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Abstract 
 
In this study various electrical properties of humidity sensors based on polyimide (PI) 
layer were characterized. The sensors were manufactured at the Fraunhofer Institute 
for Microsystems and Solid-State Technology (EMFT) as Inter Digital Transducers (IDT) 
with a polyimide layer. Changes in the electrical properties were due to a change in the 
permittivity of the PI layer under different environmental conditions. Using Wafer 
Prober, EMFT sensors were characterized at different temperatures and bias voltages. 
The capacitance measurements were conducted for a frequency range from 1 kHz to 1 
MHz at the Fraunhofer EMFT. Two reference sensors were compared with HAST (Highly 
Accelerated Stress Test) built-in sensors to monitor humidity and temperature inside 
the HAST chamber. Afterward, EMFT sensors were tested at 130 °C and 85 % RH inside 
the HAST chamber. 
 
Keywords: Inter Digital Transducer, Polyimide PI, EMFT sensors, HAST chamber (Highly 
Accelerated Stress test).  
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Zusammenfassung 
 
In dieser Masterarbeit verschiedene elektrische Eigenschaften von 
Feuchtigkeitssensoren auf Basis einer Polyimid (PI)-Schicht wurden charakterisiert. Die 
Sensoren wurden am Fraunhofer-Institut für Mikrosysteme und Festkörpertechnik 
(EMFT) als Inter Digitaler Wandler (IDW) mit einer Polyimid-Schicht hergestellt. 
Änderungen der elektrischen Eigenschaften waren auf eine Änderung der Permittivität 
der PI-Schicht unter verschiedenen Umgebungsbedingungen zurückzuführen. Unter 
Verwendung eines Wafer Probers wurden EMFT-Sensoren bei verschiedenen 
Temperaturen und elektrischen Vorspannungen charakterisiert. Die 
Kapazitätsmessungen wurden für einen Frequenzbereich von 1 kHz bis 1 MHz an der 
Fraunhofer EMFT durchgeführt. Referenzsensoren wurden mit eingebauten HAST 
eingebaute Sensoren (Highly Accelerated Stress Test) verglichen, um Feuchtigkeit und 
Temperatur in der HAST-Kammer zu überwachen. Danach wurden EMFT-Sensoren bei 
130 °C und 85 % RH in der HAST-Kammer getestet. 
 
Schlüsselwörter: Inter Digitaler Wandler, Polyimide PI, EMFT-Sensoren, HAST Kammer 
(Highly Accelerated Stress Test).  
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1. Introduction 
 

Relative humidity (RH) and temperature sensors are always demanding and have many 
applications in various fields including the medical field and industrial area [1]. 
Measuring RH has always been challenging due to the lack of stable and reliable 
sensors. As well as, the cross-sensitivity to temperature and different gases further 
complicates the calibration procedure of humidity measurements with RH sensors [2].  
There are three different common ways to measure RH:  

o By Comparing the temperature between a saturated environment and the 
environment of interest. 

o By measuring the change of mechanical properties of a film or filament.  
o By measuring the change of electrical properties like capacitance/resistance [3]. 

This thesis concentrates on RH sensors which measure a change in their electrical 
properties, especially their capacitance. That reflects the changes in the dielectric 
function of the Polyimide (PI)-layer which covers the gold electrodes formed as an Inter 
Digitated Transducer (IDT) in the presence of different RH levels. As the change in the 
electrical properties is activated by water molecules penetrating the Polyimide (PI)-
layer. Therefore, an electric field can be generated between the IDT electrodes with an 
applied voltage which changes the capacitance. Polyimide (PI) is a heat-resistant 
polymer which acts as a dielectric capacitor because of its good thermal and 
mechanical stability [4]. 
As reliability is defined as the quality of the sensor over time. Therefore, reliability is a 
time-consuming procedure. So, reliability tests can be carried out under known stress 
conditions for a specific period to be able to ensure that devices maintain their function 
throughout their expected lifetime.  
The HAST test, which is a Highly Accelerated Stress Test, is an intriguing technique to 
test the reliability of electronics. It evaluates the humidity resistance of samples at 
different humidity and temperature values. Its objective is to evaluate a test specimen's 
moisture resistance by raising the water vapor pressure in the test chamber to high 
level than the partial water vapor pressure within the test specimen. This method 
temporarily increases moisture entry into the sample. The test is carried out at a 
predetermined temperature, relative humidity, or pressure. In a state of water vapor 
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pressurization, the atmosphere generally has a temperature of at least 100°C. When 
pressure is considered as an environmental component, HAST is sometimes 
characterized as a combined test. HAST comes in saturated and unsaturated forms. The 
former is commonly performed at 121°C and 100% RH, whereas the latter is performed 
at 110, 120, or 130°C and 85% RH. Unsaturated tests are typically performed on 
electrical components. HAST is a pretty extreme test, with an acceleration factor 
ranging from tens to hundreds of times under 85°C and 85% conditions. Because of 
the extreme acceleration, it is important to look into failure mechanisms. The main 
advantage of the HAST is that high-temperature and humidity values can be set inside 
the HAST chamber, for instance, 130 °C and 85 % RH respectively. Another benefit of 
the HAST is that the test time can be reduced to 3-4 days rather than weeks for current 
state-of-the-art reliability tests [5].  
By decreasing test duration for reliability tests, companies can achieve a shorter time 
to market while ensuring their level of quality and reliability.  
The main objectives of this thesis are summarized in three parts. The first part is 
dedicated to the electrical measurements of the Fraunhofer EMFT sensors done in the 
wafer probe analyzer, including AC response which is a capacitance-frequency curve, 
DC responses like capacitance-voltage and current-voltage curves as well as resistance 
measurements concerning different temperature responses. 
In the second part, reference sensors with the same principle as EMFT sensors are 
selected and implemented inside the HAST chamber to trace the differences in relative 
humidity and temperature values of the reference sensors and the HAST chamber 
sensors. To set the reference for later calibration. 
The third part is based on testing the EMFT temp-humidity sensors inside the HAST 
chamber for data validation, comparison, and sensor calibration.  

Chapter 1. Introduction  
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2. Theoretical background 
 

2.1. Absolute and Relative Humidity 
 

Relative humidity (RH) is the percentage of water vapor in the saturated air at the same 
temperature. In other words, it is the ratio of the partial pressure of water vapor (pH2O) 
with the mixture of the equilibrium vapor pressure of water (p*H2O) as shown in 
Equation 2.1 [6]. 
 

