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ABSTRACT: The geometrical dependence of humidity sensors on sensing
performance has not been quantitatively outlined. Furthermore, the etching effect
on humidity sensors is still elusive due to the difficulty in separating the effects of
the geometrical change and etching-induced porosity on the overall performance.
Here, we use COMSOL Multiphysics to perform a numerical study of a capacitive
graphene oxide (GO) humidity sensor, with emphasis on the dimensions and
etching effect on their sensing performance. GO is a useful and promising material
in detecting humidity because of its selective superpermeability to water
molecules. The mechanism of improved sensing performance of the etched
humidity sensors is discussed in terms of the morphological profile and the
effective permittivity including the etching-induced porosity effect. Our study
shows that as compared to the unetched sensors, isotropic etching achieves the
lowest response time of 1.011 s at 15.75% porosity, while vertical etching achieves
the highest capacitance sensitivity of 0.106 fF/RH %.

1. INTRODUCTION

Regulation and monitoring of humidity levels are increasingly
becoming more important to instantly counteract any changes
in the atmosphere that can affect the integrity of a system.1,2 It
can affect the health and safety of personnel, the cost of the
product, and the manufacturing processes,3,28 especially in
agriculture1,4 and medical monitoring.5,6 A humidity sensor is
an electronic device that measures the humidity in its
environment and converts its findings into a corresponding
electrical signal.3 Considering the main types of sensors which
are capacitive, resistive, surface acoustic waves, and optical, a
capacitive-type sensor is chosen in this paper due to its ability
to withstand drastic temperature and humidity changes, good
stability and accuracy, and reproducible nature, making it a
good option for humidity monitoring;7−9 which is why it is the
most commonly used type of sensor in the industry. A
capacitive humidity sensor detects humidity due to a change in
capacitance between two detection electrodes. This occurs due
to the adsorption of water molecules by the sensing film which
brings a change in the dielectric constant.10

The requirements a humidity sensor must meet are high
sensitivity, rapid response and recovery time, small hysteresis,
and good reproducibility. Several studies have been carried out
to improve the sensing performance using advanced materials.
The use of nanomaterials has greatly enhanced the sensing
performance of humidity sensors, including exhibiting a wider
humidity detection range, higher capacitance sensitivity, and

improved response time.11−13 However, since synthesis of the
required nanomaterial involves complex processes, there has
been interest in producing low-cost and easily manufactured
sensors.14,15 In addition to deploying new materials in the
humidity sensor applications, morphological improvement has
been another interest in this field. For instance, serpentine
electrodes can achieve higher capacitance sensitivity compared
to planar printed16 or the empirical metallization ratio, η = W/
(W + G), indicates relationship between electrode finger width
(W), spacing (G), and sensitivity of the sensor.17

More recently, a few studies have proposed adding the
etching process to improve the sensing performance of the
humidity sensor. Etching of the sensing material creates
roughness in the surface, which results in the improvement of
response time and capacitance sensitivity.7,8,18 However,
despite these studies, the mechanism of the etching effect on
the humidity sensor is still elusive due to the difficulty in
separating the effects of the geometrical change and etching-
induced porosity on the overall performance.
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In this work, we investigate the sensing properties of
graphene oxide (GO) humidity sensors with a metal/
insulator/metal configuration using COMSOL Multiphysics.
GO is a great candidate as a sensing material due to its
hydrophilic functional groups that enhance the adsorption of
water molecules.19 The aim was to determine how geometrical
and morphological modifications affect the sensing properties
of humidity sensors. The effect of geometrical dimensions on
their sensing properties is first studied and can be a guideline
to optimize the sensing performance of the humidity sensor.
Then, the etched GO humidity sensors with different profiles,
including isotropic, vertical, and directional etching, are
considered to evaluate how the morphological change of the
GO affects the overall performance. In addition, the effect of
etching process-induced porosity in GO films is introduced by
modifying its effective permittivity using the effective medium
theory. We numerically demonstrate how the change of the
geometrical dimension and porosity of the sensing film affect
the performance of the humidity sensor, where the response
times and capacitance sensitivity are compared and analyzed.
Lastly, based on the simulation results, a novel etched
configuration that produces optimized performance is
proposed.

