exponents of 0.4

and 0.8, respectively.



We find that the cleaning procedure leads to equally dramatic changes in the electrical response of the
device upon exposure to chemical vapors at various concentrations (Fig. 2). The analytes used were
water vapor, nonanal, octanoic acid, and trimethylamine (TMA). After the EBL processing and before
the cleaning bake, the device shows strong electrical response to these chemical vapors, even at
concentrations in the part-per-billion range in the case of octanoic acid. The responses and recovery are
rapid (tens of seconds) and reversible without heating or other refreshing, although irreversible
“poisoning” of the sensor response is seen upon exposure to water at a concentration of 40% of a
saturated vapor (Fig. 2a). These sensor responses decrease sharply when the sample is cleaned and are
thus not intrinsic to graphene (see below). Still, these data demonstrate that graphene vapor sensors have
a number of desirable characteristics and confirm the promise of graphene for this application.

The signs of the measured vapor responses are in agreement with a model where the resist
contamination acts as an unintentional “functionalization” layer that absorbs analyte molecules very near
to the surface of the p-type graphene transistor, which then provides a high-sensitivity electronic readout.
Water vapor is an oxidant under typical conditions (indeed, it has been suggested that the p-type
behavior of graphene under ambient may be due to the effect of adsorbed water'), so exposure to
additional water vapor is expected to increase the hole density and the current. Octanoic acid will
deprotonate in the presence of adsorbed water, increasing the hole concentration (and thus the current) in
the graphene by “chemical gating”." Trimethylamine is a proton acceptor in the presence of water, so a
current decrease is expected, consistent with our observations. At this point it is unclear whether the
nonanal response is consistent with this picture. The current response typically follows a power law
dependence on concentration, with the exponent in the range of 0.4 — 0.8 (insets in Fig. 2). Similar

20, 21

power law behavior has also been reported for vapor sensors based on metal oxides and conducting

polymer nanowires.
The electrical responses to chemical vapors are reduced by one to two orders of magnitude after the

cleaning bake. This observation is strong evidence that the EBL resist residue acts as an absorbent layer

that concentrates molecules from the vapor within the polymer, less than 1 nm from the surface of the
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graphene. This behavior is not surprising since polymer films are sometimes used intentionally as
analyte concentrators, for example in gravimetric vapor sensors based on surface acoustic wave
devices.”

The results presented here illuminate a pathway towards the application of intentionally functionalized
graphene devices as nanoscale sensors of molecular analytes in the vapor and liquid phase. The two-
dimensional nature of graphene typically leads to devices with lower electrical noise, and thus lower
detection limits, than those based on one-dimensional nanomaterials (e.g., carbon nanotubes and
semiconductor nanowires).” For example, the data in Fig. 2 imply that graphene sensors show rapid
response and recovery, and that detection of carboxylic acids and aldehydes at ppb levels should be
readily attainable. The graphene surface must be clean, however, before strategies to control its chemical
affinity via molecular functionalization may be exploited. Because of the similarity of the two
nanomaterials, the cleaning process demonstrated here should enable the ready transfer to graphene of
surface chemistry modifications previously applied to carbon nanotubes for targeted molecular sensing

in the vapor and liquid phases.
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