                                                 Relative humidity = Ø =
𝑝𝑝𝑝𝑝2𝑂𝑂
𝑝𝑝 ∗ 𝐻𝐻2𝑂𝑂

                                            𝐸𝐸𝐸𝐸: 2.1 

 
RH can be increased up to 100 % if the temperature reaches the dew point (DP). The 
DP is the constant temperature at which air requires to be cool and condensed into 
water droplets. In other words, RH is the ratio of absolute humidity (AH) present to the 
maximum possible humidity (RHmax) at a given temperature as given in Equation 2.2 
below. Mostly the maximum humidity indicates the amount of water at a fixed 
temperature in a fixed volume [7]. 
 

                                                                  𝑅𝑅𝑅𝑅 =
𝐴𝐴𝐴𝐴

𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚
𝑥𝑥 100 %                                                  𝐸𝐸𝐸𝐸: 2.2 

 
On the other side, the exact quantity of water vapor in the air describes the AH, in other 
words, AH can be calculated with the mass of water vapor (mwater) divided by the cubic 
meter volume of air Vair as expressed in Equation 2.3. 
 

                                                                      𝐴𝐴𝐴𝐴 =
𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
                                                              𝐸𝐸𝐸𝐸: 2.3 

 
When absolute humidity is constant, relative humidity is directly dependent on 
temperature exponentially. Due to this fact, it is also important to monitor the 
temperature of that specific region where humidity sensor will be used. That is why 
many humidity sensors are also required to measure temperature [8]. A carrier diagram 
can illustrate all dependencies between each AH and RH. It shows the maximum 
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humidity as a function of temperature and relative humidity, as can be seen in Figure 
2.1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 2.1: The carrier diagram represents the relation between RH and AH with respect to temperature 
[9]. 

 
In the above diagram, each line represents a 10 % increment of relative humidity. A 
cubic meter volume of air with 20 ֯C will be saturated with 17 g of water vapor. 
Additional water will compress as dew [9]. 

 

2.2. Temperature-humidity sensors 
 

Temperature-humidity sensors are playing a major role in different areas including the 
medical industry and semiconductor industry. Moisture in the air deeply influences the 
processes of manufacturing, especially during wafer processing. Relative humidity must 
be monitored constantly to avoid air bubbles and water vapors. Some humidity sensors 
are also used for wearables to monitor the sweat, respiration, and skin moisture to 
prevent health diseases of the users [10]. 
Resistive temperature sensor is a common type of temperature sensor, which measures 
temperature by changing the resistance of a metal wire. Similarly, the capacitive 
humidity sensor is a common type of humidity sensor which measures humidity by 
measuring a change in the dielectric material. Both sensors are described in this study. 

Chapter 2. Theoretical Background  
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Besides these sensors, further different temperature-humidity sensors such as resistive 
humidity sensors and thermal conductivity sensors are also used in various fields [11]. 
But these are not working on the same principle as the EMFT sensors, therefore these 
are not described in this report. 

  

2.2.1. Resistive temperature sensors  
 

Resistive temperature sensors are used to measure atmospheric temperature in 
different environments. Typically, resistive temperature sensors are primarily a long, 
small diameter metal wire wrapped in a coil or an etched pattern on a substrate, similar 
to a strain gage as shown in Figure 2.2.  
 
 
 
 
 
 
 
 

Fig. 2.2: Schematic view of a resistive temperature sensor consists of a gold film pattern placed on a 
ceramic base [12]. 

 
Resistive temperature sensors work on the principle that the electrical resistance of 
metals such as platinum, copper, or gold varies predictably with temperature in an 
essentially linear and repeatable manner. The specific resistance of most conductive 
materials varies with temperature. This is why particular resistance statistics are always 
given at a constant temperature typically at 25 °C. Temperature coefficient of resistance 
(TCR) is the resistance-change factor per degree Celsius of temperature change. The 
Greek lower-case letter alpha (α) represents this factor that can be calculated by the 
following formula [13].  
 

                                                        𝑇𝑇𝑇𝑇𝑇𝑇 = α =  
𝑅𝑅 − 𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟

𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟 ∗ (𝑇𝑇 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟)
                                              𝐸𝐸𝐸𝐸: 2.4 

 
A positive coefficient for a material indicates that its resistance increases as 
temperature rises. Pure metals often have positive temperature coefficients of 
resistance. Certain metals can be alloyed to produce coefficients close to zero. 
A negative coefficient for a material indicates that its resistance reduces as temperature 

Chapter 2. Theoretical Background  
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rises. Carbon, silicon, and germanium are examples of semiconductor materials with 
negative temperature coefficients of resistance. 
The resistive temperature sensor plays a major role in different applications including 
electrical home appliances, the medical industry as well as power plant industry that 
contains hazardous environments. The resistive temperature sensors are significantly 
more stable and can provide accurate and exact readings for an extended period [14]. 
The resistive temperature sensor that is characterized in this thesis is made of gold wire 
because of its high sensitivity and good thermal conductivity. The temperature 
coefficient of resistance of gold is 0.0037  °C-1. It can operate up to 400 ֯C temperature 
without any changes in its thermal and mechanical properties. The length of the gold 
wire used in this work was in the range of millimeters. 

 

2.2.2. Capacitive humidity sensors 
 

A capacitive humidity sensor determines relative humidity by varying the capacitance 
produced by changing the properties of a dielectric material which acts as an insulator. 
Ideally, the dielectric materials are hygroscopic, which can absorb and desorb water 
vapor from the atmosphere. The dielectric constant, which is also known as permittivity 
of insulating material, changes by continuous absorption of water vapor. This is due to 
the high dielectric constant of water which is around 80, as compared to the dielectric 
constant of insulating materials which is in the range of 1 to 4. Therefore, the dielectric 
constant of the insulating material increases by adsorbing water vapor, which induces 
a change in capacitance, and when the capacitance changes the impedance also 
changes which can be used to derive the humidity. When the RH changes typically from 
5 % RH to 95 % RH, the resistance of the dielectric material also changes which 
corresponds to the change in permittivity [15].  
Capacitive humidity sensors are usually fabricated as parallel plate capacitors or as 
inter-digital transducers IDTs. IDTs are comb-like structures made by two metal 
electrodes placed on a substrate where the insulating material is deposited on the top 
as a thin layer. The EMFT temperature-humidity sensors used in this thesis are also 
fabricated as comb-like IDT structures, as described in Section 3.1. If the sensors are 
fabricated in thin form, the change in impedance caused by humidity can be achieved 
on a large scale. Because the thinner the sensor with a certain thickness of insulating 
material, the easier for humidity to absorb and desorb by the material. Also, drying 
time will be shorter for the sensors after usage and can be calibrated easily after 
fabrication [16]. The insulator is typically a polymer which can withstand high 
temperatures without any mechanical changes mostly less than 400 °C. A capacitive 

Chapter 2. Theoretical Background  
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humidity sensor is ideal for use in harsh environments such as high temperatures or 
temperatures below 0 °C. Furthermore, it does not require any maintenance for an 
extended period of time, is easy to use, and is not affected by atmospheric pressure. It 
provides an accurate output with high sensitivity and with a wide range of relative 
humidity, even at low humidity levels these sensors respond actively. But it does not 
have long-term stability and is also sensitive to dewing and some aggressive 
substances [17]. Figure 2.3 shows a schematic representation of a capacitive humidity 
sensor which shows the placement of a comb-like structure of two IDT metal electrodes 
on a substrate with a humidity sensing layer. 
 
