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Abstract 

Environmental gas sensing with high surface area nanomaterials on a low-power microfabricated 
heater platform 

by 

Anna Claire Harley-Trochimczyk 

Doctor of Philosophy in Chemical Engineering 

University of California, Berkeley 

Professor Roya Maboudian, Chair 

 
Gas sensors can provide information about the presence of dangerous gases in industrial and 
residential sites, allowing for improved environmental protection and human health and safety. 
In order to enable ubiquitous wireless monitoring of combustible and toxic gases, sensor 
elements with low power consumption are required. Two common types of gas sensors, namely 
calorimetric and conductometric sensors, rely on heated sensor elements to activate the 
appropriate reactions with the gas of interest, resulting in high power requirements to maintain 
the necessary operating temperatures.  Miniaturized gas sensors made with microfabricated 
heater platforms and nanoscale sensing materials can lead to low power sensor elements with 
high performance. The minimization of the power consumption cannot be at the expense of the 
sensor’s ability to detect dangerous combustible and toxic gases. The sensing performance is 
impacted by the properties of both the microheater and the sensing material, as well as the 
integration of the two elements, creating significant opportunity for research and development to 
improve the performance parameters, such as sensitivity, detectable concentration range, 
selectivity, response and recovery time, stability, size, manufacturability, and cost, as well as 
power consumption.  

The development approach described in the following thesis relies on an optimized microheater 
platform as well as novel sensing materials. The design, fabrication, and characterization of a 
low-power microheater platform is described, with polycrystalline silicon as the heater material 
for moderate temperature and polycrystalline silicon carbide for improved reliability at high 
temperature operation. A small, isolated heated area decreases the required power consumption 
and a closed membrane facilitates easier deposition of sensing materials. Sensing materials for 
combustible and toxic gas detection have been developed based on ultra high surface area 
aerogels. For combustible gas sensing, graphene or boron nitride aerogel acts as a scaffold for 
catalytic platinum or palladium nanoparticles. Bare graphene aerogel and graphene aerogel 
coated with single to few-layer molybdenum disulfide sheets are used for toxic gas detection.  

The microheater platform with fast response and recovery times provides opportunities for 
localized, in-situ synthesis of high surface area sensing materials. The use of the microheater 
platform for localized growth of a nanocrystalline tin oxide sensing film is described. The fast 
thermal response of the microheater leads to rapid heating of the precursor, creating a highly 
porous film that is proven beneficial for toxic gas sensing.  
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Chapter 1. Introduction to Gas Sensing 
1. Background 
Starting from the days of the canary in the coal mine, technologies have been developed to assist 
with the detection of gases, whether they be toxic, combustible, or simply contain an unpleasant 
odor. At the core of gas sensor development is the exploitation of some chemical or physical 
property of the gas to detect its presence. There are several broad classes of techniques, each 
with its own advantages and limitations, including electrochemical sensors, conductometric 
sensors, calorimetric sensors, optical sensors, acoustic sensors, and more. To ease the interface of 
the chemical or physical property change to electronic machinery, most sensing techniques 
depend on the transduction of the chemical interaction to an electronic signal. The two 
techniques in particular that are the focus of this work are calorimetric and conductometric 
sensing. In calorimetric sensing, the presence of the gas of interest creates a temperature change 
in the sensor that is detected as a resistance change, as determined by the temperature coefficient 
of resistance of the sensing material. Conductometric sensing is a more direct measurement, 
where the target gas adsorption on the sensing material results in a resistivity change of the 
sensing material. Both techniques rely on heating a material that is sensitive to a particular gas 
interaction, so the power consumption tends to be high. Relevant parameters for gas sensor 
development include size, power consumption, sensitivity, selectivity, limit of detection, 
response and recovery time, manufacturability, cost, and stability. Rarely can a particular 
technology have great features in each of these categories, rather the particular features of 
importance for each application must be decided. Because of the wide parameter space and the 
complexity of the applications for gas sensors, this is an active area of research and development. 

2. Calorimetric sensors 
The basis of calorimetric sensors is the detection of a temperature change in the sensor element, 
which is made of a material that has a high temperature coefficient of resistance, such that the 
temperature change creates a change in resistance that can be easily measured with an electrical 
circuit [1], [2]. The most common sensor of this kind is for combustible gas measurement. The 
basic operation of the calorimetric combustible gas sensor, also called a pellistor or catalytic 
bead sensor, is shown in Figure 1. A catalytic material is heated to high temperature (a few 
hundred °C). The target gas adsorbs on the catalyst surface and is oxidized in an exothermic 
reaction. The subsequently produced heat increases the temperature of the sensing element, 
which changes the resistance [3], [4]. The earliest version of this type of sensor was simply a 
platinum wire [5]. By passing a current through the wire, it heats up through Joule heating. At 
high temperature, hydrocarbons and other combustible gases react on the surface of the platinum 
wire and increase the temperature, and therefore, the resistance. However, the stability of the 
sensor was poor and the sensitivity low. Platinum and other noble metals like palladium are the 
catalyst of choice for hydrocarbon oxidation [6]–[8], and progress in catalyst development for 
other applications, such as catalytic converters and petroleum plants, made its way to gas sensors 
as well. The next iteration of the sensor saw a platinum wire coated in a porous alumina coating 
that has platinum nanoparticle dispersed on it. The platinum nanoparticles had higher activity for 
hydrocarbon oxidation than the platinum wire, so lower temperatures could be used and the 
platinum wire transducer could be more stable [5].  
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The pellistor sensor element is most often employed in a Wheatstone bridge configuration, with 
a reference sensor element that is identical in construction except the porous alumina does not 
have platinum nanoparticles dispersed in it. In this way, changes in ambient conditions such as 
humidity or ambient temperature, or a change in thermal conductivity of the surrounding gas can 
be offset [1].  
 

 
 
Figure 1. (a) Pellistor schematic showing platinum wire coil coated with platinum nanoparticle-
loaded alumina. (b) Wheatstone bridge sensing configuration with two heated elements, the 
active sensor and the reference sensor, which does not have platinum nanoparticles loaded in the 
alumina. 
 
One of the main limitations of the pellistor is the high power consumption. The use of a platinum 
wire limits the miniaturization potential, leading to sensor elements with a length of a few mm. 
The power consumption limits the ability of the sensor to be used in a wireless capacity when 
battery-powered. In the interest of improving the monitoring the environmental conditions in 
industrial and residential sites, researchers have pursued the development of low power versions 
of this technology. In order to lower the power requirements of heated sensors for combustible or 
toxic gas sensing, either the size of the sensor must be decreased or the temperature required for 
detection must be decreased. Development of catalysts effective for hydrocarbon combustion at 
temperatures lower than 500 °C have not been successful [8], so researchers have focused on the 
miniaturization of the heater element, leveraging microfabrication technologies to define small 
features [9]–[14]. 
 
In a typical microfabricated catalytic gas sensor, there is a heater trace embedded in a silicon 
nitride membrane with a catalytic material deposited on top [10], [15]–[19]. Often the heater 
element is also the temperature sensor, but in some cases, the functions are split. Typical heater 
materials are platinum and polysilicon because they have appreciable temperature coefficients of 
resistance and can operate to moderately high temperatures [20]–[23]. Silicon nitride can be 
deposited in thin films with low stress, which allows for stable membranes that thermally isolate 
the heater from the substrate. Microheater power consumption depends on the size of the heated 
area and the thermal isolation, which includes the geometry of the device as well as material 
properties such as thermal conductivity. Despite the advancements in the microheater 
development, platinum nanoparticle loaded alumina remains the catalyst material of choice. The 
adhesion of the catalyst material onto the platform and the thermal conductivity of the support 
affect the required power consumption to get the catalyst to the appropriate temperature [24]. 
The sensitivity of the measurement relies on the temperature coefficient of resistance of the  
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temperature sensor element, the noise in the temperature sensor element, the efficiency of the 
heat transfer from the catalyst to the temperature sensor, the amount of catalyst surface area, and 
the accessibility of the catalyst for the target gas of interest.  
 
The number of factors impacting the measurement provides many possibilities for optimization. 
For example, the approach taken by Brauns, et al., seeks to eliminate the need for a support 
material by stabilizing the platinum nanoparticles with organic ligands in order to improve the 
heat transfer and therefore, the sensitivity [25]–[27]. The organic ligands are not thermally stable 
to high temperatures, which limits their use for hydrogen detection, which can be done at fairly 
low temperature (200 °C). Others developed a highly sensitive thermopile to detect temperature 
changes <1 °C [28], [29]. Xu, et al., developed a suspended heater structure with a concave 
shape to contain the catalytic material to improve the heating efficiency [30]. Barsony, et al., 
investigated a number of different noble metals catalysts on various oxide supports and 
concluded that the adhesion of the support to the microheater remained a challenge [15].  