2. RESULTS AND DISCUSSION

To begin with a simple structure of the capacitive humidity
sensors was designed, which consists of a lower electrode, three
upper electrodes, and a sensing material sandwiched between
the electrodes, as shown in Figure 1A,B. When running each
model, the mesh size is defined as extra-fine, as seen in Figure
1C, and the temperature is set to 25 °C, which is the normal
atmospheric temperature. The upper electrodes are parallel to
each other with equal spacing in between the aligned bars to
allow the permeation of water vapor through to the sensing
film. Table 1 outlines the parameters that are defined in the
modeling of the sensor.

Parameters such as response time and sensitivity are
required when evaluating the performance of a sensor. The
response time is defined as the time taken for the sensor’s
capacitance results to reach 90% of its final value starting from
0 s.20 This was calculated from the capacitance versus time
graph results analyzed at 50% relative humidity (RH).
The sensitivity is an important parameter when evaluating

the performance of a humidity sensor. Sensitivity was
calculated by taking the slope of the capacitance versus the
RH curve, as shown in Figure 1D. This can also be expressed
by the governing eq 1.

= Δ
Δ

=
−
−

S
C C C

RH 50 10
(fF/% RH)50 10

(1)

here, ΔC denotes the difference between C50 and C10, which
are the capacitances corresponding to 50 and 10% RH,
respectively. ΔRH denotes the difference between “50” and
“10” values, which are the highest and lowest RH values taken
to show the average sensitivity.7,12,19,21

2.1. Dimension Effect on the Sensor Performance.
2.1.1. Effect of Size of the Sensor. The size of the sensor is
becoming more important than ever in recent applications.
Miniaturization of sensor devices offers many benefits such as
low hysteresis and ease of packaging.28 This was evaluated by
decreasing the spacing between the electrodes, thickness, and
width of the electrodes, the thickness of the sensing material,
and the depth of the sensor by a factor of 2.

Figure 1. Modeled structure of the GO humidity sensors (A) parameters, (B) silver (Au) upper and lower electrodes and GO sensing film, (C)
mesh analysis, and (D) capacitance variation of the humidity sensor with increasing RH from 10% RH to 100% RH under a constant measurement
temperature of 25 °C, which is used to calculate sensitivity at a maximum of 50% RH.

Table 1. Structural Parameters of the Capacitive Humidity
Sensor

Spacing between
the upper
electrodes
(μm) S

Width of the
upper

electrodes
(μm) W

Upper
electrode
thickness
(μm) U

Thickness of
the sensing
film (μm) T

Depth
(μm) D

6 4 0.5 1 4
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Figure 2 demonstrates a decrease in the response time as the
size of the sensor is reduced. Upon decreasing the size of the

sensor by a factor of 2 from size 1 to 0.5, the response time
decreases by 26%, delivering a final response time of 1.15 s,
while the capacitance value decreases by half. This can be
explained by the capacitance eq 2, where area is directly
proportional to capacitance. By halving the size of the sensor,
we are also halving the area of the sensing film and thus
capacitance.

ε ε
=C

A
d

r o
(2)

here, εr represents the relative permittivity of GO, εo is the
permittivity of vacuum, A is the sensing area of the humidity
sensor, and d is the thickness of the sensing layer.
It can be concluded that decreasing the size of the device

improves the response time. This is because as the device
becomes smaller, it takes less time for the water molecules to
adsorb and diffuse into GO to reach saturation. Therefore, by
decreasing this moisture adsorption path, the response of the
sensor improves. This shows that if the width of the electrode
is small and the total surface of the upper electrode is small, the
absolute capacitance of the structure is small and thus
sensitivity. Hence, the smaller the device, the more the sensor
meets the conditions of fast response. However, fabrication
limits intensify, and industrialization becomes difficult even if
improvement in sensing performance is achieved.
2.1.2. Effect of Width of the Upper Electrode. Here, the