  
 
 
 
 
 
 
 

Fig. 2.3: Schematic representation of capacitive humidity sensor [18, 19]. 

 

2.3. Polyimide sensing layer 
 

Polyimide is a polymer that can also be used as a dielectric sensing layer for humidity 
sensors. It carries an imide group. Its chemical structure can be either linear or cyclic 
[20]. Mostly, the cyclic structure of PI is commercially used due to its stable and 
excellent electrical, thermal and mechanical properties in a corrosive environment 
which makes it an ideal material for high-performance applications. PI has good 
mechanical properties because of the stiffness of scented segments in the repeating 
units and the strong intermolecular forces between polymer chains [21]. A typical 
polyimide chemical structure is shown in Figure 2.4. 
 
 
 
 
 
 

 
Fig. 2.4: General chemical structure of polyimide (PI) polymer attached with imide-groups [22]. 

Chapter 2. Theoretical Background  
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The charge transfer complexation is also an important part of polyimide. The material 
needs to be compatible with both donor and acceptor segments. In the PI the electron-
rich nitrogen group serves as a donor, while the carbonyl group serves as an acceptor, 
which lends some electrons from the donor. In this way, two segments are tightly 
bound to each other and even multiple chains can be developed [23]. The PI sensing 
layer characterized in this study is prepared from Fujifilm's Durimide 7500 
Photosensitive Polyimide Precursor. This precursor obtains a liquid amido carboxylic 
that reacts with the methacrylic acid to glycol. This glycol is applied by spin coating 
and then hardened by exposure and can be thermally transferred to PI. Because of its 
fine porous structure, water vapor can penetrate the PI layer and effect to change the 
electrical properties which makes it an ideal insulator for capacitive humidity sensors. 
PI are hydrophilic in nature that absorb more moisture [24].  

 

2.4. Polarization mechanisms of PI 
 

Charges don’t move freely from one electrode to another inside the Polyimide due to 
strong intermolecular forces. When an electric field is applied to a capacitor that 
contains polyimide as an insulator, a dipole moment is created inside the PI in which 
positive charges align with the electric field and negative charges align in opposite 
direction. This pure effect can be explained as polarization. A capacitor can store more 
charges if an insulating material can easily be polarized [25]. There are four different 
mechanisms of polarization [26]: 

o Electronic or atomic polarization. 

o Orientation or dipolar polarization. 

o Ionic polarization. 

o Interfacial polarization. 

 

2.4.1. Electronic polarization  
 

This mechanism can usually be found in all ions or atoms. When an electrical field is 
applied it forces the nucleus and its electron cloud to distort from each other. Thus, a 
very weak dipole is produced as a result of a very small effect of polarization in which 
a positively charged nucleus is aligned with the electrical field while the negatively 
charged electrons are aligned against it [27]. This electronic polarization is very rapid 
in the process. Therefore, it activates at frequencies around 1017 Hz [28]. The whole 

Chapter 2. Theoretical Background  
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representation of this electronic polarization is shown in Figure 2.5. 
 
 
 
 
 
 
 
 
 

 
Fig. 2.5: Image of electronic polarization of atom [29]. 

 

2.4.2. Orientation or dipolar polarization 
 

This polarization is very common in polymers in which molecules possess permanent 
dipoles containing a charge separation even without an electric field. These dipoles are 
arranged randomly in non-polar materials. Thus, the dipole moments from different 
molecules cancel out and the net polarization is zero. When an electric field is applied, 
the dipoles rotate to align in the same direction as the electric field. Therefore, they 
also align with each other. A net polarization creates as dipole moments can no longer 
cancel out [30]. This dipolar polarization occurs at frequencies below 1010 Hz [28]. The 
whole representation of this orientational polarization is shown in Figure 2.6. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.6: Representation of orientational or dipolar polarization [29]. 

 

Chapter 2. Theoretical Background  
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2.4.3. Ionic polarization 
 

Ionic structures are composed of cations and anions with ionic bonds in which ions are 
symmetrically arranged inside a crystal lattice with zero net polarization. But when an 
electric field is applied, ions start to be displaced in the opposite direction which 
produces a net dipole moment [31]. Ionic polarization occurs at frequencies of around 
1013 Hz slightly slower than electronic polarization [28]. 
 
 
 
 
 
 

Fig. 2.7: Image of ionic polarization [29]. 

 

2.4.4. Interfacial polarization 
 

This polarization has a different mechanism in comparison to the above three 
polarizations. Instead of only bound positive and negative charges it also affects the 
free charges inside the material. This polarization is also known as space charge 
polarization, as it accumulates charges and interfaces between two different materials 
or at grain boundaries inside a material. Because charges follow an electric field rather 
than maintaining their charge neutrality [32]. Can be visualized in Figure 2.8. 
 
 
 

 
 

 

 
Fig. 2.8: Visualization of interfacial polarization [29]. 

 

Usually, this kind of polarization is observed in polycrystalline or amorphous solids. 
Because of the slow mechanism, it occurs at frequencies below 104 Hz [28].  

Chapter 2. Theoretical Background  
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3. Material and Methods 
 
In this section, the designed structure and layout of two EMFT temperature-humidity 
sensors are described, which are distinguished as sensor A and sensor C due to the 
change in pitch of the IDTs and the width of the temperature sensor. After that, the 
procedure for measuring the electrical characteristics of the EMFT humidity sensor in 
both alternative current (AC) and direct current (DC) on a wafer probe analyzer is 
described. Then the working mechanism of the HAST system is explained. In the end, 
the electrical specifications and operating mechanisms of two selected reference 
sensors are discussed. 