3. Conductometric sensors 
The basis for conductometric sensing is the measurement of a change in resistivity in a heated 
sensitive material when exposed to the gas of interest (Figure 2a). The sensing mechanism is 
quite complex and the details change with the particular sensing film and target gas. At the 
simplest level, the interaction (adsorption or reaction with other surface species) of the target gas 
with the surface of the conductive film results in a conductance change through the film [31]. 
The details rely on the exact nature of the conductive film, the target gas of interest, and the 
environment (e.g. sensing in air vs. inert gas or humidity). The earliest sensors of this type relied 
on tin oxide as the conductive film [32], [33]. For sensors based on an n-type tin oxide film, 
adsorbed oxygen species draw electrons from the tin oxide, creating a depletion zone at the 
surface of the tin oxide crystals (Figure 2b). As the target gas of interest arrives at the sensor, it 
displaces or reacts with the surface oxygen species, decreasing the depletion zone and lowering 
the resistance of the sensor [33]. A p-type metal oxide has a response of the opposite sign. 
Because the majority carriers in a p-type material are holes, the adsorbed oxygen species draw 
electrons from the oxide, generating a low resistance hole accumulation zone near the surface 
(Figure 2c). As the target gas arrives and displaces the adsorbed oxygen, it releases electrons, 
which increases the resistance of the sensor [34]. The response and recovery times for the 
conductometric sensor tend to be longer than the calorimetric sensor because the response does 
not stabilize until the adsorption and reaction of the various gases reaches equilibrium. Heating 
the sensing film can improve the response and recovery time by speeding up the gas desorption, 
which allows the equilibrium point to be reached more quickly. For tin oxide films, operating at 
elevated temperatures also changes which surface oxygen species are favored [35], [36]. The 
varied levels of reactivity of the different surface oxygen species with the target gas can also 
change the sensitivity [37]. Sensitivity is also affect by the metal oxide grain size, number of 
grain boundaries in the conductive path, film thickness, and doping level [33], [34]. Common 
strategies to engineer improved sensitivity or selectivity also include decoration with metallic 
nanoparticles or formation of p-n junctions through combinations of metal oxides [38].   
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Figure 2. (a) Conductometric sensor structure with conductive sensing layer and separate heater 
channel. (b) Adsorbed oxygen species on n-type metal oxide create a high resistance electron 
depletion zone. CO exposure results in a decrease in resistance. (c) Adsorbed oxygen species on 
p-type metal oxide create a low resistance hole accumulation zone. Upon exposure to a reducing 
gas like CO, electrons are donated to the material, increasing the resistance. 
 
A recent explosion of research interest in two-dimensional materials like graphene and transition 
metal dichalcogenides includes their use as conductometric sensor materials [39]–[41]. 
Conductive two-dimensional single layer materials have the absolute highest surface area to 
volume ratio, which means that the material properties are highly affected by the state of the 
material surface. Schedin, et al, even demonstrated single molecule gas detection with single-
layer exfoliated graphene [42]. In the case of these two-dimensional materials, the sensing 
mechanism is thought to be from the direct adsorption of the gas of interest. For example, 
nitrogen dioxide is a known electron acceptor because of the unpaired valence electron on the 
nitrogen [43]. When NO2 adsorbs on a p-type material surface, it withdraws electrons, which 
increases the number of holes (the majority carrier in p-type materials) and lowers the resistance. 
Although pristine exfoliated graphene should be undoped, common processing steps leave it p-
doped [44]. Single-layer two-dimensional materials have shown gas response at room 
temperature, but the response and recovery are often very slow [42], [45]–[50]. Energy input 
through heating or illuminating with UV light are required to improve desorption [51]–[54]. 
Sensitivity is impacted by the number and type of defects in the material, as these tend to interact 
more strongly with adsorbed gas molecules [55], [56], and the operating temperature. Sensitivity 
and selectivity can also be improved through functionalization or decoration [57]. 
 
Table 1 shows a comparison of the performance of calorimetric and conductometric sensors for 
the relevant target gases, required operating temperatures, and role of oxygen in the sensing 
mechanism. Both metal oxide and 2D materials for conductometric sensing are included since 
they have significant differences in mechanism.  
 
Table 1. Comparison of calorimetric and conductometric sensors 

 Calorimetric Conductometric 
Metal oxide 2D materials 

Target Gases Hydrocarbons, VOCs Toxic gases (CO, NO2, NH3, H2S), VOCs 
Operating 
Temperatures 300-500 °C 200-400 °C RT – 300 °C 

Oxygen Required? Yes Yes No 
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4. Sensing parameters 
In the following investigation, a number of the sensing parameters are quantified according to 
the definitions presented here. The power consumption is calculated from the applied potential to 
the heater and the heater resistance in clean air:  

P = V2/R         (1) 
The sensor transforms the chemical change in the gas phase to an electrical change, so the raw 
sensor output is the resistance. To compensate for changes in the baseline resistance, R0, and to 
make it easier to compare sensors with different baseline values, the resistance during gas 
exposure, Rgas, is usually normalized to the baseline. So the sensor response is calculated either 
as a ratio (Rgas/R0 or R0/Rgas) or as a percentage (Rgas-R0/R0 x 100%) depending on whether a 
signal of 0 or 1 is preferable for the zero concentration point [58]. The conditions for R0 are 
reported, including humidity level and temperature, because these factors will affect the baseline 
value. 
 
When the sensor response is plotted versus the gas concentration, the sensitivity or slope can be 
calculated. A sensor with high sensitivity can more easily distinguish between two close 
concentrations and tend to have lower limits of detection (LOD), which is the lowest detectable 
concentration (Figure 3a). The limit of detection can be determined theoretically using the 
average and standard deviation of the sensor baseline and a standard signal-to-noise ratio of 3 
[59]. Figure 3b shows the resistance level that would be considered the theoretical limit of 
detection, which is 3 times the standard deviation of the baseline above the baseline level. The 
corresponding concentration is calculated with a linear interpolation from 0 ppm to the lowest 
gas concentration delivered. In some of the investigations presented here, the lowest deliverable 
gas concentration is higher than the limit of detection, and this level is specified as the 
experimental limit of detection. The source of the limitation is the accuracy of the mass flow 
controllers used for gas delivery. The response and recovery times are always reported as the 
time to reach 90% of the signal or recovery (t90). The time is calculated from the start of the gas 
exposure to the time when 90% of the signal is reached, as shown in Figure 3b.  For sensors that 
have very fast response, frequent data collection is required to give precision to this calculation.  
To calculate proper response and recovery times, the sensor must reach a stable value. Otherwise 
the 90% response is determined by the time of gas exposure and represents the testing 
parameters selected rather than a true property of the sensor.  
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Figure 3. (a) Response versus concentration curve showing the sensitivity (slope of the linear fit) 
and limit of detection (LOD). (b) Sensor resistance over time during gas exposure showing the 
theoretical LOD level and t90 recovery time. 
 
In order to determine selectivity, the sensor is exposed to various gases at the same operating 
temperature and the response to different gases is compared. Selectivity factors are unnecessary 
for this investigative work, but are regularly calculated for commercial sensors.  

5. Outline of this work 
Both calorimetric and conductometric sensing require heating for best performance (Table 1), 
but wireless sensor networks require sensors with low power consumption in order to be battery-
powered for a reasonable length of time. In this work, a microheater element is developed with a 
small heated area to minimize power consumption using a doped semiconductor, silicon for 
moderate operating temperatures and silicon carbide for high operating temperatures. Using a 
semiconductor in place of platinum as the heater material allows for heat dissipation in a small 
trace with no fear of electromigration issues, as well as allowing tunable resistivity and 
temperature coefficient of resistance values. The fast thermal response of the developed 
microheater also allows for duty cycling, where the heater is turned on for a fraction of a second 
to collect information and then turned off to conserve power. The design, fabrication, and 
characterization of the polysilicon microheater platform is discussed in Chapter 2. The poly-
silicon carbide microheater, which offers improved stability at high temperature, is discussed in 
detail within Chapter 6.  
 
In addition to the low power microheater platform, new sensing materials are needed to truly 
enable useful gas sensing performance. For combustible gas sensing, novel catalytic materials 
based on ultra high surface area graphene and boron nitride aerogels are investigated. The 
aerogels offer high loading of catalytic platinum or palladium nanoparticles with minimal 
support mass and high thermal conductivity compared to traditional materials like alumina, 
which allows for more efficient heat transfer. Chapter 3 focuses on the use of platinum 
nanoparticle-loaded graphene aerogel on the polysilicon microheater for hydrogen detection.  
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Chapter 4 extends the study to propane gas with platinum and palladium-loaded graphene 
aerogel with higher thermal stability, thanks to a high temperature anneal synthesis step. The two 
materials give different responses, demonstrating the ability to create a sensor array for more 
selective gas measurements. Chapter 5 presents the synthesis and use of platinum-nanoparticle 
loaded boron nitride aerogel for propane detection, showing improved response stability, due to 
the thermal stability of the boron nitride aerogel. All of these show fast response and recovery 
times and no loss in sensitivity during duty cycling, such that the measurement requires 1-2 mW 
with data still collected every 1-2 s, which is a power consumption two orders of magnitude 
lower than the best commercially available combustible gas sensor. 
 
