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Abstract
Humidity sensors can be used to monitor body sweat. Here, we studied a humidity
sensor that comprised of a graphene layer between two electrodes. The operating
principle is that the humidity sensor will respond when vapor reaches the graphene
layer from the top. Based on the humidity diffusion, the sensor measures the relative
humidity (RH) with different response times. Graphene is a material with high
diffusivity and small thickness that can increase the sensitivity of a sensor. Based on
the Micro Electro Mechanical Systems (MEMS) method, we modeled the humidity
sensor using COMSOL Multiphysics transport of diluted species software. Additionally,
we used the concentration values from the simulations to determine the relationship
between capacitance and relative humidity. The sensitivity was found to be 3.379
×10−11 pF/%RH for the 4-layer graphene, 1.210 ×10−14 pF/%RH for the 8-layer
graphene, and 3.597 ×10−11 pF/%RH for the 16-layer graphene sensor. The sensitivity
of 4-layer graphene with gold sensor is 3.872 ×10−13 pF/%RH which is smaller than 4layer graphene sensor, and graphene with gold nanoparticles shows better response time
than 4-layer graphene sensor.
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1. Introduction
Graphene is light, strong, and thin, making it a superior thermally and
electrically conductive material [1-6]. It also has great physical, chemical, and
mechanical properties that are useful in various applications [7-9].
Graphite has been studied for many decades since scientists first imagined that
a single layer of graphene could be isolated from graphite. The first isolated sample of
graphene was created by Geim and Novoselov using a roll of Scotch tape [10-11]. As
a common everyday material, graphite can be used to produce the graphene in simple
ways, and since it is inexpensive to produce and has a number of useful properties, it
has been studied for decades by a variety of researchers.
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As a new material, graphene, only one atom thick, resembles honeycomb sheets
of carbon. In Shearer’s paper, atomic force microscopy (AFM) revealed one-layer
graphene thickness to be between 0.4 nm and 1.7 nm [12], with the difference in
thickness caused by surface interactions, image feedback settings and surface chemistry.
For example, standard carbon nanotube modiﬁed AFM probes is used and the new
AFM imaging mode to first measure thickness of a layer of graphene, with results
showing that the error is reduced from 0.1-1.3 nm to 0.1- 0.3 nm [12]. When designing
the model in COMSOL, we decided to use the smallest thickness of graphene based on
the ideal method.
This study is focused on a capacitive humidity sensor used for measurement of
air moisture in a wide range of situations. Relative humidity is the ratio of air moisture
to its saturation moisture at a given temperature. In a capacitive humidity sensor, an
incremental change of the sensor’s dielectric constant is approximately in direct
proportion to the relative humidity of its environment [13]. Some applications of such
sensors include the electronic chip manufacturing industry, air conditioning systems,
and artificial respiration units. Typical capacitance changes in these sensors are
between 0.2 and 0.5 pF per 1% of relative humidity change, and, based on their lowtemperature coefficients, they can be used at high temperatures (up to 200℃) [13].
We used the actual diffusion of graphene from different layers under room
temperature, as illustrated in Cabrera’s paper [14] for our simulation results. The
diffusions of four-layer, eight-layer, and sixteen-layer graphene are reported to be (6.5
± 0.09) ×10−4 𝑚𝑚2 /𝑠𝑠 , (1.9 ± 0.07) ×10−4 𝑚𝑚2 /𝑠𝑠 , and (1.3 ± 0.05) ×10−4 𝑚𝑚2 /𝑠𝑠 ,
respectively [14]. We also used COMOSL software to analyze the result of the
concentration distribution on a humidity sensor using 4-layer graphene with gold, and
the diffusion of gold atoms was 1.27 ×10−4 𝑚𝑚2 /𝑠𝑠 [15].
The humidity sensor has several components, including electrodes and a
humidity-sensitive layer. Here, we used graphene as the humidity sensitive layer of the
humidity sensor to follow Henry’s law in setting the diffusion of the whole model. We
also used the MEMS method to simulate the model in nanometer units. Finally, we used
extremely fine meshing to provide greater detail in the concentration distribution graph.
2. Materials and Methods
2.1. Humidity Sensor
Humidity sensors are used widely in many industries to check the relative and
absolute humidity using different materials, including ceramics, semiconductors, and
polymers [16]. In this study, we focused on sensing mechanisms that use the electrical
properties of humidity sensors, such as sensitivity and response time. The configuration
is shown in Figure 1(a).
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Figure 1. Humidity sensor model. (a) Different parts of humidity sensor. (b) Meshing
of the graphene humidity sensor.
The 3D model is comprised of one middle graphene layer, three upper
electrodes, and one lower electrode, as shown in Figure 1(a). The width of the humidity
sensor is 40 nm, the length of each upper electrode is 20 nm, the lengths of the lower
electrode and the graphene layer are 100nm, and the thickness of both the upper
electrode and the lower electrode is 5 nm. The thickness of the graphene layer is
dependent on number of graphene layers. Figure 1(b) illustrates the meshing of the
graphene humidity sensor. The element size of the meshing model is extremely fine,
and the model’s meshing process uses a variety of triangles of several sizes.
In this study, we found three different diffusion values [11], and, based on
diffusion value, we established two groups that included either several layers of
graphene or a 4-layer structure of graphene with gold. We then used the setting value
to obtain the capacitance of the humidity sensor with graphene using COMSOL.
2.2. Diffusion Analysis Based on Henry’s Law
As William Henry said, the solubility of a given gas is directly proportional to
the pressure above the liquid, with pressure calculated using the type and volume of
gas. Since Henry’s law provides that the water vapor on the film has free diffusion, the
diffusion of the graphene layer was ideal for this model. Based on this method, the
value of the graphene layer and electrodes in this study have the same diffusion [17,
22].
2.3. MEMS Module
MEMS method is a way to make simulations in the microscale domain. It can
prevent the effects of several physical phenomena when we design the humidity sensor.
For example, electromagnetic-structural, thermal-structural, and fluid-structural
interactions (FSI) are the common questions in the design of microscale model [18].
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2.4. Meshing
To obtain results for the 3D geometric model, we used COMSOL to determine
the different concentration distributions of several sections of the model [19-21], and
we used the extremely fine mesh of the horizontal and vertical parts of the model as the
most important setting. For the humidity sensor, we created triangular meshing on the
model to produce a smooth connection at the edges. Also, such fine meshing can
minimize errors during the calculation process. After meshing, the distribution of the
slice and surface can be shown in detail in the figure. Figure 1(b) shows the model
meshed with several different sizes of triangular shapes on the upper electrodes, the
graphene layer, and the lower electrode.
3. Results and Discussion
Fick’s law can be used for analysis of the concentration field change due to diffusion
over time.
𝜕𝜕𝑐𝑐
= 𝐷𝐷𝜕𝜕 2 𝑐𝑐/𝜕𝜕𝑥𝑥 2
(1)
𝜕𝜕
𝑡𝑡