 
3.1. EMFT sensor Layout 

 
The layout of humidity sensors A and C were developed and produced in a clean room 
by the EMFT itself. The wafer used was 500 µm thick and 6 inches in size. The material 
of choice was Borosilicate as the substrate of the wafer. Because it has a low dielectric 
constant which is ϵ = 4.6 with a thermal expansion coefficient of α = 3.3x 106 K-1 which 
is 60 % less than compared to quartz glass [33]. A schematic view of both sensors A 
and C can be seen in Figure 3.1. 

Figure 3.1: Schematic view of EMFT temperature-Humidity sensors A and C layouts. 



12 

Firstly, a 35 nm thin adhesive layer of Titanium Tungsten (TiW) is spattered onto the wafer 
followed by a sputtered 150 nm thin gold layer. To structure the gold layer a photo resistive 
mask was applied on top of it. Afterward, the wafer was wet etched with aqua regia and 
tempered at 400 °C. Finally, the wafer was coated with a PI sensing layer by using a spin coater. 
The thickness of the PI was in the range of µm. In the end, the wafer was diced into 3.95 mm x 
4.6 mm pieces in which the size of both sensors was 3.3 mm x 3.5 mm.  
Each sensor consists of two electrodes ordered in a comb-like IDT structure working as a 
capacitor, a gold wire for resistive temperature measurements as well as a heating wire to heat 
the sensor. Both sensors differed concerning the IDT’s pitch which is 14 µm and 18 µm 
respectively, in which the gap between two electrodes is 6 µm and 8 µm and the width of 
electrodes is 8 µm and 10 µm respectively. Similarly, the resistive temperature wire used for 
simultaneously measuring the atmospheric temperature also had different widths which are 13 
µm and 12 µm respectively. Otherwise, the geometry and the dimensions of both sensors were 
similar. 

 
3.2. Wafer probe analyzer 

 
For electrical measurements, the EMFT temperature-humidity sensors were placed on 
a wafer probe analyzer where capacitance, conductance, resistance, and the current 
were measured concerning the range of different frequency and bias voltage at 
different temperatures. Figure 3.2 shows the whole setup of the wafer probe analyzer 
and the connections of wafer probes with the EMFT humidity sensors can be seen in 
Figure 3.3. 
 

Figure 3.2: Setup of wafer probe analyzer.     Figure 3.3: EMFT sensors connected with wafer probes. 

 

Chapter 3. Material and Methods  



13 

The wafer prober is used to characterize the wafer to make contact in the designated 
position on the device. A wafer prober is a tool used for testing circuits and devices on 
wafers, dies, and open microchips. It is also known as a semiconductor probe station 
or probe station. 
Users can place electrical, optical, or RF probes on a wafer using wafer prober stations 
to evaluate the device under test (DUT). These tests might be basic, like a continuity or 
isolation check, or complex, like a full functioning test of a microcircuit. The wafer can 
be seen in individual dies before or after tests are conducted. 
Manufacturers can test a device several times throughout the manufacturing process 
by testing at wafer level with a wafer prober. This gives information about the process 
steps which result in flaws in the final product. Additionally, it gives manufacturers the 
chance to test the dies before packing them, which is crucial in applications where the 
price of packaging is high compared to the price of the device [34]. 
In this study, the dies of EMFT sensors were placed on the wafer chuck. The wafer 
probes were connected to the pads, and signals were transmitted to the system. The 
measurements of capacitance, conductance, resistance as well as I-V sweep curves were 
displayed on the computer. The wafer chuck was also connected to a temperature 
controller which regulated the temperature as needed. Using a camera or a 
microscope, it was easy to connect the probes to the electrodes. Figure 3.4 shows the 
complete operational cycle of the wafer probe analyzer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.4: Block diagram of the working process of a Wafer Probe analyzer. 

 
3.3. Highly Accelerated Stress Test (HAST) system 

 
In this thesis, the Highly Accelerated Stress Test (HAST) system "EHS-221MD by Espec", 
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which complies with IEC60068-2-66 and other international requirements for bias 
testing was used to conduct the humidity stress tests. The EHS-221MD HAST system, 
as shown in Figure 3.5, has two independent chambers which may operate 
independently on various settings as well as an operator control panel for setting up 
parameters to perform the test. Each chamber has an inner cylinder with an arched 
ceiling to prevent condensation from dripping on the specimen when the chamber 
begins to cool. Signal terminals within the chamber connected the sensor to the 
terminal outside on the right. From there the DUT was connected with the SMU (Source 
Measuring Unit) by “HK Testsyteme”, which was further connected to the computer 
with the test software through a serial to USB adapter. 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 3.5: The Highly Accelerated Stress Test (HAST) System contains two chambers with outside 

terminals to connect the specimen with the external test equipment. 
 
The rack is loaded onto a shelf inside the chamber. Wet-and-dry bulb temperature 
control, wetting saturation control, and unsaturated control are three test conditions 
of the HAST chamber. Wet-and-dry bulb temperature control uses a wet-and-dry bulb 
temperature sensor to directly detect and regulate the test chamber temperature and 
humidity. When testing with wetting saturation control, the HAST chamber heater is 
turned off and only the humidifying heater is regulated. While in unsaturated control, 
the HAST chamber heater produces a slight inclination towards unsaturation [35]. The 
chamber contains a temperature sensor which is placed at the back of the chamber to 
measure the temperature. Relative humidity is monitored by a dry and wet bulb 
temperature control mode. Therefore, a linen sock is wrapped around a second 
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temperature sensor which is located in front of the vessel. The sock absorbs moisture 
during the measurements. Due to the adiabatic evaporation, the sensor measures at a 
slightly cooler temperature than the unwrapped sensor placed at the back of the 
chamber. The temperature difference between these two sensors is correlated to the 
relative humidity inside the chamber. As well as the shelf including the mounting for 
the PCB is placed inside the inner cylinder, one inner terminal is on the left and 
connected to the mounting of the PCB. In Figure 3.6. the inner view of the chamber as 
well as the placement of the sensors can be seen. 

Figure 3.6: Inner view of the chamber of the HAST system EHS-2221MD. 