For conductometric gas sensing, new materials based on the highly conductive graphene aerogel 
can be integrated onto the polysilicon microheater and used to monitor toxic gases. Chapter 7 
presents the sensing properties of bare graphene aerogel for gases like nitrogen dioxide, carbon 
monoxide, and hydrogen. Coating the graphene aerogel with single to few-layers MoS2 sheets 
improves the selectivity to nitrogen dioxide while maintaining high sensitivity, an ultra low 
detection limit, and fast response and recovery time when heated. The use of hybrid aerogels 
with the graphene aerogel lending high surface area, high electrical and thermal conductivity, 
and the two-dimensional material coating lending selectivity and sensitivity is a very interesting 
strategy for future sensing material development as well.  In Chapter 8, the thermal properties of 
the microheater platform are used to locally synthesize a highly porous, nanocrystalline tin oxide 
film with high performance for carbon monoxide sensing. A liquid tin oxide precursor is dropped 
on the microheater platform and rapidly heated to evaporate the solvent and form the solid metal 
oxide nanoparticles. The rapid heating rate of the microheater helps maintain the porosity of the 
film and small size of the tin oxide particles, which leads to a highly sensitive sensor element 
with fast response and recovery time as well. Besides contributing to low power performance 
during sensing measurement, the microheater platform is useful in synthesizing sensing materials 
in a localized manner that can simplify manufacturing of these types of elements. 
 
Finally, conclusions and future outlook for this research effort are presented in Chapter 9. 



Chapter 2. Polysilicon Microheater Fabrication and Characterization 8 

Chapter 2. Polysilicon Microheater Fabrication and 
Characterization1 
1. Background 
In order to lower the power requirements of heated sensors for combustible gas sensing, either 
the size of the sensor must be decreased or the temperature required for detection must be 
decreased. Development of catalysts effective for hydrocarbon combustion at temperatures lower 
than 500 °C have not been successful [8]. The use of MEMS technology makes heater 
miniaturization possible. The first efforts to develop a microfabricated combustible gas sensor by 
Gall in 1991 led to design with a metal trace that acted as heater, temperature sensor, and catalyst 
evaporated onto a silicon nitride membrane [9]. The device relies on Joule heating by driving 
current through the metal trace. The membrane thermally isolates the heated area so that high 
temperatures could be achieved with low power. This basic initial design soon led to a splitting 
of the heating and temperature sensing functions from the catalysis for increased stability and the 
ability to optimize materials for the various functions independently. A typical early design of 
this type is a platinum heater embedded within two layers of silicon nitride with a catalyst 
suspended in a porous support deposited above [10], [15], [60]. Insulating the heater from the 
atmosphere leads to improved lifetime. Platinum is a common choice for the combined heater 
and temperature sensor because of its chemically inert nature and high temperature coefficient of 
resistance. However, platinum has poor adhesion to the most common membrane materials 
(SixNy, SiO2, Si) [61], especially at the required operating temperatures. Other problems with 
platinum include resistance drift at high temperatures (>500 °C) [62], and limited maximum 
current densities of 105-107 A cm-2 imposed primarily by the phenomenon of electro-migration, 
which occurs when conducting electrons transfer momentum to atoms in the conductor, causing 
undesired material transport [63]. Due to these problems, Pt-based microheaters require long 
conductive paths, which limit the miniaturization of the heater element. Semiconductor materials 
like polysilicon have higher resistivity that is tunable with doping level, allowing for more 
efficient heat dissipation in a smaller area. Silicon also resists electro-migration and has a similar 
thermal coefficient of expansion to silicon nitride, decreasing membrane stress during operation. 
 
Modern microheater technologies can be evaluated on the basis of heated area, power 
consumption, heater resistance stability, mechanical robustness, and temperature uniformity, 
among other factors. There is great diversity in design and choice of materials for microheaters 
intended for sensing applications in the literature. In this chapter, the particular design of our 
microheater platform will be motivated and the fabrication process and characterization will be 
described. The microheater platform is designed to be functional for both combustible gas 
sensing and conductometric sensing.  

                                                
1 Dr. Jiyoung Chang and Dr. Qin Zhou assisted with the design and fabrication process 
development for the polysilicon microheaters. 
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2. Design considerations 
The current microheater design, as shown in Figure 1, relies on a thin polysilicon trace 
embedded in silicon nitride. Polysilicon is used as the heater material because of its tunable high 
conductivity, resistance to electro-migration, compatibility with MEMS processing, and good 
temperature coefficient of resistance. Silicon nitride is used as the membrane material because it 
can have low stress, which allows it to have a large area to thickness ratio without buckling. 
Platinum with a titanium adhesion layer is used as the heater contact and sensing electrode 
material. The titanium layer improves the electrical contact by forming a titanium silicide at the 
heater contact interface. Elsewhere, it improves the adhesion of the platinum to the silicon 
nitride. The platinum has a high resistance to oxidation, so a stable contact can be maintained. 
The heater contact and sensing electrodes are made from the same material because it decreases 
the process complexity by lowering the number of masks needed.  
 
One major change is the use of a closed membrane or a continuous membrane that contacts the 
substrate at all edges, instead of a beam structure that only contacts the substrate at a few points. 
This design increases the power consumption because the membrane provides more area for heat 
loss to the substrate. But on the other hand, it allows for easier deposition of sensing material 
from a liquid suspension without the problem of solvent wicking into a cavity below the 
microheater. The closed membrane is fabricated through a back-side etch, during which the 
front-side of the wafer (including the heater contacts) is coated by an alkaline resistant coating.  
 

 
Figure 1. Polysilicon microheater design. (a) Optical image of the entire microheater chip (3.5 x 
3.5 mm) with four microheater elements. (b) An image of one microheater showing the sensing 
and heater electrodes. (c) One microheater element, where the U-shape is the heated area. (d) A 
cross-sectional schematic of the chip. 
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In order to have four microheaters suspended in the same membrane, the heater is not a straight 
beam, but rather a U shape with both heater contacts on the same side of the membrane. The 
polysilicon heater trace has a width of 10 µm and a thickness of 100 nm, in a silicon nitride 
membrane with a thickness of approximately 200 nm and total area of 400 x 400 µm2. The 
membrane should be as thin as possible and as large as possible to improve the thermal isolation 
of the heater element. The sensing electrodes have a small gap of only 4 µm in the middle of the 
microheater, such that the conductive path through the sensing material travels through only the 
heated material. For combustible gas sensing where the sensing electrodes are not used, they are 
masked with silicon dioxide. The total chip size is 3.5 x 3.5 mm2, which gives lots of space for 
the heater contacts to be set back from the membrane so that they do not heat substantially, 
leading to improved contact stability. The sensing electrodes are placed far away from the heater 
contacts to help minimize shorting.  Four microheaters are placed on one chip in order to allow 
for a single chip array of sensing materials and have the added benefit of increasing redundancy 
in the case where only one sensing material is being evaluated.  

3. Polysilicon microheater fabrication 
Microheater fabrication is done in the Marvell Nanofabrication Laboratory at UC Berkeley. The 
following will have a high degree of process specification with the intention of simplifying 
efforts of future researchers in using a similar process. Figure 2 shows a schematic of the overall 
process flow, which uses 4 masks. All processing is done on 4-inch double-side polished p-type 
silicon wafers.  
 