where t represents time (sec), D represents diffusion coefficient, x represents position,
and c represents concentration (mol/m3).
The graphs of ‘capacitance vs time’ and ‘capacitance vs relative humidity’
correspond to the following equations in the MATLAB.
The permittivity of the sensing film is calculated using Equation 2.
(2)
∆𝜀𝜀𝑟𝑟 = 𝜀𝜀𝑟𝑟(𝑅𝑅𝑅𝑅) − 𝜀𝜀𝑟𝑟(0)
The permittivity after absorption ( 𝜀𝜀𝑟𝑟(𝑅𝑅𝑅𝑅) ) is calculated using ClausiusMossotti’s Equation.
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where ∆𝜀𝜀𝑟𝑟 represents the variation in permittivity, 𝜀𝜀𝑟𝑟(𝑅𝑅𝑅𝑅) represents the permittivity
after absorption, 𝜀𝜀𝑟𝑟(0) represents the permittivity before absorption, ∆Q is got from ∆c
by integrating over the volume, 𝜀𝜀0 represents the permittivity of free space, and A
represents Avogadro’s number [22].
Equation 4 can be used to calculate the capacitance variation of the humidity
sensor.
∆Γ = ∆ε𝑟𝑟 ε0 A𝑒𝑒 /t𝑓𝑓
(4)
where ∆Γ represents the capacitance variation, ∆ε𝑟𝑟 represents the variation in
permittivity, ε0 represents the permittivity of free space, t𝑓𝑓 represents the film
thickness, and A𝑒𝑒 represents the area of the upper electrode [22].
The sensitivity of the humidity sensor is [31]
Si =∆C / ∆RH
(5)
Where Si represents the sensitivity of humidity sensor, ∆C represents the variation in
capacitance, and ∆RH represents the variation in relative humidity.
3.1. COMSOL Modeling
The humidity sensor model shown in Figure 1(a) is comprised of one middle
graphene layer, three upper electrodes, and one lower electrode. The width of the
humidity sensor is 40 nm, the length of each upper electrode is 20 nm, the lengths of
both the lower electrode and the graphene layer are 100 nm. The thickness of the upper
electrode and the lower electrode is 5 nm, and the thickness of the graphene layer
4

