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ABSTRACT

THE STATIC AND QUASI-DYNAMIC RESPONSE OF GRAPHENE SENSORS:
THE IMPACTS OF SURFACE DEFECTS

Aaron Lowenberger, M.S.
George Mason University, 2017

Thesis Director: Dr. Qiliang Li

Chemical sensors are widely used in many technologies, with applications in medicine,
industrial process monitoring, automotive and aerospace, military, and environmental
protection. Due to the excellent electronic properties and unique two-dimensional (2D)
structure, graphene has shown great promise as a highly sensitive, low noise sensor
material. This research was to explore the static and dynamic response of graphene
sensors upon exposure to different chemical vapors. Different graphene sensor
configurations, including pristine graphene and graphene with four typical types of
surface defects, were modeled in the presence and absence of five different chemicals.
First-principle simulations were performed to study the electrostatic response of the
different sensor configurations. The results were analyzed and compared with previously
published experimental data, revealing the dominating defects present in the experimental
sensors. In addition, the dynamic response of graphene sensors and the molecule-

graphene interaction mechanism has been investigated by progressively changing the



distance between the sensor and the vapor molecules. This study is very important for
understanding the reaction mechanism between a 2D surface and chemical molecules,

leading to high-performance chemical sensors.



CHAPTER 1-WHY GRAPHENE SENSORS?

1.1 Sensor Market Trends

Chemical sensors are widely used in many fields today. For example they find
applications in the pharmaceuticals industry, automotive industry, chemical processing,
environmental monitoring, industrial safety, and healthcare. As technology advances,
sensors are used in ever more devices and the sensor market grows accordingly. The
global market for sensors is predicted to reach US $241 billion in 2022. Major drivers of
this trend include the growing adoption of the Internet of Things (1oT), increasing
demand for wearables, and the increasing usage of many kinds of sensors in
smartphones.*

The chemical sensor market will be a large part of this growth in the sensor
market. The global chemical sensor market is projected to reach US $31.2 by 2020.
Biosensors, which find applications in wearables and |0T, are a large driver of this
growth in the chemical sensors market.? Furthermore, the environmental gas sensor
market is projected to reach US $3 billion by 20273

These projections show that there are great opportunities in developing and
understanding novel sensor materials and devices. To that end, the impetus for this work
is to explore the use of graphene as a sensor material, and specifically the role that

surface defects in the detection of chemicals by graphene sensors.



1.2 Sensor Materials and Designs

Due to the importance of chemical sensing in such a wide variety of fields,
chemical sensors come in many forms and are made from a variety of materials. In
general, sensors work by exploiting some physical phenomenon which can be converted
into an electrical signal. What follows is a brief summary of some common sensor
materials and devices.

Metal-oxide semiconductor sensors operate based on a change in electrical
conductivity when the sensor surface comes into contact with a gas. Generally, Metal
Oxide Semiconductor sensors come in either type n sensors or type p sensors. Type n
sensors, such as ZnO and SnO-, change resistance in the presence of a reducing gas,
while type p sensors, such as NiO and CoO, change resistance in the presence of
oxidizing gases.*®

Surface acoustic wave (SAW) sensors comprise a sensing layer and a transducer,
generally a piezoelectric substrate. Any adsorption of gases on the sensing layer causes
some frequency shift from a reference frequency in the transducer, which can then be
measured in order to detect the presence of gases.®

Carbon based materials have also been shown to have applications as chemical
sensors. Carbon black composites with polymers have been shown to make chemical
sensitive resistors, with a broad response to a variety of chemicals. Similar to other
chemiresistor type sensors, the change in conductance of the sensor is monitored in order

to detect the presence of chemicals being sensed.”®



Carbon nanotube based sensors have shown that carbon-based nanostructures can
be used as materials for sensor devices. These sensors operate by monitoring the
conductivity of single-walled carbon nanotubes (SWNTS). The electrical resistance of
semiconducting SWNTSs is seen to change when the SWNTSs are exposed to gases such as
NO- and NHs. They have shown linear responses as well as detection thresholds down to
parts-per-billion.%0

Graphene is yet another carbon based material that has been used in chemical
sensing applications. Graphene sensors generally work as chemiresistive sensors, similar
to many of the previously discussed sensor types, where a change in resistance of the

sensor is monitored.

1.3 Graphene Sensors

Graphene has several properties that make it an advantageous material from
which to construct sensors. First, graphene is a two-dimensional hexagonal lattice of
carbon atoms. This two-dimensional structure means that graphene has a very high
surface area-to-weight ratio. In fact, every atom in a single layer graphene sensor is a
surface atom, which means that every atom in the sensor is sensitive to the presence of
molecules in the sensor environment. This makes for sensors that show appreciable
responses down to very low concentrations of chemicals in the environment.