To start, the silicon wafers are cleaned with a piranha bath etch (10 minutes) and HF dip (4.9% 
or 10:1 dilution, 30 s) in msink8 and msink6 with appropriate rinse and drying steps. Optical 
inspection for any remaining particles is done before loading into the furnace. The wafers are 
loaded in tystar17, the low-pressure chemical vapor deposition furnace for silicon nitride 
deposition. Using dichlorosilane and ammonia precursor gases and the standard deposition 
recipe, a low stress silicon-rich film of silicon nitride is deposited. Film thickness is confirmed 
with nanospec, which measures the light reflected from the wafer as a function of incident 
wavelength to calculate a film thickness, given the index of refraction of the thin film material 
[64]. This measurement technique works well only for optically transparent films in the thickness 
range of 10 to 4000 nm [64]. For the silicon nitride growth, film thickness varies about 5 nm 
from the middle of the 4-inch wafer to the edge for an average film thickness of 120 nm. The 
average film thickness also varies by position in the furnace with thicker films on the wafers 
closer to the gas source.  For a deposition time of 25 minutes with the standard recipe, the film 
thickness is approximately 120 nm, subject to the variations previously discussed. Good practice 
includes growing nitride on a dummy wafer that can be used to characterize the film stress and 
etching rate. For stress measurement, flexus measures wafer curvature before and after deposition 
and then calculates the film stress from the curvature change, given the film thickness [65], [66]. 
To take this measurement, the curvature of one wafer needs to be measured before it goes into 
the furnace and the same one measured afterward (once the backside film is etched off, so only 
the front-side film growth impacts the curvature). Each wafer should be marked with a scribe in 
an unimportant location for ease of tracking in these process measurements.  
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After the nitride deposition and characterization, a doped polysilicon film is deposited on the 
wafers (Figure 2a). If this step does not occur soon after the wafers are removed from the nitride 
furnace, then the wafers needs to go through the msink8/msink6 cleaning process again. Low-
pressure chemical vapor deposition of polysilicon in tystar16 is done with silane gas as the 
silicon source, phosphine gas as the phosphorous dopant source, and nitrogen as the carrier gas. 
Using the standard doped polysilicon recipe with a deposition time of 60 minutes yields a film 
with a thickness of approximately 100 nm. Again, for ease of process measurement, adding a 
clean dummy wafer helps with film thickness and stress measurement. Resistivity measurement 
can be done on process wafers with 4ptprb, an automated four-point probe measurement tool 
[67], which reports the sheet resistance in Ω per square. The resistivity can be found by 
multiplying by the film thickness.  
 
The first mask is now used to define the microheaters in the doped polysilicon layer. The wafers 
are coated with hexamethyldisiloxane (HMDS) to improve photoresist adhesion using 
primeoven. Photoresist coating is done with an automated spin-coater tool called svgcoat2, 
designed for 4-inch wafers. Positive i-line resist (FujiFilm OiR 906-12) is used, which requires 
365 nm UV light for exposure. For positive photoresist, wherever the light hits, the resist is 
removed when developed. The spin speed and time determine the photoresist thickness in the 
spin coating process, and for the standard recipe, a thickness of 1.2 µm is expected. The spin-
coat is followed by a bake at 90 °C for 60 s, also using svgcoat2. Alternately, manual HMDS 
coating, photoresist coating, and bake can be done using msink3, headway1 or 2, and the hot 
plates next to msink1. The photoresist exposure is done using a contact alignment tool, ksaligner, 
which has feature resolution of 1 µm. The total exposure dose for the i-line resist is 150 mJ/cm2 
with hard contact, so the wafer is in direct contact with the mask during exposure. Given that the 
UV lamp intensity varies over its lifetime, a new exposure time needs to be calculated for the 
session using the most recent intensity measurement posted in the tool notes by Nanolab staff. 
For a polished wafer, it should not be a consideration, but be aware that surface roughness 
impacts exposure and a rough surface may require some trial before an appropriate exposure 
time is obtained. A post exposure bake at 120 °C for 60 s needs to be done before development. 
Standard i-line photoresist developer is available in the Nanolab and requires a 60 s develop time 
at msink1 or svgdev2 with agitation and a de-ionized water rinse. Visual confirmation of the 
development marks and heater features should follow. Completing the develop step for one 
wafer before exposing other wafers is recommended because it allows for adjustments to be 
made with the exposure time. If there are any issues with the photoresist coating, exposure, or 
development steps, the photoresist needs to be stripped and the process repeated. Photoresist 
stripping can be done in the PRS-3000 baths at msink3, followed by de-ionized (DI) water rinse 
and spin-drying. If the wafer layers are compatible, another piranha dip and rinse/dry can be 
considered to remove any residual organic material. 
 
The developed photoresist acts as a mask for the polysilicon during the plasma etch (Figure 2b). 
Polysilicon etch is done in ptherm with a 90/10 mixture of SF6 and O2 gases with a total flow 
rate of 90 sccm and a plasma power of 100 W. Etch rates vary with tool history so it is best to 
first run an O2 plasma cleaning step and then run a dummy wafer to confirm the etch rate. For 
example, run for half of the expected etch time, and then check the thickness of the remaining  
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polysilicon. Silicon nitride has a high etch rate with SF6/O2 [68], hence care must be taken not to 
over-etch the polysilicon too much or the silicon nitride membrane underneath may be 
completely removed as well. Etch effectiveness can be measured a few different ways. After 
removing the photoresist, a visual inspection should reveal the microheater features. 
Profilometry using asiq can give the step height of the microheater features [69], [70], which 
should be slightly larger than the polysilicon film thickness. Interference measurement with 
nanospec can be used to determine whether there is any remaining polysilicon in a feature-less 
area of the wafer and a 4-point probe measurement on the same area should give no 
measurement since the exposed silicon nitride is not conductive.  
 
After stripping the photoresist and cleaning the wafers, a second deposition of low-stress silicon 
nitride is done with the same parameters as the first deposition (Figure 2c). The thickness of this 
film should also be monitored on a dummy wafer, which will also be used to determine etch rates 
in the next etch step. The second mask is used to define windows in the top silicon nitride layer 
so that the heater material can be contacted with metal (Figure 2d). The same photoresist 
processing is used as the first mask. Since only small features in the photoresist will be 
developed away, the HMDS coating is especially important to ensure photoresist adhesion. The 
second mask is aligned to the first mask with the alignment marks. Visual inspection should 
show the windows above the ends of the microheaters. Plasma etch of the silicon nitride layer is 
done with a mixture of helium, CF4, and CHF3 gases (100 sccm, 75 sccm, and 25 sccm, 
respectively). At 100 W plasma power, the etch rate is about 0.7 nm/s, but this should be verified 
before running process wafers because CF4 is a known etchant for polysilicon as well [68]. After 
stripping the photoresist, the nitride etch can be confirmed as described previously.  
 
The third mask is used to define the metal contacts (Figure 2e). A negative photoresist (Futurrex, 
NR9-1500PY) is spun onto the clean wafer with the manual spin coater (headway2). The spin 
coat is done at 3000 rpm for 40 s with a 1000 rpm s-1 ramp, followed be a bake at 150 °C for 60 
s. For negative photoresist, wherever the light is blocked, the resist is removed when developed. 
The metallization process requires the photoresist remain wherever the metal is not wanted, such 
that after metal evaporation on the whole wafer, the photoresist is dissolved away, removing the 
undesired metal. Contact alignment and exposure is done with a total exposure dose of 190 
mJ/cm2 and is followed by a post-exposure bake of 120 °C for 60 s.  In order to have a good 
Ohmic contact between the polysilicon and the metal, any oxide that has formed at the exposed 
polysilicon surface should be removed. An HF dip (10:1 dilution, 5 s) after photoresist 
development is used to remove the native oxide on the polysilicon. After rinsing and drying the 
wafers, they should be loaded as soon as possible into the evaporator (Thermionics VE-100) to 
minimize further exposure to air. The evaporator should be loaded with titanium and platinum 
targets so that sequential evaporation can be done without venting and pumping the chamber. 
Once the chamber has been loaded and pumped to 2x10-6 Torr, evaporation of 10 nm titanium 
and 90 nm platinum is done. For lift-off, spraying the wafer with acetone is best because the 
photoresist comes off very quickly. Sonication is not recommended because it causes the lifted-
off metal film to break into small pieces that can adhere to the wafer surface and become very  
difficult to remove. The quality of the microheater contacts is evaluated with the probe station 
before proceeding with the back-side etch steps. 
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Figure 2. Fabrication process summary for the polysilicon microheaters. (a) Deposition of 
silicon nitride and doped polysilicon layers. (b) Etching of polysilicon to define the microheaters. 
(c) Deposition of another silicon nitride layer to encapsulate the heaters. (d) Etching of windows 
into the top nitride layer to allow for heater contact. (e) Metal evaporation and lift-off to form 
Ti/Pt heater contacts and sensing electrodes. (f) Etching of windows on backside of wafer to 
expose the silicon substrate. (g) Frontside coating with a KOH protective film. (h) KOH etch 
through the wafer to release the membrane. 
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The membrane release step begins with the fourth mask to open windows to the silicon substrate 
on the backside of the wafer (Figure 2f). Care should be taken when cleaning the wafers because 
the metal films are not allowed in many Nanolab tools. An acetone, isopropanol, and water rinse 
and dry can be used as a cleaning step here. The backside of the wafer is coated with positive i-
line photoresist as with masks 1 and 2, and contact exposure is done with ksaligner in back-side 
alignment mode. The mask is aligned with no wafer loaded and an image of the mask is saved 
before loading the wafer with the back-side facing the mask. The front-side of the wafer is 
aligned with the saved mask image, since the alignment marks from the previous steps are on the 
front-side. After development, the wafers are plasma etched to remove the multiple layers on the 
back (silicon nitride, polysilicon, silicon nitride). In this case, over-etch is not as critical, because 
the silicon substrate will be etched anyway.  
 