depends on the number of different layers of graphene. We also set the study at room
temperature in COMSOL to obtain simulation results close to the experimental values.
During the simulation process, COMSOL Multiphysics generated results for the
micro humidity sensor with graphene and confirmed the experimental data. The 3D
geometric model was created with three upper electrodes, a lower electrode, and a
graphene layer, connected together as a single model; the relative humidity and
corresponding diffusion rates of these three components were available from past
research [22]. For the simulation, we chose to create the COMSOL model with two
inlet humidity sensors to reduce calculation time. The inlet surfaces are on the top of
the graphene layer at the center of the two upper electrodes, and the other surfaces of
the humidity sensor provide no values in the whole simulation process. One middle
graphene layer, three upper electrodes, and one lower electrode were used as transport
elements in the COMSOL study. Finally, the meshing design uses several triangles to
cover the horizontal and vertical surfaces of the 3D geometric model to make the
simulation result closer to reality.
Time = 0μs Surface: Concentration (mol/𝑚𝑚3 )

243.57*10−2

243*10−2

243.33*10−2

(a)
Time = 25μs Surface: Concentration (mol/𝑚𝑚3 )

243.57*10−2

243*10−2

243.33*10−2

(b)

Figure 2. The concentration distribution along the humidity sensor. (a) The 4-layer
graphene at 0µs. (b) The 4-layer graphene at 25µs. The concentration distribution in the
3D geometric model will change with time. The concentration of the humidity sensor
was assumed to be 243.33 ×10-2 mol/m3 (blue) and 243.57 ×10-2 mol/m3 (red).d).
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Figure 3. Capacitance vs relative humidity of the 4-layer graphene humidity sensor. All
capacitances were under room temperature in COMSOL study process.
To compare the results for several different layers of graphene, Figure 2(a) and
2(b) show the concentration distributions of the model at 0 µs and 25 µs. The maximum
value in the red region is 243.57 ×10-2 mol/m3, and the minimum value in the blue
region is 243.33 ×10-2 mol/m3. In Figure 3, the capacitance of the 4-layer graphene
increases from 89.6699999962933 pF to 89.669999999632 pF as the relative humidity
increases.

6

Time = 0μs Surface: Concentration (mol/𝑚𝑚3 )

243.57*10−2
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(a)
Time = 25μs Surface: Concentration (mol/𝑚𝑚3 )
243.57*10−2

243*10−2

243.33*10−2

(b)
Figure 4. The concentration distribution along the humidity sensor. (a) the 8-layer
graphene at 0 µs. (b) the 8-layer graphene at 25 µs. The concentration in the humidity
sensor was assumed to be 243.33 ×10-2 mol/m3 (blue) and 243.57 ×10-2 mol/m3 (red).
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Figure 5. Capacitance vs relative humidity of the 8-layer graphene humidity sensor. All
capacitances were at room temperature in the COMSOL study process.
We used 8-layer graphene as another graphene layer in a comparative group, and
Figures 4(a) and 4(b) show results for the same time used for the 4-layer graphene. The
concentration distribution of the humidity sensor had the maximum value of about
243.57 ×10-2 mol/m3, and it had the same minimum value in the blue region as the 4layer graphene. Figure 5 presents the capacitance of the humidity sensor, increases from
44.8349999999986 pF to 44.8349999999999 pF, used to represent the relative
humidity.
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Time = 0μs Surface: Concentration (mol/𝑚𝑚3 )
243.552*10−2
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(a)
Time = 25μs Surface: Concentration (mol/𝑚𝑚3 )
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(b)
Figure 6. The concentration distribution along the humidity sensor. (a) the 16-layer
graphene at 0 µs. (b) the 16-layer graphene at 25 µs. The concentration in the humidity
sensor was assumed to be 242.998 ×10-2 mol/m3 (blue) and 243.552 ×10-2 mol/m3 (red).
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Figure 7. Capacitance vs relative humidity of the 16-layer graphene humidity sensor.
All capacitances were at room temperature in the COMSOL study process.