Graphene also shows a very high conductivity even with low carrier densities.
The conductance of graphene monolayers is larger than any metal at room temperature.
This very high conductance leads to very low levels of thermal noise. This very low noise

floor is important for increasing the sensitivity of sensors to even lower concentrations.



Graphene interacts with materials in a variety of ways, including weak van der Walls
forces and strong covalent bonds. These different interactions allow for graphene-based
sensors to interact with a wide range of different chemicals. Furthermore, the different
types of interactions result in sensors that are not only sensitive to different chemicals,
but show discrimination amongst them. 112

Four-probe measurements are relatively easy to make on a single graphene device
with low-resistance ohmic contacts. This improves the performance of graphene sensors
by even further decreasing the influence of noise and improving the accuracy of
measurements.

In addition to its superior electronic properties, graphene also has exceptional
mechanical properties that make it an attractive material. Graphene is a very light,
durable, and flexible material. All of these properties lend themselves to producing
sensors that are viable in wearable applications, which require sensors that are able to
withstand various stresses without weighing down the person wearing the sensor.

Many research groups have performed investigations into graphene gas sensors.
Schedin et al. created graphene gas sensors prepared by micromechanical cleavage and
measured changes in resistivity when the prepared sensors were in the presence of gases
such as NO2, NHs, H20, and CO as compared to when the sensors were not in the
presence of these gases. They noted that the change in resistivity was dependent on the
sensed gas, with some gases causing a positive change and others causing a negative
change. Importantly, they also found that the sensors were able to detect even a single

molecule of the sensed gas at room temperature.®



Leenaerts et al. performed first-principles calculations studying the interactions
between pristine graphene and different gas molecules using first-principles calculations
using density functional theory (DFT) calculations. They showed that sensor response
was nearly independent of the adsorption site but strongly dependent on the orientation of
the gas molecule with respect to the graphene surface.'*

Ko et al. demonstrated that mechanically exfoliated graphene layers on a SiO2/Si
substrate to could be used to create gas sensors with fast response, good reversibility,
selectivity, and high sensitivity. They report a sensitivity of 9% when the sensors are
exposed to 100ppm NO> at room temperature.*®

Chen et al. synthesized highly sensitive two-terminal graphene sensors using
chemical vapor deposition. Sensor response was measured upon exposure to a number of
different gases including NO, NOz, NHz, N20O, O2, SO, CO, and H20. They reported
detection limits down to 158 ppq (parts per quintillion) for exposure to NO. They also
measured the Raman spectrum at a number of locations on their sensors and measured
only weak D-band and D’-band peaks, indicating that the sensors had only a small
number of defects.®

Nallon et al. exposed graphene produced from chemical vapor deposition (CVD)
in order to explore improving the selectivity of graphene gas sensors. The sensors were
exposed to a chemically diverse set of compounds including ketones, ethers,
hydrocarbons, organosulfurs, and acids, and the change in resistance was measured over
time. Principle component analysis was applied to the measured data in order to classify

the measured gases with a high level of prediction accuracy. A second experiment was



performed with a set of chemically similar compounds which also resulted in a high level
of prediction accuracy.’

Seekaew et al. reported a highly sensitive room temperature gas sensor based on
bilayer graphene. Their sensor was fabricated by transferring chemical vapor-deposited
graphene onto nickel electrodes. They reported that these bilayer graphene sensors
showed significantly higher response to NO. as compared to monolayer, three layer, and
four layer sensors. Interestingly, the Raman spectra reported by Seekaew et al. show a
significant D-band, indicating disorder in their graphene sheets, and therefore, the

presence of defects in the graphene lattice.'8

1.4 Role of Defects in Graphene Sensors

While graphene has superior electronic qualities, it is somewhat surprising that it
has proven to show such promise as a gas sensor. Graphene is a zero-bandgap material
that behaves as a semi-metal. Semimetals are not expected to be sensitive to electric
fields. For example, graphene does not show a very large field-effect behavior. Top-gated
transistors fabricated from a single layer of graphene have been developed but they
generally suffer from poor on/off ratios due to the absence of a bandgap in graphene.’®

Due to its two-dimensional structure, it is expected that graphene sensors should
be very sensitive to surface defects. The presence of even a single surface defect should
have an effect on the response of a graphene sensor because every surface atom is
available to be involved in both sensing and conduction. Results reported previously in
the literature tend to support the hypothesis that surface defects play an important role in

graphene sensors.