effect of the width of the upper electrodes on sensing
performance is investigated by decreasing the width in 1 μm
step increments. Figure 3 shows that by decreasing the width
of the upper electrode, the response time is improved. The
humidity sensors with 1 μm width of upper electrodes
displayed the shortest response time of 1.10 s at 50% RH.
Accordingly, decreasing the upper electrode width by 1 μm
steps improves the response time by an average of 10%. Hence,
when we decrease the width of the electrode from 5 to 4 μm,
the calculated response time decreases from 1.75 to 1.56 s,
respectively.
This phenomenon can be supported by the fact that

decreasing the width of the upper electrodes decreases the
ratio between the electrode width (W) and the spacing (S)
between the upper electrodes (W/S). The response time is
proportional to the W/S ratio, as seen in Figure 3. Hence, the
smaller the width, the faster the response of the sensor.

Furthermore, as the electrode width becomes smaller, the
length to which water molecules diffuse in the covered parts
(under the parallel electrodes) shortens, improving the
response. The diffusion in the upper electrodes is a limiting
phenomenon for the response time.6

2.1.3. Effect of Spacing between the Upper Electrodes.
The spacing between the upper electrodes have been varied
with a 1 μm step decrease starting from 6 μm. A final response
time at 6 μm spacing achieved 1.56 s. Figure 4 shows that as

the spacing between the upper electrodes increases and theW/
S ratio decreases, the response time also decreases. Hence, by
either increasing the spacing or decreasing the electrode width,
the uncovered area of the sensing film increases. Thus, the
contact area and rate of diffusion of water vapor in the sensing
film increase, meeting the requirements of both high sensitivity
and fast response.6,22−24

2.1.4. Varying the Thickness of the Sensing Film (Active
Material). The thickness of the sensing film was varied from 1
to 2 μm to investigate the effect of film thickness on the
response time and sensitivity. Figure 5 demonstrates that as the
thickness of the GO film is reduced, the response time
improves. Therefore, on decreasing the thickness of the sensing
film by 0.25 μm steps starting from 2 μm thickness, the
response time is improved by 4%. The fastest response time of
1.56 s is achieved when the thickness of the sensing film is
equal to 1 μm. Decreasing the thickness of the sensing film
shortens the diffusion length of the water vapor molecules in
the sensing material, hence improving the response time.24

Capacitance also decreases with increasing thickness, which is

Figure 2. Capacitance vs time relationship of the humidity sensors at
50% RH upon decreasing the size by a factor of 2.

Figure 3. Capacitance vs time relationship at 50% RH of the sensors
when decreasing the width.

Figure 4. Capacitance vs time relationship at 50% RH of the sensor
when decreasing the spacing between the upper electrodes by 1 μm.
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supported by governing eq 5. Furthermore, as expected,
thickness of the sensing film is a limiting phenomenon for
affordable humidity sensors since fabrication methods must be
kept in mind as it becomes more difficult at a smaller scale.
Therefore, 1 μm was chosen as the appropriate sensing film
thickness as any value lower than this will result in a more
complex deposition process.
2.2. Etching of the Sensing Material. 2.2.1. Three

Different Etched Configurations. The effect of etched
configuration on the response time and sensitivity of the
humidity sensor was studied. Three types of etched
configurations are introduced, which are the isotropic,
directional, and vertical etch. Isotropic etching is usually
achieved by the chemical (wet) etching process, and the
directional and vertical etching are achieved by the physical dry
etching process.25 The response time and sensitivity of novel
etched configurations were modeled to compare their sensing
performance with non-etched sensors, which has an average

response time of 1.56s and a sensitivity of 3.76 × 10−2 fF/RH
%, as shown in Table 1. The isotropically etched humidity
sensor configuration comprises etching of the sensing area
between the upper electrodes, as shown in Figure 6A. The
calculated response time is equal to 1.01 s, and sensitivity is
equal to 2.80 × 10−2 fF/RH %. The areas between the upper
electrodes were directionally etched, as shown in Figure 6B,
resulting in a response time of 1.03 s and a sensitivity of 2.85 ×
10−2 fF/RH %. Lastly, as seen in Figure 6C, the area between
the electrodes was vertically etched, resulting in a response
time of 1.04 s and a sensitivity of 5.32 × 10−2 fF/RH %.
Figure 6D shows that the decrease in response time of the