We also investigated a 16-layer graphene sensor. As shown in Figure 6(a) and
6(b), the concentration distributions are under 0 µs and 25 µs. The maximum value in
the red region is 243.552 ×10-2 mol/m3 and the minimum value in the blue region is
242.998 ×10-2 mol/m3. The capacitance increases from 22.4174999957572 pF to
22.417499999715 pF, as shown in Figure 7.
Figure 2 through Figure 7 show the concentration distributions of the 3D
geometric model and a graph of capacitance vs relative humidity. The concentration
distributions on the different layers of graphene exhibit several colored regions to show
the concentration values. The test runs from 0 µs to 45 µs in the simulation process,
and we found that the humidity sensor gradually grows into the green area as time
changes. For different layers of graphene, the time varies. For example, the 4-layer
graphene starts at 35 µs, the 8-layer graphene starts at 30 µs, and the 16-layer graphene
starts at 35 µs. Also, 25 µs is the center time between 0 µs and 45 µs. For these reasons,
we chose the concentration distributions of the humidity sensor at 0 µs and 25 µs, and
the figures show the relationship between capacitance and relative humidity. All
capacitances of the humidity sensor were found using the first four equations given
earlier. The capacitance will increase with the increase of relative humidity (from 0.1
to 1). Also, we can find that the capacitance of the humidity sensor is decrease with the
increase of layers graphene (from 4-layer to 16-layer), as shown in the figures depicting
the different layers of graphene.
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Time = 0μs Surface: Concentration (mol/𝑚𝑚3 )
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(a)
Time = 25μs Surface: Concentration (mol/𝑚𝑚3 )
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(b)

Figure 8. The concentration distribution along the humidity sensor. (a) the 4-layer
graphene with gold at 0 µs. (b) the 4-layer graphene with gold at 25 µs. The
concentration of the humidity sensor was assumed to be 242.963 ×10-2 mol/𝑚𝑚3 (blue)
and 243.529 ×10-2 mol/𝑚𝑚3 (red).
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Figure 9. Capacitance vs relative humidity of the 4-layer graphene with gold
nanoparticles humidity sensor. All capacitances were at room temperature in the
COMSOL study process.