While investigating the electronic response of single-walled carbon nanotubes
(SWNT) to trace levels of chemical vapors, Robinson et al. found that surface defects had
a large impact on the sensing behavior of the SWNT. They report that the electronic
response to chemical vapors is in fact dominated by adsorption at the defect sites. They
reported that the defect sites act as low-energy adsorption sites for the vapors, and that
the sensitivity of the SWNT sensors can be increased significantly with the introduction
of defects.?

Salehi-Khojin et al. showed that linear defects enhance the chemical sensitivity in
graphene based sensors. They reported that graphene sensors made with linear defects
were found to have a greater response than graphene with point defects or pristine
graphene.?!

Dan et al. noted that conventional nanolithography, when used to pattern
graphene to manufacture sensors, leaves a residue on the graphene, but that the effect of
this residue had not previously been investigated. They found that the resist residue
chemically dopes the graphene and acts as an absorbent layer that enhances graphene
sensor response. They reported that graphene sensors from which the residue had been
cleaned showed a significantly smaller response than graphene sensors on which the
residue was maintained.??

First-principle simulations have shown that nitrogen-vacancy zigzag graphene
nanoribbons are better gas sensors than pristine zigzag graphene nanoribbons, and that
unique resonant peaks of transmission created with adsorption of different gases can be

used to detect which specific gas has been adsorbed.?® Other first-principle studies have



shown that surface defects can be used to improve the sensitivity of graphene gas sensors
when sensing gases such as SOz, CO, NO, NO, and NH3.24?

Yang et al. performed first-principles calculations exploring methane adsorption
on graphene sensors. They reported that the adsorption energy of methane on graphene at
the site of vacancy defects in a graphene sensor is lower than the adsorption energy of
pristine graphene.?

It is clear that the electrical properties and sensing behavior of graphene is greatly
affected by surface defects. Understanding the effects of surface defects on graphene gas

sensors is critical to designing sensitive and selective sensors.

1.5 Focus of this Work

In this thesis, first-principles calculations were performed to study the effect of
four different surface defects on the sensing behavior of graphene gas sensors. The results
of these simulations show that pristine graphene is significantly less sensitive to the
presence of environmental gases than any of the defective graphene sensors that were
studied. Additionally, the results demonstrate that each different surface defect alters the
sensing response of the sensor differently for each of the different studied gases,
indicating that it may be possible to engineer graphene to respond in such a way as to
generate the response that is desired for a specific application. The orientation of the
adsorbed gas molecule was found to have a large impact on the sensor response. Based
on a comparison with previously reported experimental data, the orientation of several

different gas molecules with respect to the graphene sensor surface was discovered.



Additionally, the surface defects that dominated the response of the previously reported

sensors was determined.



CHAPTER 2 - EXPERIMENTAL PROCEDURES

2.1 Simulation of IV Curves

In this study, first-principle calculations were carried out using the QuantumWise
Virtual Nanolab Atomistix Toolkit (ATK) package.?’ First, small graphene nanosheets
consisting of 48 carbon atoms with a chiral vector of n=2, m=2 were modeled. This size
was chosen because it was computationally relatively inexpensive even when using
density functional theory (DFT) for relaxing molecular geometries. Then, these modeled
nanosheets were modified with four different surface defects: a vacancy defect, a
hydrogen defect, a hydroxyl defect, and an oxygen defect. The structures were then
relaxed to optimize force to .05eV/A and stress to 0.1GPa. To model graphene sensors
being exposed to each of the five different gases that were studied (ammonia, toluene,
hexane, tetrahydrofuran, and acetone), another relaxation was performed with each of the
different surfaces in proximity with each of the different molecules. This relaxation was
performed with the same parameters. Finally, to model an actual graphene sensor, each
optimized structure including a molecule of analyte was fused with two larger graphene
nanosheets. The sizes of these sheets were chosen to be approximately 3nm x 3nm and
4nm x 4nm. The 3nm x 3nm size was chosen to approximate exposure to a given gas at
standard temperature and pressure. The 4nm x 4nm size was chosen to give another data