 
The values for temperature, relative humidity, operating period of the test as well as 
the different modes can be programmed through the operator control panel. One can 
choose between the program mode or the constant mode, while the unsaturated and 
wet saturated control can be chosen for both program and constant modes. The dry 
and wet bulb temperature control mode can only be chosen when the program mode 
is used [36]. As the name suggests, one may program several stages to perform the 
test while using program mode. Each step may be set with a different temperature and 
relative humidity value as well as a varied time. Used in constant mode, temperature 
and RH are fixed throughout the whole test run. 
Before the chamber reaches the selected temperature and RH specifications, the 
operating period of the test is not initiated. Since ramp-up time is only taken into 
consideration at the beginning of program mode use, it is important to take this ramp-
up procedure into account. Therefore, if the temperature is increased from one step to 
the next while using the program mode, the time for the ramp-up process is not 
considered by the system itself. The time required for the ramp-up step must be added 
to the intended duration for this particular phase.  
After adjusting the desired test settings, the door has to be locked. This is to ensure 
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the chamber is hermetically sealed and the pressure inside is maintained. But before 
the test run can be started, one has to start the test software for simultaneous data 
logging. The SMU was provided by “HK Testsysteme” which provides a constant DC 
voltage of up to 30 volts. The electrical specifications of the SMU can be seen in table 
3.1. 
 

Voltage range Current range Accuracy 
 

0 - 30 V 
0-1000nA 
0-1000µA 
0-10mA 

+/- 10nA 
+/- 1µA 
+/- 10µA 

Table 3.1: Electrical specifications of SMU (Source Measuring Unit). 

 
Because the current measurement can be in the range of a minimum of 10 nA the 
voltage has to be extremely stable to minimize the measuring inaccuracy. The SMU can 
provide a constant voltage to thirteen isolated power supplies simultaneously with a 
permitted inaccuracy of 0.1 V, which can be seen in Figure 3.7. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.7: SMU (Source Measuring Unit) consists of 13 independent voltage sources provide DC 
voltage up to 30 V with 10 nA max resolution. 

 
The test software can therefore operate each voltage source independently. A group 
of power units must be generated within the software before the measurement can 
begin. This group of power units can be used for the next measurements. Since the 
system may either utilize a single power unit or the assembled group of several power 
units, all necessary power units must be combined into a single group. The actual 
measurement parameters can then be chosen from this group. The applied voltage and 
the current range for the measurement both have to be set in the measurement 
parameters. The connected power unit will shut down to protect the SMU if an 
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excessive current is detected during the test. The software only allows a maximum 
current of 10 mA and a maximum DC voltage of 30 V. 
In this study for the HAST measurements, the Temp-Humidity sensors A and C were 
glued and wire bonded to C-DIPs (Ceramic Dual Inline Packages). C-DIPs are commonly 
used for integrated circuits where high temperature or reliability are required, or when 
the device has an optical window to the package's interior. Most C- DIPs are soldered 
to a PCB after the pins are inserted through holes on the board. Ceramic packages are 
less physically constrained than other materials, which improves the product's 
performance. Ceramics packages increase a product's lifespan as they are corrosion- 
and wear-resistant. Mostly ceramic packages are used for test purposes and are rarely 
used for final products as they are expensive. The C-DIPs were connected with a Teflon-
gold PCB through a mounting hole. Four sensors, two sensors A and two sensors C, 
each inside a C-DIP were connected to Teflon-gold PCB, as shown in Figure 3.8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.8: Sensors A and C were glued, wire-bonded to C-DIPs, and connected with Teflon-gold PCB 

through a mounting hole. 
 
The HAST chamber was operated in constant mode under three different conditions, 
which are as follows: 
 
Ramp-up: The chamber began the ramp-up process where the temperature rose to 
130 °C and the relative humidity reached 85 % RH. The actual measurement was started 
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after finishing the ramp-up process. 
 
Step 1: The temperature was set to 130 °C and the RH to 85 % for 100 hours. 
 
Cool down: The measurement was done and the pressure inside the chamber 
decreased. Resulting in a decreasing temperature and RH. 
 

3.4. Reference Temp-Humidity sensors 
 
A comparison of two calibrated temperature-humidity reference sensors with the HAST 
built-in sensors was performed to monitor the actual temperature and relative humidity 
inside the HAST (Highly Accelerated Stress Test) chamber. As already explained in 
Section 3.3 that the difference between the temperature sensor and the linen sock-
wrapped temperature sensor was referred to as relative humidity.  
Due to this inaccurate method for measuring the relative humidity of the HAST 
chamber, it was decided to integrate the relative humidity with two calibrated humidity 
sensors placed inside the chamber through Teflon-gold PCB, to ensure that the 
temperature and relative humidity were correct as given by the HAST built-in sensors 
on dry and wet bulb mode. The calibrated reference sensors were used because of the 
prerequisite of accurate and reliable monitoring of the HAST chamber. 
Two calibrated reference sensors were selected which were in principle similar to the 
EMFT temperature-humidity sensors. Both reference sensors contained a capacitive 
humidity sensing element and a resistive temperature sensor with a polymer sensing 
layer. One was 'HTU31D sensor by TE Connectivity and the other was 'BME280 by 
Robert Bosch GmbH', as shown in Figure 3.9. 

 
 
 
 
 
 

 
 

Figure 3.9: Selected reference sensors HTU31D and BME280 with the same principle as EMFT Temp-
Humidity Sensors [36, 37]. 

 
The HTU31D humidity sensor developed by TE connectivity could operate in a range 
of 0 % RH to 100 % RH relative humidity with a temperature range of -40 °C to +125 
°C. The sensor can interface with a microcontroller via an I2C address, with a wide 
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supply voltage range from -3.0 V to 5.5 V. The sensor was designed as a compact 6-
pin DFN (dual flat no-lead) surface mount package containing a PI sensing layer, with 
a dimension of 2.5 mm x 2.5 mm x 0.9 mm [37].  
While the BME280 humidity sensor was manufactured as a metal lid LGA (land grid 
array) by Robert Bosch GmbH company with the same dimensions of 2.5 mm x 2.5 mm 
x 0.93 mm. It has the same relative humidity range as the HTU31D sensor which is 0 to 
100 % RH, while the temperature range is slightly lower from -40 °C to 85 °C.  The 
sensor can also interface with a microcontroller via an I2C address, with a voltage range 
of 1.2 V to 3.6 V [38]. The schematic layouts of both reference sensors can be seen in 
Figure 3.10. 
 

 
Figure 3.10: Schematic design of both reference sensors HTU31D and BME280, to place on Teflon-gold 

PCB inside the HAST chamber [36, 37].  