etched device is due to the shortening of the moisture
adsorption path and the increased contact area of the
uncovered sensing material.8,26 Since the sensitivity is
approximately proportional to the sensing material area, by
removing some of the sensing material during the etching
process, sensitivity is presumed to decrease. However,
experimentally, capacitance sensitivity increases.7 By compar-
ing the response time of each sensor (isotropic, vertical,
directional, and nonetched) at each RH as shown in Figure
6D,E, it is seen that the among three different etched profiles,
the isotropically etched sensor has the lowest response time.

2.2.2. Porosity Effect Resulting from Etching. In addition
to the change of the morphologies of the sensing material, the
porosity resulting from the etching process is discussed in this
section. We discussed three different etching conditions
included in the porosity in the Landau−Lifshitz−Looyenga
(LLL) effective medium model. For unetched GO, the fitted
porosity of permittivity of the GO is 11.5%. To include the
increased porosity, three different etched porosity rates with
the values of 8.5, 17, and 25.5% per 1 μm etching depth are
considered. The effective permittivity fitted using the LLL
model with the 11.5% porosity is called the permittivity of the
intrinsic (unetched) GO, and the effective permittivity fitted

Figure 5. Capacitance vs time relationship at 50% RH of the sensor
upon decreasing the thickness of GO film by 1 μm.

Figure 6. Etched configuration. (A) Isotropic, (B) directional, (C) vertical. (D) Response time variation taken at each RH of the different etched
configurations before and after adding 15.75% change in porosity to the model. (E) Magnified section of the overlapped etched configurations
variation from the graph (D) of response time taken at each RH.
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with higher porosities is called the permittivity of the etched
graphene.
The fitted permittivity of the etched GO is inputted into

COMSOL simulation to evaluate how the porosity affects the
response time and capacitance of the humidity sensors. Figure
7A shows the response time of unetched and isotropically
etched humidity sensors, where the porosity effect is included
in the effective permittivity of the etched GO. As compared to
the simulation results in Figure 6D, the change in the porosity
does not significantly affect the response time of the etched
humidity sensors at different RH values; however, the
morphology does. Figure 7B shows a comparison of isotropi-
cally etched humidity sensors with different porosities of 15.75,
20, and 24.25%, and the response time slightly increases with
increasing porosity of GO as the diffusion constant of GO is
assumed to be independent of its porosity.
Figure 7C shows the capacitance sensitivity of the unetched

and isotropically etched humidity sensors. We can find that the
increased porosity can improve the sensitivity of the humidity
sensors, and it should be noted that the morphological change
could possibly reduce the capacitance sensitivity due to the
reduction of the capacitance. Considering the porosity in the
effective permittivity of the sensing material, the predicted
capacitance sensitivity agrees with the experimental observa-
tion.8 Table 2 summarizes the capacitance sensitivity of
different etched humidity sensors, including isotropic, direc-
tional, and vertical configurations. The simulation results show
that isotropical etching is a superior option to achieve the
fastest-response-time humidity sensor, while the vertical
etching achieves the best-sensitivity humidity sensor.

3. NUMERICAL METHOD
The simulation was done by using COMSOL Multiphysics 5.5.
The simulation is based on the following assumptions:
diffusion of water molecules in the film follows Henry’s Law
and Fick’s Law. The humidity sensing mechanism is based on
the change of the dielectric permittivity of the GO sensing film
at different humidity values.27 The water diffusion through the
sensing material is studied using a finite element method
implemented in the Transport of Dilute Species COMSOL
module. The governing equation is given by eq 3

∂
∂

+ ∇· ⃗ = ⃗ = − ∇c
t

J R J D c
(3)

Figure 7. (A) Response time as a function of RH % of nonetched and isotropically etched humidity sensor with 15.75% porosity, (B) response time
as a function of RH % of isotropic etching with 15.75, 20, and 24.25% porosity, (C) sensitivity as a function of porosity of the unetched and
isotropically etched humidity sensor, where the change in the capacitance is calculated from that at 50% to 10% RH.