point with a slightly lower concentration and defect density for comparison. Each sensor
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was modeled as having two electrodes of approximately 9A length each. A bias voltage
was then applied across the sensor and current through the sensor was measured. Thus,
each sensor is comprised of three regions: a left electrode, a central region which is either
pristine graphene or graphene with a single surface defect and which is exposed to a
molecule of gas, and a right electrode region. Electrode regions are treated semi-
infinitely. Their properties are computed by solving for bulk material. An I-V curve was
then calculated for each of the 60 different sensor configurations (3nm x 3nm and 4nm x
4nm, 4 different surface defects and pristine, and 5 different analytes and no analyte).
The I-V curve calculation was performed with the semi-empirical Extended Hiickel
Theory (EHT) method instead of the DFT method. The EHT method was chosen because
the DFT model is computationally prohibitive for systems having more than about 200
atoms and because the EHT seems to be a good tradeoff by capturing most of the
electronic and atomic structure effects present in more rigorous methods while remaining
computationally inexpensive.?® The I-V curve calculation was performed using a
Monkhorst—Pack k-grid mesh with periodic boundary conditions only in the direction
transverse to the flow of current. Bias points of 0.01V and 0.1V were selected to keep the

electric field within the graphene sensor below 106V/cm.

2.2 Comparison with Experimental Data
After collecting the 1-V curve data, the data was then compared to results reported
by Schedin et al.X® for ammonia and those reported by Nallon et al.1’ for toluene,
tetrahydrofuran, hexane, and acetone. The results reported by these groups are

summarized in Table 1. Based on this comparison, worked to discover what types of
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defects may have dominated the behavior of the experimentally reported sensors. Since it
would be nearly impossible for the simulated results to show identical changes in
resistance as those that were experimentally reported, the focus was on finding a
combination of defects that would qualitatively match the experimentally reported
results. This was done by finding a linear combination of simulated defects to find a
surface defect configuration that would result in a positive or negative change in

resistance that matches the reported result for each of the five different gases.

Table 1 - Summary of %AR results reported by Schedin et al.* and Nallon et al.?’

Ammonia Toluene Tetrahydrofuran  Hexane Acetone
4.00% -0.31% 2.52% -0.25% 1.00%
2.3 Quasi-Dynamic Simulation

In this research, an attempt was also made to model the dynamic interactions of
graphene gas sensors with gas molecules. There are many variables that affect the
dynamic response of sensors in real-world experiments that are very difficult to model
with first-principles simulation. Instead of trying to account for each of the different
parameters that may affect this response, a parameter was proposed that is referred to as
“modeled average distance” in an attempt to capture dynamic behavior. The modeled
average distance is modeled as the height of a molecule of gas from a reference point,
where the reference point is the optimized position of the gas found during the geometric
relaxation performed earlier. Thus, a modeled average distance of 0A would be modeled
as a molecule of gas at the height found during relaxation of the geometry of the sensor

when exposed to the gas, and a modeled average distance of 1A would be modeled as a

12



molecule of gas 1A above the optimized height, and so on. Figure 1 shows a model of a
sensor with an acetone molecule at each of the simulated modeled average distances. IV
curves were simulated for each different gas molecule at multiple different modeled
average distances (1A, 2A, and 3A above the optimized height). The resistance derived
from these IV curves was subtracted from the resistance shown by a sensor in the absence
of any gas molecules to find a %AR. A response curve was generated by fitting these
results to a curve of the form %AR = A(1-e¥!), and the curve was compared to

experimental results from the literature.

@ v

© et

Figure 1 - Graphene sensor with a hydrogen surface defect with a molecule of
acetone at a modeled average distance of (a) 3A (b) 2A (c) 1A and (d) 0A.
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CHAPTER 3-RESULTS AND DISCUSSION

In this section, the results of the first-principles simulations are discussed. First,
the results showing the key role played by surface defects on the behavior of graphene
gas sensors is detailed. Then the effect of the orientation of a sensed gas molecule on the
response of a graphene gas sensor with a given surface is explored. The discussion
specifically focuses on the effect of the orientation of acetone and hexane on the response
of sensors with a hydrogen surface defect. Finally, a discussion of the comparison of the
simulated results to those experimentally reported by Schedin et al. and Nallon et al.
follows. Based on this comparison, the surface defect that dominated the response of the

experimentally reported results is determined.

3.1 Key Role of Surface Defects in the Response of Graphene Gas
Sensors

In the performed simulations, the effects of four different surface defects on the
behavior of graphene sensors was studied, in addition to the behavior of pristine graphene
sensors. The studied defects included a vacancy defect, in which one carbon atom has
been removed from the hexagonal graphene lattice; a hydrogen defect, in which a single
hydrogen atom has been bonded to the graphene sensor surface; an oxygen defect, in
which a single oxygen atom has been bonded to the graphene sensor surface; and a

hydroxyl defect, in which a singly hydroxyl group (OH) has been bonded to the graphene

14



sensor surface. Figure 2 shows a top view and a side view of each of these defects, as

well as a top view and a side view of a pristine graphene sheet.