The photoresist is stripped away and the front-side of the wafer is coated with an alkaline 
resistant coating called Protek B3 (Figure 2g). The Protek B3 (Brewer Science) has two 
components. The primer layer is spun on at 1500 rpm for 60 s with a 5000 rpm s-1 ramp rate and 
then baked at 205 °C for 60 s. Then the alkaline resistant layer is spun on at 2000 rpm for 60s 
with a 5000 rpm s-1 ramp rate and baked at 120 °C for 120 s and then 205 °C for 60 s. The 
wafers are immersed in a 24% KOH bath at 80 °C, with oxygen bubbling through it. Preparing 
the bath requires a 3 kg bottle of KOH pellets, 12.5 L of de-ionized water, and pre-heating to 
bring the mixture from room temperature to 80 °C. The etch rate is approximately 80 µm/hr, so 
to etch through the 525 µm wafer takes 6.5 – 7 hrs. During this time, the water level of the bath 
should be checked and additional water added to maintain the proper level, otherwise the 
concentration of KOH will be increasing during the etch. The integrity of the Protek B3 layer 
should also be checked. The agitation from the oxygen bubbling and hydrogen gas released 
during the silicon etch can cause the Protek B3 coating to lift up at the edges, so the KOH can 
attack the front side of the wafer and severely damage the heater contacts. From experience, the 
wafers should be removed, rinsed, stripped, and re-coated approximately every 2 hours. Some 
devices at the wafer edge may still be affected. The KOH etch is anisotropic with angled 
sidewalls [71], so the membrane area is smaller than the backside window. The etch is complete 
when the microheaters can be seen from the back-side of the wafer (Figure 2h). Because silicon 
nitride is optically transparent, while silicon is not, the etch is complete when the microheaters 
can be seen from the back-side. 
 
After removing the wafers from the etch bath, rinsing, and drying them, another photoresist layer 
(Rohm Haas SPR 220, 1500 rpm for 30 s, bake at 90 °C for 60 s) is added on top of the Protek 
B3 coating for additional thickness before wafer dicing. The protective layer is important to 
maintain the integrity of the membrane during this process and to protect the wafer surface from 
small pieces of silicon generated during dicing. Wafer dicing is done with disco, a semi-
automated dicing saw. Given the small die size (3.5 mm x 3.5 mm), it is important to make sure 
the wafer is securely adhered to the dicing tape and to set the blade height such that the cut 
leaves a small amount of the wafer connected. Otherwise, it is possible for chips to come off of 
the tape and hit the rotating diamond-edged saw blade, causing a lot of damage. After dicing, the 
photoresist layer is left on until the individual chip is ready to be used, to keep the surface free of 
dust. Figure 3 shows an optical image of one processed wafer. Each chip is cleaned with acetone,  



Chapter 2. Polysilicon Microheater Fabrication and Characterization 15 
 
isopropanol, DI water, and dried with nitrogen before characterization or sensing material 
deposition. For sensor operation, each chip is wire-bonded in an 8 or 14-pin ceramic dip package 
using Al-1% Si wire and a silver epoxy to hold the chip in place on the package. The silver 
epoxy must be applied carefully such that it does not fill the cavity in the back of the chip and 
provide a heat sink to the package. This way the thermal isolation of the microheater can be 
maintained.  

 
Figure 3. Optical image of one processed wafer with a couple hundred microheater chips. 

4. Characterization of the polysilicon microheater 

4.a. Electrical characterization 
Ideally, the polysilicon microheaters should exhibit a linear current-voltage relationship, such 
that there is no significant barrier between the metal contact layer and the polysilicon. After the 
metallization, the microheater resistance is high, as seen in Figure 4 as the pre-anneal line. 
Driving current through the microheater results in a resistance decrease. After the application of 
a 5 V potential across the microheater for at least 30 s or scanning the potential between -5 and 5 
V several times, the resistance drops from several MΩ to 1-2 kΩ and a linear current-voltage 
relationship is observed (Figure 4, post-anneal). Several explanations are possible, such as 
tunneling through a thin oxide layer between the titanium and polysilicon layers [72] or 
formation of titanium silicide at the contact interface. If the contact has a high resistance before 
annealing, then Joule heating at the contact interface may raise the temperature and promote the 
silicidation [73]. It is also possible that the current-induced resistance drop occurs in the 
polysilicon layer rather than the contact. Joule heating at the grain boundaries in the polysilicon 
may result in irreversible local melting and dopant segregation [74], [75]. In any case, after the 
initial anneal, the microheater has the desired linear current-voltage relationship. 
 
The heater resistance is measured during characterization and sensor operation using a two-point 
measurement. The heater resistance is high enough (~2 kΩ), that the contribution from the leads 
is negligible and a four-point measurement is unnecessary. Because of variation in the film  
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thicknesses and doping level across the wafer, the heater resistances vary by 15% across a wafer. 
This necessitates characterization and calibration of each microheater before use. 
 

 
Figure 4. Representative current-voltage curve of one microheater before and after anneal. 
 
Before the microheater chips are back-etched to release the membrane, they exhibit linear I-V 
behavior across a wide range of potentials. After etching, the heater elements are thermally 
isolated and as the applied potential is increased, the temperature of the heater increases through 
Joule heating. For polysilicon, the elevated temperature results in a higher resistance and thus a 
lower current for a given potential. Figure 5a shows the linear I-V up to 10 V applied potential 
for a pre-etch (unreleased) microheater chip, while Figure 5b shows the current of a post-etch 
(released) microheater decreasing at higher applied potential. The post-etch devices are shown 
with a smaller potential window because the membrane will crack at applied potentials higher 
than 7.5 V due to the induced thermal stress.  
 

 
Figure 5. (a) Linear I-V for unreleased microheater (pre KOH-etch step) up to 10 V applied 
potential. (b) Released microheater (post KOH-etch step) showing decreasing current as applied 
potential is increased. (c) Resistance versus applied power for released microheater as calculated 
from the I-V information in (b). 
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The current vs. voltage curve in Figure 5b is used to calculate the power (P =I*V) and resistance 
(R = V/I), and the resulting power-resistance curve is plotted in Figure 5c. The resistance 
increases with applied power, giving a positive temperature coefficient of resistance (TCR). The 
sign of the microheater TCR is controlled by the competing effects of increased phonon 
scattering in the crystal grain leading to an increasing resistance with temperature, and thermal 
activation of carriers through the grain interfaces leading to a decreasing resistance with 
temperature [21], [76]. The change in slope observed in Figure 5c at 10 mW coincides with the 
recrystallization temperature of polysilicon [77], [78].  

4.b. Temperature calibration 
The microheater temperature is determined by balancing the heat generated through Joule 
heating and the heat lost through various heat transfer modes [79]. The heat generated through 
Joule heating is equivalent to the applied power. Heat transfer can occur through conduction to 
the substrate, conduction to the air, and radiation. Convection through the air is minimized with 
the sensor packaging and the small size of the heated element. Modeling conduction with 
Fourier’s law gives a linear relationship between applied power and the temperature difference 
between the microheater and room temperature: 

P = -kA T         (2) 

where P is the transferred heat, k is the thermal conductivity of the material the heat is 
transferring through, A is the area and T is the temperature gradient.  There are two conduction 
components, through the air and through the membrane. The microheater shape is complex to 
model without relying on computation, but it can be roughly approximated as a thin cylinder 
where there is conduction to the air in the z-direction and conduction through the membrane in 
the r-direction. In both cases, regardless of the geometric factors, the transferred heat is directly 
proportional to the temperature difference between the ambient and heater temperature, ΔT. 
Given the low thermal conductivity of air (26.2 mW m-1 K-1) and silicon nitride (1000 mW m-1 
K-1) [62], it can be assumed the temperature drops off rapidly from the hot zone of the 
microheater, such that the derivative of temperature with distance can be replaced with ΔT 
divided by the relevant distance.  
 
Radiation modeled based on the Stefan-Boltzmann law of blackbody radiation follows a highly 
non-linear equation: 

P = AσεΔT4          (3) 
where σ is the Stefan-Boltzmann constant, 1.38 x 10-23 m2 kg s-2 K-1. Assuming an emissivity, ε, 
of 1 and a hot area, A, of 50 x 50 µm2, the radiative power only reaches ~0.1 mW at 700 °C, 
which is less than 1% of the total applied power. Therefore, in the operating temperature range of 
the microheater, radiative effects can be considered to be negligible. This leaves an applied 
power relationship that is linear with the temperature difference and dependent on the thermal 
conductivity of the air and the membrane and heater materials, as well as the heater geometry.  
 