 
To operate these reference sensors with a microcontroller, breakout boards were used 
with built-in reference sensors. Breakout boards are used to readily connect small 
sensors, chips, and components to any microcontroller, including the Raspberry Pi, 
Metro, Feather, Arduino, and more. To facilitate prototyping and experimentation with 
the integrated circuit, a breakout board separates the pins of these surface mount ICs 
onto a PCB with output pins that are correctly spaced for a solder-less breadboard. The 
basic idea of a breakout board is to simplify the use of a single electrical component 
[39]. 
The first breakout board for the HTU31D sensor was chosen from the open-source 
hardware business Adafruit Industries, while the second breakout board was produced 
by the Pimoroni hobbyist electronics company for the BME280 sensor. Because of these 
breakout boards, the reference sensors were limited to operating at 85 % relative 
humidity and 85 °C temperature. Because above 85 °C temperature could cause the 
burning of components or boards. In Figure 3.11, Both reference sensors with breakout 
boards can be seen. 
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Figure 3.11: HTU31 sensor breakout board by Adafruit and BME280 sensor breakout board by 

Pimoroni respectively [40, 41]. 
 
Since the breakout boards of both reference sensors could be interfaced via an I2C 
address, an Arduino Uno microcontroller was used to operate these reference sensors 
one after the other. As the Arduino libraries for each sensor module were readily 
available. The code was written on Arduino software for each sensor and uploaded to 
the Arduino microcontroller through a USB port connection between the laptop and 
the board.  
After uploading the code, the hardware connection was created between the pins of 
the reference sensors board (SCL & SDA) and the Arduino Uno board (A5 & A4) to 
transmit and receive signals for serial communication. The data was stored in a text file 
with date and time stamps. Figure 3.12 represents the connections between the 
Arduino Uno microcontroller and the reference sensors breakout boards. 
 
 

 

 

 

 

 

 

Figure 3.12: I2C interfacing between Arduino microcontroller and reference humidity sensors [42]. 

 
After initial testing, reference sensors with breakout boards were installed on a rack 
inside the HAST chamber with Teflon-gold PCB as shown in Figure 3.13.  
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Figure 3.13: Installed reference sensor with PCB Teflon inside the HAST chamber. 
 
Signal terminals inside the chamber connected the sensors to the outside terminals of 
the HAST and from there they were connected one after the other to the Arduino Uno 
microcontroller. The HAST chamber was operated in a constant mode for 8 hours where 
the temperature was set up to 85 °C temperature with 85 % relative humidity. Initially, 
the chamber began a ramp-up process for 2 hours, where the temperature rose to 85 
°C and the RH inside the chamber reached 85 %. After the ramp-up process was over, 
the actual measurements were started for 6 hours. 
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4. Results 
 

This section begins by presenting the results of electrical measurements of EMFT 
humidity sensors A and C which were performed on a wafer probe analyzer. Then the 
comparison of the HAST chamber sensors with the reference sensors is displayed. In 
the end, the results of EMFT sensors A and C measurements inside the HAST chamber 
are given. 

 

4.1 Wafer probe measurements 
 
The electrical characteristics of EMFT humidity sensors A and C as defined in section 
3.1, were measured with a wafer probe analyzer in both AC and DC modes and the 
effects of different temperatures on the resistance of both temperature sensors A and 
C were also observed. In the beginning, the capacitance was measured of both 
humidity sensors A and C at three different temperatures 25 °C, 85 °C, and 130 °C 
respectively in a frequency range of 1 kHz to 1 MHz with an amplitude of 250 mV AC 
with a fixed bias voltage of 30 V DC as shown in Figure 4.1. 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.1: Generic C-f measurements of both humidity sensors at 30 V DC with 250 mV AC amplitude. 
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Sensor A provided higher capacitance measurements as compared to Sensor C. This is 
due to the difference in the pitch of the IDTs of both sensors, where the width of 
electrodes and the gap between them were not similar, as explained in section 3.1. 
Both humidity sensors A and C had similar responses. The capacitance exponentially 
decreased as the frequency was increased from 1 kHz to 1 MHz. This was due to the 
change in impedance across the IDT electrodes of sensors. The impedance occurred 
because the electrons on IDT electrodes appeared in the form of electric charge to 
move more rapidly from one electrode to another with respect to different frequencies 
[43]. On the other side, As the temperature increased the capacitance of the sensors 
was also increased. This was due to the change in dielectric properties of the PI layer 
that covered the IDT electrodes of humidity sensors and was working as an insulator. 
The values of capacitance were in the range of pF which represented the efficiency of 
the polyimide layer to absorb the high energy. 
After monitoring the temperature and frequency responses of both sensors, the 
capacitance and conductance of both humidity sensors A and C were investigated at 
again three different temperatures of 25 °C, 85 °C, and 130 °C but with a fixed frequency 
of 1 kHz and in the bias voltage range from -30 V to +30 V DC in 0.3 V steps. The result 
can be seen in Figure 4.2. 
 

Figure 4.2: Capacitance (C-V) and conductance (G-V) measurements at three different temperatures of 
both humidity sensors A and C at a fixed frequency of 1 kHz and in the bias voltage range from -30 V to 
+30 V DC in 0.3 V steps. 

 
The capacitance of both sensors A and C remained constant at different applied 
voltages, because by adding a certain number of charges to the IDT electrodes its 
voltage also increased, therefore the capacitance remained constant [44]. The 
conductance values of both sensors were also the same at different applied voltages. 
Because the polyimide layer's conductivity remained constant due to its isotropic 

Chapter 4. Results  



24 

composition [45]. However, the increase in temperature was increasing the capacitance 
of the humidity sensors because of the change in the dielectric constant of the PI layer. 
Similarly, the conductance also increased as the temperature increased the kinetic 
energy of the ions and the ions carried their charge faster [46]. The conductance was 
in the range of nS with less noise. Most noises are produced in the current flow and 
conduction process by impurities in the material that can be reduced by providing a 
constant frequency [47]. Therefore, a 1 kHz constant frequency was applied during the 
measurements. 
After measuring capacitance and conductance, current was measured in both humidity 
sensors with a limitation of 10mA current and with a bias voltage range from 0 V to 30 
V in 10 mV steps at three different temperatures of 25 °C, 85 °C, and 130 °C. The result 
is displayed in Figure 4.3. 
 

Figure 4.3: Current and voltage (I-V) characteristics at three different temperatures of both humidity 
sensors A and C with a limitation of 10 mA and in a bias voltage range from 0 V to +30 V DC in 0.1 V 
steps. 
 