(@

(e)

(e

(2)

Figure 2 - Top (a) and side (b) view of pristine graphene. Top (c) and side (d) view of graphene with a vacancy
surface defect. Top (e) and side (f) view of graphene with a hydrogen surface defect. Top (g) and side (h) view of
graphene with an oxygen surface defect. Top (i) and side (j) view of graphene with a hydroxyl surface defect.
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Figures 3-7 show the simulated band structures of each different sensor
configuration. Figure 3 is the simulated band structure of a pristine graphene sensor. The
characteristic zero-bandgap at the K point of graphene can clearly be seen here between
the I" point (identified as G) and Z point. The linear shape of the band edges at this point
is also clear in this plot of the band structure. Figures 4 and 5 show the simulated band
structure for sensors with a vacancy surface defect and an oxygen surface defect,
respectively. Both of these band structures show that a bandgap has opened up as there is
no longer a point near the Fermi level where the band edges meet. Interestingly, both of
these band structures show a nearly flat band in the vicinity of the Fermi level. Figure 6
shows the simulated band structure for a sensor with an oxygen surface defect. This band
structure shows that this particular sensor configuration also appears to have a zero-
bandgap. This can be explained as due to the fact that the sensor in this configuration
contains no vacancies or sp3 bonded carbon atoms, as can be seen in Figure 2. Finally,
Figure 7 shows the simulated band structure for a sensor with a hydroxyl surface defect.
This band structure shows neither the zero-bandgap near the K point or a nearly flat band

as is seen in the other band structures.
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Figure 3 - Band structure of a pristine graphene sensor.

Bandstructure

2.0

1.5

1.0

0.5

0.0

E(eV)

-0.5

-1.0

~15E

Figure 4 - Band structure of a graphene sensor with a vacancy defect surface configuration.
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Figure 5 - Band structure of a graphene sensor with a hydrogen defect surface configuration.
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Figure 6 - Band structure of a graphene sensor with an oxygen defect surface configuration.
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Figure 7 - Band structure of a graphene sensor with a hydroxyl defect surface configuration.

Figures 8-12 show the simulated resistance of each sensor when biased at 0.01V
and 0.1V for each of the five different surface configurations (pristine graphene, vacancy
surface defect, hydrogen surface defect, oxygen surface defect, and hydroxyl surface
defect). The graphs show the response of the sensors when no gas is present as well as
when the sensors are exposed to ammonia, toluene, tetrahydrofuran, hexane, and acetone.
Table 2 and Table 3 organize this data slightly differently by showing the percent change
in resistance of each of the 3nm x 3nm and 4nm x 4nm sensors when exposed to a gas

compared to the sensor in a vacuum.
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Figure 8 - Simulated resistance vs. bias voltage for a pristine graphene sensor of size (a) 3nm x 3nm and (b) 4nm
X 4nm.
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Figure 9 - Simulated resistance vs. bias voltage for a graphene sensor with a vacancy surface defect of size (a)
3nm x 3nm and (b) 4nm x 4nm.
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Figure 10 - Simulated resistance vs. bias voltage for a graphene sensor with a hydrogen surface defect of size (a)
3nm x 3nm and (b) 4nm x 4nm.
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Figure 11 - Simulated resistance vs. bias voltage for a graphene sensor with an oxygen surface defect of size (a)
3nm x 3nm and (b) 4nm x 4nm.
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(a) 3nm x 3nm Sensor, Hydroxyl surface defect
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Figure 12 - Simulated resistance vs. bias voltage for a graphene sensor with a hydroxyl surface defect of size (a)
3nm x 3nm and (b) 4nm x 4nm.
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Table 2 - Percentage change in resistance of a 3nm x 3nm graphene gas sensor.

Surface \% Ammonia Toluene Tetrahydrofuran  Hexane Acetone
Pristine 0.01v 0.00% 0.00% 0.00% 0.00% 0.08%
01V 0.00% 0.00% 0.00% 0.00% 0.11%
Vacancy  0.01V 7.18% -0.15% 3.26% 1.03% 2.51%
01V 6.67% -0.14% 3.28% 1.04% 2.27%
Hydrogen  0.01V 1.92% -6.85% 1.73% 2.93% -27.02%
01V 1.85% -6.50% 1.63% 2.75% -26.39%
Oxygen ~ 0.01V 0.22% 0.53% 0.24% 0.04% 0.53%
01V 0.24% 0.57% 0.26% 0.04% 0.57%
Hydroxide 0.01V 6.54% -4.02% -2.52% 1.29% -6.85%
01V 6.54% -4.03% -2.54% 1.30% -6.88%

Table 3 - Percentage change in resistance of a 4nm x 4nm graphene gas sensor.