The relative impact of conduction to the substrate versus the air is studied by placing the 
microheater inside a vacuum chamber. At room pressure and temperature, the microheater 
requires 8.6 mW applied power to reach a resistance value of 1.427 kΩ (Figure 6). At room  
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temperature and low pressure (50 mTorr), the microheater only needs 4.7 mW to reach the same 
resistance. The thermal conductivity of air at 50 mTorr pressure is 300 times lower than air at 1 
atm, thus the heat lost through conduction decreases by the same amount [80].  Assuming that 
the resistance at a given temperature remains constant, this indicates that at room pressure, 55% 
of the heat is lost through conduction to the air and 45% through conduction to the substrate. 
 

 
Figure 6. The resistance versus power for a polysilicon microheater at room temperature under 
atmospheric pressure conditions and low pressure (50 mTorr) conditions.  
 
Considering that the applied power is linearly proportionally to the temperature difference 
between the microheater and the surrounding air, a calibration curve can be constructed with two 
points: zero power for the microheater at room temperature and one other point with the 
microheater at elevated temperature. One calibration method measures the radiation output of a 
microheater when it is heated to the point where it visibly glows. The emitted spectrum over a 
range of wavelengths is collected using a spectrometer with a small spot area. An estimated 
temperature is obtained by fitting the emitted spectrum to a Planck distribution: 

Bν(ν,T) = 2hν3c-2 [exp(hν/kbT)-1]-1       (4) 
where Bν is the spectral radiance, h is the Planck constant, kb is the Boltzmann constant, c is the 
speed of light in air, and ν is the frequency. In previous work, this technique gave good 
agreement with a platinum resistive temperature detector (RTD) integrated with the microheater 
[79]. Figure 7a shows the recorded emission spectrum for a microheater and the Planck radiation 
fit that is used to calculate the temperature. The applied power to reach an approximate 
temperature of 700 ºC (or onset of glow) is 18±1 mW for the polysilicon microheaters.  
 
Another common technique for temperature calibration is through thermal equilibration of the 
entire microheater chip. The microheater can be placed inside a furnace or heated chamber and 
the resistance measured at a series of temperatures after the furnace temperature has equilibrated. 
This type of calibration assumes that the microheater resistance is dominated by the segment that  
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is heated in actual operation (leads are neglected). However, the microheater design used here 
has long sections of polysilicon running from the U-shape of the microheater to the substrate, 
where the electrical contact is made. The contribution of these to the overall resistance is not 
negligible. If the entire microheater chip is heated, then all of the polysilicon is at the same high 
temperature. But with an applied potential across the microheater, the narrowest part of the 
polysilicon trace is much hotter than the rest. Figure 7b shows one microheater element powered 
to glowing where it is evident when compared to Figure 1c that the narrowest part of the 
polysilicon trace is the place where the most heat is dissipated. Because the polysilicon 
resistance increases with temperature, the microheater resistance should be lower in the case 
where only the narrowest portion is at temperature, compared to where the entire chip is heated 
to that temperature. Experimentation confirms this with a microheater resistance of 1.5 kΩ when 
the applied power should give a temperature of 250 ºC compared to a resistance of 1.67 kΩ when 
the entire chip is heated to 250 ºC in a furnace.  
 

 
Figure 7. (a) Radiation spectrum (blue) and Planck distribution fit (red) for a microheater 
powered to the glowing point. (b) Optical image of one microheater element powered to the 
glowing point, showing the localized heated area. 
 
With the temperature calibration complete, Figure 8a shows the resistance versus temperature 
relationship for several microheater devices from the same wafer. The temperature coefficient of 
resistance (α), defined as: 

α = (R-R0)/R0*ΔT       (5) 
can be calculated for the range between 300 and 500 ºC from the slope and the resistance value 
at 300 ºC. The TCR of the polysilicon microheaters is 614 ppm K-1 on average with a standard 
deviation of 27, which is comparable with prior reports for highly doped n-type polysilicon [28], 
[76], [81]–[83]. Figure 8b shows the change in TCR for one polysilicon microheater over a range 
of temperatures. It can be seen that above 500 °C, the TCR starts to decrease sharply, which 
affects the sensitivity of catalytic gas detection in this operating temperature range. Prior reports 
have shown that the magnitude and direction of the TCR of polysilicon is heavily impacted by 
doping level and grain size [76], [81], with negative TCR values observed at low doping levels.  
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Because of variation in deposition across a wafer and from batch to batch, the TCR and the 
applied voltage required to reach the desired power levels are determined for each individual 
microheater chip. Additionally, it is lower than typical values for platinum (1500-2200 ppm K-1 
[20]). However, the reliability issues of platinum, including electro-migration, oxidation, and 
poor adhesion, make polysilicon a better choice of heater material, as discussed in Chapter 1.  
 

 
Figure 8. (a) Resistance versus temperature relationship for several polysilicon microheaters.  
(b) Temperature coefficient of resistance versus temperature relationship for the polysilicon trace 
shown in pink in part (a).  
 
A prior version of the polysilicon microheater based on a bridge structure found the thermal time 
constant to be ~50 µs [79]. With the closed membrane, the thermal capacitance of this 
microheater design is larger, which would lead to a longer thermal time constant, but based on 
other works with similar heater materials and membrane geometry [15], [62], [82], [84], the 
thermal time constant of the closed-membrane microheater is on the order of 1 ms.  

5. Temperature Sensing 
One method to further increase the utility of the microheater platform is to split the heating and 
temperature sensing functions, such that the materials can be independently optimized. With a 
separate temperature sensor, the heater could also be operated with a closed loop to maintain the 
operating temperature even with drift. A preliminary attempt to introduce a separate temperature 
sensor element was made using a thin (20 nm) evaporated patch of platinum to connect the 
existing sensing electrodes (Figure 9a). Platinum is commonly used for resistive temperature 
detection and the thin patch (with higher resistance than the 100 nm thick leads) located directly 
above the microheater ensures that the hottest temperature is measured. During testing, a few 
negative features were observed with this fabrication. The platinum trace had a higher resistance 
than was estimated, possibly due to poor contact between the thin layer and the 100 nm sensing 
electrodes. It is possible to achieve the same effect of having a high resistance area at the center 
of the microheater by changing the width of the trace and performing the fabrication with only  
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one evaporation step. However, more critically, the platinum trace suffered from adhesion 
problems during high temperature operation of the heater. In Figure 9b and c, a scanning electron 
microscopy image of the trace is shown before and after heating to 500 °C, where voids can be 
seen in the heated film. The consequence of this instability is that the resistance of the trace 
increased from 500 to 2000 Ω and the noise level increased dramatically, leaving it unable to 
distinguish between temperatures in the range of interest. Further development will have to take 
into account the stability of the temperature sensor material at high temperature. For platinum, 
there are adhesion layers that can improve the high temperature stability [61], [85], [86], but 
other materials are also possible candidates. Research efforts in microbolometer fabrication have 
identified vanadium dioxide as a material with a very high TCR (25,000 ppm K-1 [87]), which 
could give a high sensitivity for combustible gas detection and a low detection limit.  
 

 
Figure 9. (a) Optical image showing placement of platinum trace on microheater. (b,c) SEM 
image of platinum film (b) before and (c) after heating to 500 °C, showing void formation.  

6. Conclusion 
A low-power polysilicon microheater has been designed, fabricated, and characterized for use as 
a sensor platform. Design features include a suspended heater to reduce the power loss to the 
substrate, a closed membrane for ease of sensing material deposition, a small heated area to 
minimize power consumption, metal contacts placed off the membrane for increased contact 
stability, and sufficient space between the sensing and heater electrodes to minimize potential for 
shorting. Polysilicon is chosen as the heater material due to its tunable resistivity and resistance 
to electromigration. Low stress silicon nitride encapsulates the polysilicon microheater into a 
thin membrane that provides thermal isolation from the substrate. Low-resistance contact can be 
made to the microheater using a platinum/titanium metallization scheme. The resulting 
microheaters require only 18 mW to reach 700 °C and have linear temperature coefficients of 
resistance in the operating range of 200-500 °C. The microheater platform is versatile in that it 
can be used for both conductometric and calorimetric sensing.  
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Chapter 3. Platinum Nanoparticle-Loaded Graphene 
Aerogel for Hydrogen Sensing2 
1. Motivation 
Hydrogen is an important industrial gas used in a variety of applications, and has become 
especially popular as an alternative fuel for transportation. As hydrogen is odorless, colorless, 
and flammable, it is critical to install hydrogen gas monitoring systems that can detect potentially 
explosive situations [88]. Hydrogen has a lower explosive limit of 4% or 40,000 ppm, which is 
the minimum concentration required for ignition [88]. Detection technologies should give 
warning well before this limit is reached (often the alarm set point is 2-10% of LEL). Several 
different sensing schemes exploiting various chemical properties of hydrogen have come under 
consideration and development [89], including catalytic combustion sensors [9], [19], thermal 
conductivity sensors [90], [91], electrochemical sensors [92], [93], semiconducting metal-oxide 
sensors [94], and metallic resistors [95], [96].  
 