The current-voltage (I-V) characteristic curves presented the relationship between the 
current flow through the IDT electrodes underneath the PI layer and the voltage applied 
to the terminals of both humidity sensors. The ratio of applied voltage and the current 
flow were showing the resistance between the electrodes [48]. The current flow was 
very low at 25 °C because the resistance was very high across the IDT electrodes that 
validated Ohm’s law. But as the temperature increased the resistance between the 
electrodes decreased due to the PI layer that acted as an insulator [49]. Hence, the 
current flow was rapid at 130 °C due to low resistance and the rapid movement of free 
electrons from one electrode to another as shown in Figure 4.3. The current values were 
in the range of nA. From the linear regression slope of each I-V characteristic curve, the 
conductance values of humidity sensors A and C were extracted at three different 
temperatures as shown in Table 4.1.  
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Table 4.1: Conductance values of both EMFT humidity sensors A and C were extracted from the linear 
regression slope of each I-V characteristic curve. 
 
When the temperature increased, the conductance of both humidity sensors was also 
increased due to the ionization of charges between IDT electrodes. The conductance is 
inversely proportional to resistance. Therefore, an increased conductance means 
decreasing the resistance of humidity sensors.  
 After measuring all electrical properties of humidity sensors A and C. The current-
voltage (I-V) measurements of temperature sensors A and C were performed for the 
resistive response. The limitation of current and the bias voltage range was the same 
as applied for humidity sensors, which is 10mA current and from 0 to 30 V DC in 10 mV 
steps. The current-voltage characteristic results of temperature sensors A and C are 
shown in Figure 4.4.  

Figure 4.4: Current and voltage (I-V) characteristics at three different temperatures of both temperature 
sensors A and C with a limitation of 10 mA and in a bias voltage range from 0 V to +30 V DC in 10 mV 
steps. 
 
The temperature sensors were made of gold metal wire, as already explained in Section 
3.1. Therefore, as shown in Figure 4.4, when the temperature increased the resistance 
was also increased because the atoms of gold vibrated more due to heat which was 

Temperature 
(°C) 

Humidity 
Sensor A 

Humidity 
Sensor C 

 Conductance 
(pS) 

Conductance 
(pS) 

25 0.067 0.339 
85 8.78 6.80 
130 270.7 203.4 
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affecting the flow of electrons [50]. From the linear regression slope of each I-V 
characteristic curve, the conductance values of temperature sensors A and C were 
extracted at three different temperatures as shown in Table 4.2. 
 
 
 
 
 
 
 
 
 
Table 4.2: Conductance values of both temperature sensors A and C were extracted from the linear 
regression slope of each I-V characteristic curve. 
 
Conductance is inversely proportional to resistance. Therefore, When the temperature 
increased, the conductance of both temperature sensors A and C decreased due to the 
thermal motion of electrons [51], as shown in Table 4.2. 
To further characterize the resistive response of both temperature sensors, 
bidirectional resistance was measured with a 5 mA current limit at six different 
temperatures: 25 °C, 50 °C, 70 °C, 90 °C, 110 °C, and 130 °C. The result is shown in 
Figure 4.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: Resistive behavior of both temperature sensors A and C at heating and cooling temperature. 
 

Temperature 
(°C) 

Temperature 
Sensor A 

Temperature 
Sensor C 

 Conductance 
(mS) 

Conductance 
(mS) 

25 1.66 1.53 
85 1.51 1.51 
130 1.43 1.43 
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The resistive response of temperature sensors A and C was excellent concerning the 
temperature. As the temperature increased the resistance of both temperature sensors 
was also increased. Similarly, when the temperature decreased the resistance of both 
temperature sensors was also decreased, as displayed in Figure 4.5. 

 

4.2 Reference sensors measurements 
 

In the next part of the measurements, the temperature and humidity inside the HAST 
chamber were simultaneously monitored. The temperature and humidity 
measurements of each reference humidity sensor BME280 and HTU31D were 
compared with the measurements of HAST built-in sensors. The HAST chamber was 
operated in a constant mode for 8 hours at a temperature of 85 °C with a humidity set 
value of 85 % RH. The comparative measured results of both reference sensors BME280 
and HTU31D are shown in Figures 4.6 and 4.7, respectively. 
 

 

Figure 4.6: Comparison of temperature and humidity between BME280 reference sensor and HAST built-
in sensors inside the chamber. 
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Figure 4.7: Comparison of temperature and humidity between HTU31D reference sensor and HAST built-
in sensors inside the chamber.  
 
Both reference sensors BME280 and HTU31D gave almost identical measurements of 
temperature and humidity inside the HAST chamber as can be seen in Figures 4.6 and 
4.7. In terms of comparison with HAST built-in sensors, there was a large difference 
between the temperature measurements of both reference sensors and the HAST 
temperature sensor at the starting point, but after 6 hours the measurements stabilized 
and reached the set value of 85 °C with slight differences.  
Initially, the humidity measurements of both reference sensors and HAST built-in 
sensors were contrary. The humidity of the HAST chamber was measured at over 100% 
RH by the reference sensors, whereas the humidity of the HAST chamber was measured 
up to 25% RH by the HAST sensors. But after 6 hours the measurements of both 
reference and HAST sensors were gradually stabilized towards the set value of 85 % 
inside the HAST chamber. But still, the reference sensors were measuring slightly above 
the set value. From these comparative measurements, a reference interval of up to 6 
hours can be set for the characterization of EMFT temp-humidity sensors inside the 
HAST chamber. As the chamber required this period to stabilize and provide the 
desired temperature and humidity environment. 

 

Chapter 4. Results  



29 

4.3 HAST chamber measurements 
 

At last, the EMFT temperature-humidity sensors A and C with ceramic packages were 
inserted on Teflon-gold PCB and placed inside the HAST chamber to investigate the 
behavior of the humidity sensors. The chamber was operated in a constant mode where 
the relative humidity was set up to 85 % RH while the temperature was set at 130 °C. 
The test duration was 100 hours because this is a standard time period to test any 
electronic device inside the HAST chamber. Two power supplies were connected with 
each humidity sensor with an applied voltage of 30 V DC and the maximum current 
limit was 10 mA throughout the operation. After completion of the measurement 
within a specified period, the condition of the EMFT humidity sensors was observed 
under a microscope to determine whether any sensor was burnt or the layout had any 
structural damage during measurement. The microscopic images of EMFT temp-
humidity sensors A and C can be seen in Figure 4.8. 

Figure 4.8: Microscopic images of EMFT temperature-humidity sensors A and C after testing for up to 
100 hours at 130 °C temperature with 85 % relative humidity inside the HAST chamber. 
 