Surface \% Ammonia Toluene Tetrahydrofuran  Hexane Acetone
Pristine ~ 0.01V 0.00% 0.00% 0.00% 0.00% 0.05%
01V 0.00% 0.00% 0.00% 0.00% 0.05%
Vacancy  0.01V 9.91% 0.26% 2.78% 0.99% 9.66%
01V 8.94% 0.24% 2.82% 1.00% 9.02%
Hydrogen  0.01V 1.86% -7.34% 1.57% 2.85% -27.10%
01V 1.55% -6.69% 1.40% 2.54% -25.83%
Oxygen ~ 0.01V 0.13% 0.30% 0.14% 0.03% 0.31%
01V 0.12% 0.29% 0.13% 0.03% 0.28%
Hydroxide  0.01V 6.20% -3.82% -2.35% 0.98% -6.42%
01V 6.18% -3.85% -2.36% 0.98% -6.47%

From these results, it is immediately evident that in all configurations, pristine
graphene sensors show a smaller response to each gas than do sensors with any of the
studied surface defects. In fact, the only gas to which a pristine graphene gas sensor
appears to show any appreciable response upon exposure is acetone.

The simulations are modeled such that there is only one gas molecule being
sensed when there is a gas present, and each sensor with a surface defect has only one
surface defect, independent of the size of the modeled sensor. This means that the smaller

sensors have a higher surface density and are sensing a higher gas concentration, both of
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which were expected to lead to a larger sensor response. These results confirm this
behavior as they generally show the 3nm x 3nm sensors having a larger response to the
presence of a gas molecule than the 4nm x 4nm sensors. However, a larger response is
seen in the larger 4nm x 4nm sensor than in the 3nm x 3nm sensor in three different
situations: a sensor with a vacancy defect when exposed to ammonia, a sensor with a
hydrogen defect when exposed to toluene, and a sensor with a vacancy defect when
exposed to acetone. Further investigation is required to try to understand these results.
One other interesting and unexpected result occurred with sensors with a vacancy defect
when exposed to toluene: with the 3nm x 3nm sensor, there was a negative change in
resistance; while with a 4nm x 4nm sensor, there was a positive change.

These simulation results also show that each different sensor configuration model
responds differently to each different gas. That is, no sensor with the same surface
configuration shows the same response to two different gases, and no two sensors with
different surface configurations shows the same response to the same gas. This is an
important result, as it suggests that selectively responsive sensors can be designed by
decorating graphene sheets with surface defects specifically chosen to provide a desired

response to a given gas while minimizing responses to other gases.

3.2 Effects of Gas Molecule Orientation
Upon initial inspection of the simulation results, it quickly became clear that there
was no linear combination of surface defects that could qualitatively match the
experimentally reported results for all of the gases which were chosen for performing

simulations. Nallon et al. reported that their graphene gas sensor showed a negative
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change in resistance when exposed to hexane. However, the simulations showed a
positive change in resistance for all sensor surface configurations.

Leenaerts et al. reported that the orientation of a gas molecule above a graphene
surface has a strong effect on charge transfer and adsorption energy.*® In light of these
findings, simulations were performed with some of the molecules in a different
orientation above a graphene surface defect to determine what effect it would have on the
results. The hydrogen surface defect sensor configuration was chosen to investigate the
effect of molecule orientation. This surface defect was chosen because there was an
anomalously large change in resistance when exposed to acetone (approximately -27% as
compared to <£10% for every other surface defect and gas molecule combination), and it
was hypothesized that this could be accounted for by an incorrect orientation of the
acetone molecule. The acetone molecule was rotated by approximately 90°, which is
referred to as orientation 2 (with orientation 1 referring to the original orientation of the
molecule in the simulations). A relaxation was then performed on the new geometry.
Figure 12 shows both orientation 1 and orientation 2 of the acetone molecule with respect
to the graphene gas sensor. The I-V curve simulation was re-run, and the new percent
change in resistance was drastically different than the result achieved with the acetone
molecule in orientation 1. Table 4 lists the percent change in resistance for a graphene
sensor with a hydrogen defect in the presence of acetone in both orientation 1 and
orientation 2. With the acetone molecule in orientation 1, the simulations resulted in a
percent change in resistance of approximately -27%. However, with the acetone molecule

in orientation 2, the simulations showed a percent change of approximately 1.4%. This
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makes the importance of molecule orientation starkly clear, as the change in orientation
of the acetone molecule resulted not only a drastic change in magnitude of the change in

resistance, but also a change in sign.