Catalytic combustion sensors are widely used in industry.  However, the catalyst must be heated 
to high temperature in order to promote hydrogen combustion, resulting in relatively high power 
consumption. These sensors consist of a Joule-heated platinum wire coated with a catalyst-
containing support material, typically a ceramic. The catalyst promotes combustion, generating 
heat, causing the temperature of the Pt wire to increase. This increase in temperature causes an 
increase in the resistance of the Pt wire. This change in resistance is typically measured using a 
Wheatstone bridge configuration with a reference element that is identical minus the catalyst to 
offset atmospheric changes in temperature or humidity. While these sensors are widely deployed, 
their relatively high level of power consumption has impeded their implementation as long-term, 
battery-powered monitors. Advances in MEMS technology have allowed for decreased power 
consumption through device miniaturization [9], [97]. For a typical MEMS catalytic combustion 
sensor, a microfabricated Pt or polysilicon heating element, or microheater, is embedded in a thin 
silicon nitride membrane upon which a catalyst layer is deposited. Due to scaling laws, the 
drastic reduction in size of the microheater provides a corresponding reduction in thermal 
response time. The short thermal response time allows for rapid heating and cooling of the 
device, thereby enabling low duty cycle operation and further reduction in power consumption. 
 
Many of the reported microheater-based hydrogen gas sensors use a catalyst layer of Pt or Pd 
nanoparticles dispersed in a porous alumina or silica support [19], [98], [99]. Recent work by 
Brauns, et al. employ Pt nanoparticles stabilized with surfactant molecules eliminating the need 
for a porous ceramic support, thereby reducing the thermal mass (hence lowering the power 
consumption) and transferring heat more efficiently (leading to higher sensitivity and faster 
response time) [25]–[27]. However, due to the thermal instability of the surfactant, these sensors 
are not amenable to high temperature application or operation. 
                                                
2 A modified version of this work was published in A. Harley-Trochimczyk, J. Chang, Q. Zhou, J. 
Dong, T. Pham, M. A. Worsley, R. Maboudian, A. Zettl, and W. Mickelson, “Catalytic hydrogen 
sensing using microheater platinum nanoparticle-loaded graphene aerogel,” Sensors and 
Actuators B: Chemical, vol. 206, pp. 399-406, 2015. 
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Here we report the fabrication and characterization of a catalytic hydrogen sensor using platinum 
(Pt) nanoparticle catalyst embedded in graphene aerogel catalyst support. Aerogel is a porous 
material derived from a gel in which the liquid component of the gel is replaced with a gas phase. 
The Pt nanoparticle-loaded graphene aerogel is deposited on a low-power polysilicon 
microheater device, which is used to both heat the catalyst and detect the heat output from the 
catalytic combustion of hydrogen. The synthesis and characterization of the graphene aerogel 
and platinum functionalization is described. The measurement of this catalytic hydrogen sensor 
is described and optimized for sensitivity, selectivity, and stability.     

2. Material synthesis and characterization 
Graphene aerogel is chosen as the catalyst support since it provides a high surface area (>1000 
m2 g-1) [100] onto which a catalyst material can be deposited, a high in-plane thermal 
conductivity (~5000 W m-1 K-1 in-plane for graphene [101]) to efficiently transfer heat to the 
microheater, and is also stable below 500 °C [100], enabling high temperature operation.  
Platinum nanoparticles are chosen as the catalyst material, due to their well-established catalytic 
properties and high surface area.  Embedding platinum nanoparticles into the graphene aerogel 
provides a highly catalytically active material, which can transfer heat with minimal additional 
mass and is stable at elevated temperatures. 

2.a. Graphene aerogel  
Graphene aerogel (GA) is prepared using the method in Ref. [102]. A precursor of graphene 
oxide (GO) is prepared with Hummer’s method [103]. The chemical functionality of the GO 
sheets is used to cross-link the sheets. The graphene oxide is dispersed in deionized water at 1-2 
wt%. Concentrated ammonium hydroxide is added to the GO suspension and cured in a sealed 
glass vial at 85 ºC for 12 h. The gel is washed with deionized water to remove remaining NH4OH 
and then the water is exchanged with acetone before drying with supercritical CO2. After 
supercritical drying, carbonization is achieved through pyrolysis at 1050 ºC under nitrogen.  
 
Typical graphene aerogel density is 80-100 mg cm-3 with Brunaeur-Emmett-Teller (BET) 
surface areas >1000 m2 g-1, as calculated with nitrogen adsorption [104]. The pore size 
distribution, determined with the Barrett-Joyner-Halenda method [105], is largely between 3 and 
10 nm with a peak at 6 nm [102], which suggests that most of the surface area will be accessible 
to hydrogen gas molecules. Variation in the pyrolysis temperature affects the crystallinity and 
thermal stability of the graphene aerogel, as reported in [100]. For GA pyrolyzed at 1050 ºC, 
there is a weight loss of 10% when heated to 500 ºC, with a 50% drop by 575 ºC. Because the 
GA will be heated in sensor operation, care must be taken that temperatures remain in stable 
range. The aerogel is extensively analyzed by several methods, including transmission electron 
microscopy (JEOL 2010). A representative TEM image of as-synthesized graphene aerogel is 
shown in Figure 1a, showing few-layer wrinkled sheets. The electrical conductivity of the bulk 
aerogel is 100 S m-1, as determined through the four-probe method [102]. The graphene 
assembly also has a high degree of mechanical stability with a Young’s modulus of ~50 MPa 
[102]. The mechanical stability is important because it allows the pyrolyzed aerogel to be 
suspended in liquid and dried without collapsing the pores.    
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2.b. Platinum nanoparticle-loaded graphene aerogel 
To decorate with Pt nanoparticles, the graphene aerogel is submerged in a solution of 
chloroplatinic acid in ethanol. The aerogel is then transferred into deionized water and freeze 
dried to ensure even distribution of the platinum salt. Finally, the platinum salts are reduced to 
platinum metal by heating under hydrogen gas at 450 °C [106]. The loading and size of the Pt 
nanoparticles deposited on the graphene aerogel is confirmed with transmission electron 
microscopy and scanning electron microscopy (SEM, FEI Sirion XL30). Energy dispersive x-ray 
spectroscopy (EDAX) is used for elemental analysis. 
 
Figure 1b shows a TEM image of graphene aerogel that has been loaded with platinum 
nanoparticles. The average nanoparticle size is 6.3 nm +/- 3.3 nm, as determined by analysis of 
several TEM images, The nanoparticles are crystalline, as shown in the inset of Figure 1b, and 
display a lattice spacing of 2.25Å, consistent with the platinum (111) crystal planes. Figure 1c 
shows an SEM image of the Pt NP-loaded graphene aerogel confirming a uniform loading of 
platinum nanoparticles throughout the material. Energy dispersive x-ray spectroscopy confirms 
that only carbon and Pt are present, as shown in Figure 1d. 

 
Figure 1. (a) TEM image of graphene aerogel prior to loading with platinum nanoparticles. (b) 
TEM image of Pt nanoparticles dispersed on the graphene aerogel. Dark nanoparticles are 
supported on the lower-contrast nanoporous graphitic structure. (b, inset) TEM showing Pt (111) 
spacing of 2.25 Å. (c) SEM shows Pt loading over a large area, including some larger clusters. 
(d) EDAX spectra confirming carbon and platinum are the only elements present. Scale bars: 
(a,b) 20 nm; (c) 5 µm 
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3. Device fabrication and test methods 
The polysilicon microheater is fabricated as described in Chapter 2, diced, and wire-bonded into 
an 8- or 14-pin ceramic dual in-line package (CerDIP), as shown in Figure 2.  

3.a. Integration of sensing material on microheater 
The platinum nanoparticle-loaded graphene aerogel material is sonicated into suspension and 
deposited from a solution of isopropyl alcohol. A 0.25 µL drop of 0.5 mg/mL solution is placed 
on the microheater chip while the microheater is powered to 8 mW (~220 ºC). Heating the 
microheater promotes solvent evaporation and leads to material deposition at the center of the 
microheater. The microheater heated at 8 mW for 3 hours to ensure all the solvent is evaporated. 
 

 
Figure 2. Individual microheater chip wire-bonded into a ceramic dual in-line package. 