Table 2. Response Time and Sensitivity of the Etched
Humidity Sensor with Different Porosity Percentages,
Where the Capacitance Sensitivity Is Calculated from That
at 50% of the RH to 10% of the RH

Isotropic Directional Vertical

Porosity percentage 11.4% (intrinsic GO)
Response time (s) 1.136 1.136 1.275
Sensitivity (fF/RH %) 0.0280 0.0285 0.0532

Porosity percentage 15.75%
Response time (s) 1.011 1.014 1.043
Sensitivity (fF/RH %) 0.0257 0.0259 0.0488

Porosity percentage 20%
Response time (s) 1.034 1.034 1.07
Sensitivity (fF/RH %) 0.0397 0.0401 0.0755

Porosity percentage 24.25%
Response time (s) 1.046 1.046 1.087
Sensitivity (fF/RH %) 0.0557 0.0563 0.106
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where c is the concentration, J is the total flux, D is the
diffusion constant of water in the sensing material, and R is the
net water source. In this study, R is equal to zero. The
capacitance of the humidity sensor is studied using the
electrostatics COMSOL module. The governing equation is
Poisson’s equation, as given by eq 4

ρ∇· ⃗ = ⃗ = −∇D E V (4)

where V is the electrical potential and D and E are the electric
displacement and electric field, respectively. The upper
electrode is the applied voltage with the terminal boundary
condition, while the lower electrode is grounded.
The dielectric constant of GO at different RH values was

obtained from the experimental data presented in the previous
literature.28 The diffusion constant of GO was taken as 6.5 ×
10−7 m2/s.29 To investigate the humidity sensing performance,
the device was simulated at various levels of RH %. The values
of RH were defined in COMSOL in the form of water vapor
concentration c using an empirical eq 5, where “t” is equal to
1−373.15/T and T is the ambient temperature.30

= [ − − − ]c t t t texp 13.3185 1.976 0.6445 0.12992 3 4
(5)

Using the concentration value “c” in eq 6, the water vapor
concentration at each RH can be calculated.

= ×
wvc

cRH %
18m(mol/ )3

(6)

During the etching process, there is a relationship among the
porosity of the sensing material, etching time, and material-
etched depth, and it varies with the etching recipe and the
materials. In general, the etching depth and the porosity are
approximately linearly proportional to the etching time as the
etching depth is few micrometers in range.31,32 For instance,
the porosity of porous silicon increases by 8.5% per 1 μm
etching depth. To our best knowledge, this relationship is not
presented in literature and highly depends on the etching
parameter. Therefore, to generally consider the change of the
porosity on GO resulting from the etching process, three
different etching-induced porosity rates of 8.5, 17, and 25.5%
per 1 μm etching depth are discussed.
The effect permittivity of GO can be calculated using the

LLL effective medium theory33,34 by incorporating the porosity
into the model, as given by eq 7.
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where ε1, ε2, and ε3 are the permittivities of air, water, and GO,
respectively, and f1, f 2, and f 3 are volume fractions of air, water,
and GO, respectively. The initial volume fractions of 11.5, 0,
and 88.5% are fitted with the experimentally measured
permittivity of the unetched GO at different RHs.28 Four
different effective permittivities of the etched GO (etching
depth of 0.4 μm) are shown in Figure 8.

4. CONCLUSIONS
Investigating the geometrical dependence of humidity sensors
has shown that optimizing the sensing material is not enough
to accurately achieve the most optimal sensing performance.
Here, we demonstrated the modeling and simulation of GO
humidity sensors using COMSOL Multiphysics comparing
different parameters and etching configurations. Regarding the
GO capacitive humidity sensor, it is seen that some

geometrical parameters such as decreasing the width of
upper electrodes and increasing the spacing between upper
electrodes improves the response time more than the other
parameters. The simulation results show that isotropical
etching shows the best improvement in the response time,
while vertical etching shows highest sensitivity improvement.
The vertically etched sensors presented here have a consistent
increased sensitivity at different porosities, which indicates
stable response of the device at low and high humidity levels
and the highest sensitivity improvement.
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