Figure 13 - (a) Orientation 1 of acetone molecule (b) Orientation 2 of acetone molecule

With this new orientation of acetone, the graphene sensor with a hydrogen trap
had the correct sign for change in resistance when exposed to all gases except for hexane.
In light of the discovery that a change in the orientation of the sensed molecule could lead
to altering the sign of the change in resistance, the orientation of the hexane molecule was
also changed. The hexane molecule was rotated by approximately 90° which is again
referred to as orientation 2, as opposed to orientation 1 for the original orientation. A
relaxation was performed on the new geometry. Figure 13 shows both orientation 1 and
orientation 2 of the hexane molecule with respect to the graphene gas sensor. The I-V
curve simulation was re-run, and the new percent change was determined. Table 4 lists

the percent change in resistance for a graphene sensor with a hydrogen defect in the

28



presence of hexane in both orientation 1 and orientation 2. With the acetone molecule in
orientation 1, the simulations resulted in a positive percent change in resistance, while in

orientation 2, the simulations showed a negative change in resistance.

(@)

(b)

6-0-0-0

Figure 14 - (a) Orientation 1 of hexane molecule (b) Orientation 2 of hexane molecule

Table 4 - Percentage change in resistance for a graphene sensor with a hydrogen surface defect due to
different orientations of a gas molecule.

Gas \Y 3nm x 3nm 3nm x 3nm 4nm x 4nm 4nm x 4nm
orientation 1 orientation 2 orientation 1 orientation 2
Acetone 001V -27.0% 1.41% -27.1% 1.38%
01V -26.4% 1.39% -25.8% 1.12%
Hexane 001V 2.93% -2.37% 2.85% -2.33%
01V 2.75% -2.24% 2.54% -2.11%
3.3 Comparison of Computed and Experimental Results

As noted above, with all of the molecules in the originally modeled orientation
(orientation 1), the simulation results showed no sensor configuration that gave a
negative change in resistance for hexane, and therefore no linear combination of surface
defects could match all of the experimentally reported results. Replacing the results for

the hydrogen surface defect sensing acetone and hexane in orientation 1 with the results
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with acetone and hexane in orientation 2 alters this situation. Including those results, the
graphene sensor with a hydrogen surface defect shows a positive change in resistance for
ammonia, tetrahydrofuran, and acetone, and a negative change in resistance for toluene
and hexane. This matches the experimental results reported by Schedin et al. and Nallon
et al. for these molecules. Accordingly, it appears that the sensors used in these

experiments showed sensing behavior dominated by hydrogen surface defects.

3.4 Quasi-Dynamic Sensor Behavior Modeling

Figures 15-20 show the results of simulations of the dynamic response of a
graphene gas sensor. For these simulations, a graphene gas sensor with a hydrogen
surface defect was used, due to the fact that the simulated response of this surface
configuration appeared to match experimental responses found in the literature. Each
chart in Figures 15-20 shows the response of a graphene gas sensor with a hydrogen
surface defect when exposed to one of the 5 studied gases: acetone, ammonia,
tetrahydrofuran, hexane, and toluene. Each of these charts shows the percent change in
resistance from a baseline in which no gas is present, including the situation when no gas
molecule is present and when a sensed gas molecule is placed 3A higher than the
optimized height, 2A higher than the optimized height, 1A higher than the optimized

height, and at the optimized height.
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Figure 15 - Quasi-dynamic simulation results for acetone.
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Figure 16 - Quasi-dynamic simulation results for ammonia.

Figures 15 and 16 show the results for simulations with acetone and ammonia,
respectively. The simulated sensor shows an increase in %AR for both acetone and
ammonia as the gas molecule approaches the sensor (modeled average distance gets
smaller), up until the sensed molecule reaches a modeled average distance of 1A.
However, when the molecule is located at the optimized height (modeled average

distance of 0A), the sensor shows a decrease in %AR. It is hypothesized that this decrease
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in response at the optimized height is due to the fact that the optimized height is a low

energy position.

2.50E+00

= (.01V

2.00E+00 0.1V

1.50E+00

1.00E+00

% AR

5.00E-01

0.00E+00

No gas 2A higher 1A Righer Optimized
-5.00E-01 height

Figure 17 - Quasi-dynamic simulation results for tetrahydrofuran.
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Figure 18 - Quasi-dynamic simulation results for toluene.