Table 1. Humidity sensor films and sensitivities
Film
Sensitivity (pF/%RH)
4-layer graphene
3.379 × 10-11
8-layer graphene
1.210 × 10-14
16-layer graphene
3.597 × 10-11
4-layer graphene with gold
3.872 × 10-13
Gold nanoparticles exhibit strong interaction at their points of contact with
graphene, and this interaction can be used to produce a quick response time sensor. The
opposing gold nanoparticles can also be increased by about three times more than the
single-sided case, as shown by Mcleod et al. [23]. Also, there have been several studies
suggesting that graphene with gold nanoparticles exhibits good electrocatalytic activity,
so this new humidity sensor could be a better future choice [24-26].
In some case, the use of graphene alone is correlated with poor repeatability and
non-specificity. The addition of gold with graphene produces the graphene-gold
composite which minimizes these limitations. Gold nanoparticles exhibit strong
interaction at their points of contact with graphene, and this interaction can be used to
produce a quick response time sensor. The opposing gold nanoparticles can also be
increased by about three times more than the single-sided case, as shown by Mcleod et
al. [23]. Also, there have been several studies suggesting that graphene with gold
nanoparticles exhibits good electrocatalytic activity, so this new humidity sensor could
be a better future choice [24-27].
To investigate this, gold with thickness of 8 nm is deposited on each side of the
4-layer graphene, as shown in Figure 8. In a humidity sensor, when water vapor is
introduced to the surface, it is adsorbed on the surface. Then, the adsorbed molecules
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diffuse in the graphene (or gold) producing a variation of its permittivity and
consequently in its capacitance. Based on the concentration of relative humidity [2829], we used MATLAB equations to determine that the value of capacitance is increase
from 8.15181818177627 pF to 8.15181818181376 pF (Figure 9). The sensitivity of 4layer graphene with gold is 3.872 ×10−13 pF/%RH from Equation 5. The sensitivity
value of the graphene humidity sensor with gold is smaller than the sensitivity of the 4layer graphene humidity sensor. Based on the thickness of film and the sensitivity in
the Table 1, we made two categories which include the category with thickness of
sensor film either less or more than the thickness of electrodes. These two categories
show that the sensitivity will decrease with the increase of the thickness of film. Based
on a study by Karthick et al., the relationship between the sensitivity and response time
is inversely proportional, and the 4-layer graphene with gold should have the better
response time than 4-layer graphene [22]. From these results, the 4-layer graphene with
gold humidity sensor have good response time with good sensitivity.
3.2. Experimental Results
Figure 10 demonstrates the thickness of graphene sheet using atomic force
microscopy (AFM). In order to isolate single graphene platelets, sample was diluted to
4×10 -4 % wt with DI water. The resultant graphene solution with concentration of 4×10
-6
mg/ml was deposited on a silicon chip [30]. Sample was deposited on silicon chips
and the AFM images were captured on a Bruker dimension Icon AFM in contact mode
and were analyzed by NanoScope Analysis software, version 1.50. The resultant
thickness was measured to be 9.3± 0.8 nm.
A coating of graphene was created on a glass slide using above procedure. We
first used a digital multimeter was used to measure the relative humidity of the lab.
Both the relative humidity and the temperature were shown on the screen of a digital
multimeter. We then connected to the positive and negative terminals on the positive
sides of the graphene to display the capacitance data on the screen of the true RMS
multimeter.

Figure 10. Thickness of graphene sheet using atomic force microscopy. The resultant
thickness was measured to be 9.3± 0.8 nm.
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Figure 11. Relative Humidity vs Capacitance (include experimental and simulation
result). The relative humidity over a three-day period as measured by the digital
multimeter. The capacitance (experimental results) of each small piece of graphene can
be measured by the true RMS multimeter.
As shown in Figure 11, the values of capacitance in the graph corresponded to
different relative humidity levels, and we found a relationship in which the capacitance
of the dry graphene increases right along with an increase in the relative humidity. The
capacitance result of 16-layer graphene from COMSOL is very close to the
experimental value. For example, the COMSOL capacitance value of 8-layer graphene
is about 44.835 pF at 70 %RH, and it is very close to average value 45 pF at 68 %RH
that graphene dries under 280 ℃ for 1 hour in the experimental lab. Comparing values
between simulation and experiment, the smallest error of these two results is controlled
at about 0.37 %, proving that the COMSOL solution is relevant.
4. Conclusions
We designed the project into two different steps, the simulation using COMSOL
and testing the actual capacitance under different relative humidity conditions in the
lab. Using the different layers of graphene in our humidity sensor, sensitivity was
calculated using Equation 5 [31]. The sensitivity is 3.379 ×10−11 pF/%RH for the 4layer graphene, 1.210 ×10−14 pF/%RH for the 8-layer graphene, and 3.597 ×10−11
pF/%RH for the 16-layer graphene. Also, the capacitance of the humidity sensor (4layer graphene with gold) is 3.872 ×10−13 pF/%RH in MATLAB solution. The response
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time of 4-layer graphene with gold case should be better than 4-layer graphene humidity
sensor, which is based on the relationship between response time and sensitivity. To
prove that COMSOL simulations can be used to model the humidity sensor, we tested
the capacitance of the graphene sheets using a multimeter. The result of two groups
which include the film thickness of less or more than electrodes were compared. The
4-layer graphene sensor is more sensitive than 8-layer graphene sensor and the 16-layer
graphene sensor is more sensitive than 4-layer graphene with gold sensor.
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