There was no damaged or burnt mark found on the layout of the humidity sensors. The 
bond wiring was also well connected, which indicated that both EMFT temp-humidity 
sensors could work in high temperature and humidity environments for a long 
duration, without any change in mechanical properties, and can also be reused for 
further measurements. However, the electrical properties of EMFT temp-humidity 
sensors could not be measured due to unnecessary leakage current found inside the 
HAST chamber and also the connections between the SMU power supplies and 
humidity sensors were unstable throughout the period. But the electrical 
characterizations of EMFT sensors could be possible in the future after debugging the 
leakage current inside the HAST chamber. 
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5. Summary and Outlook 
 

5.1. Summary 
 

At the end of this thesis, a quick summary of what was done and what results were 
obtained will be given.  
A wafer probe analyzer was used to examine the electrical characteristics of EMFT 
temperature-humidity sensors A and C with a polyimide sensing layer at three different 
temperatures 25 °C, 85 °C, and 130 °C, in both AC and DC modesInitially, the 
capacitance of humidity sensors A and C was measured in a frequency range of 1 kHz 
to 1 MHz with an amplitude of 250 mV AC and a bias voltage of 30 V DC. Because of 
the change in impedance across the IDT electrodes, the capacitance of both sensors 
decreased with frequency. While the capacitance increased as temperature increased 
due to changes in the dielectric properties of the PI insulating material. The capacitance 
and conductance of EMFT humidity sensors were then measured at a constant 
frequency of 1 kHz with biases ranging from -30 V to +30 V DC in 0.3 V steps. The 
capacitance and conductance increased with increasing temperature but remained 
unchanged throughout the test. The current was measured in EMFT humidity and 
temperature sensors A and C, with a current limit of 10mA and biases ranging from 0 
V to 30 V in 0.1 mV and 10 mV steps. Because of the ionization of charges between IDT 
electrodes, the conductance of humidity sensors increased while the resistance 
decreased with temperature. However, the vibration of gold atoms increased resistance 
and decreased conductance in temperature sensors. Furthermore, the bidirectional 
resistance of both temperature sensors A and C were tested at six different 
temperatures within the same range of 25 °C to 130 °C with a current limit of 5mA. As 
the temperature increased, the resistance of both sensors increased. Similarly, when 
the temperature decreased, the resistance of both temperature sensors also decreased. 
The temperature and humidity within the HAST chamber were simultaneously 
measured in the next phase of the measurements. Temperature and humidity 
measurements from each reference humidity sensor BME280 and HTU31D were 
compared to measurements from HAST built-in sensors. The HAST chamber was run in 
a constant mode for 8 hours at 85 °C with a humidity set value of 85% RH. Based on 
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these comparison data, a reference interval of up to 6 hours for the characterization of 
EMFT temperature-humidity sensors inside the HAST chamber could be defined. This 
interval was required since the chamber needed to settle and provide the desired 
temperature and humidity conditions. 
The chamber was run in a continuous mode with the relative humidity set at 85% RH 
and the temperature set to 130 °C. The testing duration was 100 hours. Throughout 
the operation, two power supplies were connected to each humidity sensor, with an 
applied voltage of 30 V DC and a maximum current restriction of 10 mA. There were 
no damaged or burned marks on the humidity sensor layout. The bond wire was also 
firmly connected, indicating that both EMFT temperature-humidity sensors could 
operate in high temperature and humidity conditions for an extended period of time 
without change in mechanical properties and may be reused for future measurements. 
However, due to the excessive leakage current observed within the HAST chamber, the 
electrical characteristics of the EMFT temp-humidity sensors could not be monitored, 
and the connections between the SMU power supply and humidity sensors were 
unstable during the duration. 

 

5.3 Outlook 
 

Throughout the period, EMFT temperature-humidity sensors A and C gave sufficient 
results of electrical measurements on the wafer probe analyzer in both AC & DC Modes. 
However, further measurements could still be possible by changing the frequency 
ranges to see the capacitive behavior of both sensors. The resistive responses of 
temperature sensors can be examined at below 25 °C or above 130 °C. 
A comparison of the temperature and RH values between the two reference sensors 
and the HAST built-in sensors provides information for setting a reference interval of 
up to 6 hours for testing the EMFT sensor inside the HAST chambers. But this reference 
period was set only for 85 °C and 85 % RH. Another comparative measurement at 125 
°C temperature and 100 % RH could be possible with the HTU31D reference sensor. If 
a schematic layout can be fabricated on Teflon-gold PCB. 
The HAST system still needs to be better understood. The resistive measurements of 
EMFT sensors with ceramic packages should be examined inside the HAST chamber at 
130 °C and 85% RH, to determine if any failure inside the sensors during operation. The 
system itself runs very smoothly but the reliability of the SMU should be improved and 
if necessary, another way to provide voltage and measure the current has to be found.  
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Appendix 
 
 

a. Arduino coding for BME280 sensor 
 
#include <Wire.h>  
#include <Adafruit_Sensor.h>  
#include <Adafruit_BME280.h>  
Adafruit_BME280 bme;  
void setup() {  
  Serial.begin(9600);  
  if (!bme.begin(0x76)) {  
    Serial.println("Could not find a valid BME280 sensor, check to wire!");  
    while (1);  
      } 
      else { 
        Serial.print("BME-Temperature [°C], Humidity [%r.H.]"); 
        delay(2000); 
        Serial.println();  
      } 
   }  
void loop() {  
    
        Serial.print(bme.readTemperature());  
        Serial.print(" ");  
        Serial.print(bme.readHumidity());   
        Serial.println();   
        delay(5000); 
        
  }  
 
 
 

Fig. A: Arduino Uno microcontroller coding for BME280 reference sensor.  
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b. Arduino coding for HTU31D sensor 

 
#include <Wire.h>  
#include <Adafruit_HTU31D.h> 
Adafruit_HTU31D htu = Adafruit_HTU31D(); 
void setup() {  
  Serial.begin(9600);  
  if (!htu.begin(0x40)) {  
    Serial.println("Could not find a valid HTU31D sensor, check to wire!");  
    while (1);  
      } 
      else { 
        Serial.print("HTU-Temperature(*C), Humidity(%)"); 
        Serial.println();  
      } 
   }  
void loop() {  
      sensors_event_t humidity, temp; 
      htu.getEvent(&humidity, &temp); 
        Serial.print(temp.temperature);  
        Serial.print(" ");  
        Serial.print(humidity.relative_humidity);   
        Serial.println();  
        delay(10000);  
  } 
 
 
 

Fig. B: Arduino Uno microcontroller coding for HTU31D reference sensor.
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