Figures 17 and 18 show the results for simulations with tetrahydrofuran and
toluene, respectively. The simulated sensor shows almost no change in %AR upon
exposure to tetrahydrofuran as the molecule approaches the sensor (modeled average
distance gets smaller), up until the sensed molecule reaches a modeled average distance

of 1A. When the molecule reaches the optimized height (modeled average distance of
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0A), the sensor shows an increase in %AR. The simulated sensor response to toluene is
similar to the response shown in Figures 15 and 16 for ammonia and acetone, except that
the %AR shows a different sign. Thus, the simulated sensor shows a decrease in %AR for
toluene as the gas molecule approaches the sensor (modeled average distance gets
smaller), up until the sensed molecule reaches a modeled average distance of 1A. When
the molecule is located at the optimized height (modeled average distance of 0A), the
sensor shows an increase in %AR. Again, it is hypothesized that this decrease in response
magnitude at the optimized height is due to the fact that the optimized height is a low

energy position.
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Figure 19 - Quasi-dynamic simulation results for hexane.

Figure 19 shows the results for simulations with hexane. Of the five gases that
were simulated, only hexane shows a monotonic response across all modeled average
distances. The simulated sensor shows a decrease in %AR for hexane as the gas molecule
approaches the sensor (modeled average distance gets smaller) all the way down to the

optimized height (modeled average distance of 0A).
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The quasi-dynamic simulation data was then used to try to match the curves
reported by Nallon et al.}” A curve fit was only attempted with the hexane data shown in
Figure 19 because this data was monotonic. The collected data was fit to a curve of the
form %AR = A(1-eX") which was adjusted to show a time scale similar to the time scales
of the responses reported by Nallon et al.}” Figure 20 shows the result of this curve fit,
and Figure 21 shows the curves reported by Nallon et al.}” A visual comparison of the
two graphs shows a reasonable match between the shape of the simulated data and the
experimentally reported data.

Figure 22 shows the data of Figure 20 replotted as modeled average distance vs.
time rather than %AR vs. time. This chart shows that modeled average distance is an
unrealistic model of the behavior of an actual individual molecule as the chart shows a
time of approximately 20 seconds for modeled average distance to reach OA (optimized
height). This would be a surprisingly long amount of time for a single molecule to reach
its final equilibrium state. However, the close match between Figures 20 and 21 shows
that modeled average distance may be a useful parameter when modeling the dynamics of

an entire sensing system.
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Figure 20 - Curve fit of simulated quasi-dynamic data to a curve of the form %AR = A(1-et) on the same time
scale as the data reported by Nallon et al.
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Figure 21 - Experimental graphene sensor response data reported by Nallon et al.'’
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CHAPTER 4 - SUMMARY AND FUTURE RESEARCH

4.1 Summary

The key role that surface defects play in the sensing behavior of graphene gas
sensors was demonstrated using first-principles simulation of graphene gas sensors with
different surface defects in the presence of ammonia, toluene, tetrahydrofuran, hexane,
and acetone. Pristine graphene sensors showed minimal response to gases, whereas
sensors with surface defects showed significantly greater sensitivity. Sensors with
different surface configurations responded differently to the same gases, indicating that it
is possible to engineer sensors to provide a specific and selective response to gases. It
was demonstrated that molecule orientation with respect to the graphene sensor surface
has a significant impact on sensing behavior. Based on a comparison between the
simulated data and experimentally reported data, it was determined that the response of
graphene gas sensors used by Schedin et al. and Nallon et al. were likely dominated by
hydrogen surface defects. Quasi-dynamic simulations were performed to investigate the
dynamics of sensing behavior. These simulations were able to reasonably model
experimental response to at least some gasses, though the simulations are not a reliable

model of individual gas molecule behavior.

4.2 Future Research
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The results obtained from the research presented herein suggest many interesting
directions for further research. Investigation into the effects of molecule orientation with
respect to the graphene sensor should be expanded to include all of the studied molecules
and all of the studied surface defect configuration. Careful analysis should be performed
to determine the lowest energy orientation for each molecule/surface defect combination.
Furthermore, simulations including different surface defects and functionalizations
should be performed in order to gain more information as to how to tailor graphene
sensors to provide desired responses. Surface functionalization with nickel, carboxylic
acid, and simple polymers could all be explored through well-designed first-principles
simulations. Yet another important direction for further research is an investigation of
how a combination of surface defects would affect sensor response. All of the results
presented in this work were obtained from simulations of sensors with only a single
surface defect. Simulations showing the response of sensors with multiple surface
defects of different types would provide further knowledge on how to design graphene

sensors that would provide a desired response to specific molecules.
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