3.b. Sensor measurements and gas delivery 
The microheater CerDIP package is placed within a gas flow chamber (Figure 3a) with a volume 
of 1 cm3. The chamber is made of Teflon with two channels for gas inlet and outlet flow and a 1 
cm3 cavity drilled into it, as shown in the schematic in Figure 3b. The gas lines are also Teflon, 
to prevent adsorption and accumulation of gases. The sensor package (seen in Figure 2) fits into 
a green DIP socket (3M) that is electrically connected through a bud box to 14 co-axial cable 
outlets. The microheater is then controlled by connecting the leads from the Keithley 2602A 
source-meter to the outlets on the bud box that correspond to the correct pins. A piece of Viton 
foam is used to seal the gap between the DIP socket and the Teflon gas chamber block. The inset 
in Figure 3a shows an image from the top of the packaged microheater with the Viton foam 
showing that the foam has a cut out to allow for direct gas flow. The butterfly screws on top of 
the Teflon block maintain the chamber seal. 
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Figure 3. (a) Optical image of gas testing chamber with gas inlet and outlet and microheater 
controls. Inset shows the top view if the Teflon gas chamber is lifted off. (b) Schematic diagram 
of gas testing chamber. 
 
The sensor is exposed to target gases using a computer-controlled gas delivery system, shown in 
Figure 4. Two target gas tanks can be connected at one time. Stream balance and purge is made 
up of house air that has passed through pressure swing adsorption dryers to remove humidity and 
an activated carbon scrubber to remove other contaminants. A tank with liquid water is used to 
humidify streams on demand by evaporating the water and mixing it with the gases. Mass flow 
controllers (Bronkhorst) controlled by LabView are used to deliver the correct amounts of each 
gas to the streams. Labview also controls the valves that can send the mixed gas stream to the 
sensor chamber (where the sample is) or to be vented in the fume hood (purge).  
 
For this work, a cylinder of 3% hydrogen gas balanced in nitrogen is used (Praxair). For 
selectivity tests, sensors are exposed to various concentrations of diethylether (Praxair, 5000 ppm 
in N2,), n-pentane (Praxair, 5000 ppm in N2,), and methane (Praxair, 5% in N2,) using the same 
gas delivery system. Sensor testing is performed at a constant flow rate of 300 sccm. Flow 
stream temperatures are recorded and are within a few degrees of room temperature. In most of 
the tests, the gas mixture from the analyte gas cylinder is mixed with clean air to attain the 
desired analyte concentration. In these tests, the oxygen concentration in the gas steam is at least 
12 times the stoichiometric concentration to oxidize the hydrogen to form water. The exceptions 
are: (i) a test performed in pure nitrogen to show the lack of catalytic response in the absence of 
oxygen (Figure 7b); and (ii) a test to assess sensor response to various oxygen concentrations, 
where the desired oxygen concentration is attained by mixing the hydrogen gas with pure oxygen 
and nitrogen (Figure 8). In these cases, the second gas tank is pure oxygen and the house air is 
replaced by a pure nitrogen tank. 
 
 
 
 
 

(a) (b) 
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Figure 4. Schematic of the computer-controlled gas delivery system. Two target gases can be 
connected at once and are balanced with clean, dry house air. There is a liquid water source for 
tests with humidity, which is evaporated and mixed with the gas stream. Mass flow controllers 
(MFC) are used to control the flow and after the streams are mixed, there are two valves 
controlling whether the stream is sent to the sample or purge (vented into the fume hood). 
 
The measurement of the microheater sensor is performed using a Keithley 2602 source-meter. 
The source-meter is controlled using Zephyr, an open-source Java-based instrument and control 
and measurement software suite. Zephyr is also used to acquire data from the source-meter, the 
gas delivery system, such as flow rates and concentrations, and any reference sensors, such as 
temperature sensors.  The microheater sensors are measured either by continuously applying a 
bias voltage or by pulsing the heater to a particular voltage for a specified amount of time. 
Sequences comprised of multiple voltage pulses are used to quickly change the sensor 
temperature and these pulsed sequences are continually repeated after a specified period. The 
sensor response is determined by the relative change in resistance, ΔR/R0, where R0 is the 
average resistance during zero hydrogen exposure, R is the average resistance during exposure to 
a given hydrogen concentration, and ΔR = R-R0. 

4. Sensing results 
The Pt NP-loaded graphene aerogel is deposited onto the microheater device to complete the 
fabrication of the catalytic hydrogen sensor and it is placed into the gas sensing setup for testing. 
The sensor is exposed to hydrogen concentrations between 0 and 20,000 ppm during which the 
temperature of the microheater is ramped between 25 and 430 °C. This is accomplished by 
applying a nine-level voltage pulse sequence with 500 ms at each voltage from 0.1 to 5.2 V. 
When the sensor is heated in the presence of hydrogen, the resistance increases due to heat 
generated from catalytically combusting the hydrogen gas on the platinum nanoparticles. 
Figure 5 shows the resistance of the microheater (blue) at a particular temperature level in the 
pulse sequence versus time as the sensor is exposed to a various concentrations of hydrogen. 
While data is collected for all nine levels, only the 15 mW (430 °C) is shown for clarity. A stable, 
reproducible response is observed during exposure to hydrogen during the 70-minute test. 
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Figure 5. Resistance of the sensor (blue) for varying hydrogen concentration (black, dashed line) 
versus time for the 15 mW (430 °C) level of the nine-level pulse sequence.  
 
To determine the optimum operation temperature for the sensor, the response, taken as ΔR/Ro, is 
analyzed as a function of input power for the various hydrogen concentrations. Figure 6a shows 
the average sensor response to 5,000 ppm hydrogen versus power for all nine voltage levels in 
the pulse sequence. The sensor response increases with increasing heater power, and then 
plateaus above 11 mW (320 °C). Similar results are seen at other hydrogen concentrations, up to 
20,000 ppm. The combustion reaction is first order in hydrogen concentration and the 
relationship between the reaction rate, k, and temperature can be expressed by the Arrhenius 
equation,  

k = A*exp(-Ea/RT)        (6) 
where R is the ideal gas constant, Ea is the activation energy, and A is an empirically determined 
pre-exponential factor. Since the reaction rate increases with temperature, if the sensitivity 
plateaus with increased temperature, this indicates that the sensor response is limited by the 
amount of gas that reaches the catalyst rather than the reaction rate. Therefore, the sensor is 
operating in a mass transfer limited regime. Further sensor characterization presented here is 
performed at 11 mW (320 °C), which balances the need for a high sensitivity and low power 
consumption. 
 
Keeping the sensor at 11 mW not only decreases power consumption, but also improves catalyst 
support lifetime. The graphene aerogel has been shown to be stable up to 500 °C, as discussed in 
Section 2a. During exposure to high concentrations of hydrogen, i.e. up to 20,000 ppm, the 
resistance of the microheater can change by up to 4%, which would correspond to an increase of 
over 200 °C. Therefore, by operating the sensor at a baseline temperature of 320 °C, exposure of 
the sensor to temperatures above 500 °C can be minimized and the catalyst lifetime prolonged. 
Additionally, the resistance versus temperature relationship is linear in the range from 300 to 
500 °C (Chapter 2, Figure 8), which simplifies analysis of the sensor response. 
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Figure 6. Fraction change in sensor resistance versus power during 5,000 ppm hydrogen 
exposure. The error bars represent the standard deviation of the response over the test duration. 
 
Figure 7 shows the response of a microheater sensor that has been functionalized with the Pt NP-
loaded graphene aerogel (blue, triangles) and with a bare unfunctionalized graphene aerogel 
(burgundy, diamonds). The response of the Pt NP-loaded graphene aerogel sensor shows a nearly 
linear, positive dependence on hydrogen concentration, whereas the unfunctionalized graphene 
aerogel sensor shows only a slight negative response. This negative response is due to the 
increase in thermal conductivity of the flow stream with increased hydrogen concentration, 
which causes the temperature of the microheater to decrease. Pt NP-loaded devices show a 
similar response when tested in inert environments. This increase in thermal conductivity of the 
surrounding gas is also evident in the Pt NP-loaded sensor in Figure 7, where at higher H2 
concentrations the response deviates below the expected extrapolation from lower concentrations, 
as shown by the solid line that is fit to the first four data points in Figure 7.  
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Figure 7. (a) Response (ΔR/Ro) of the microheater-based sensor versus hydrogen concentration 
functionalized with Pt-loaded graphene aerogel and bare graphene aerogel. (b) Response of the 
sensor in air and in pure nitrogen. Error bars are standard deviation of response during 45 
minutes of exposure at selected concentration and if error bars are not seen, they are within the 
symbol. The microheater is at 11 mW (320 °C).  
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It is possible that, since the hydrogen gas is balanced in nitrogen, the deviation from linearity 
observed in Pt NP-loaded graphene aerogel sensor could be explained by impeded catalytic 
combustion of hydrogen due to a decrease in oxygen concentration. Therefore, the response to 
10,000 ppm hydrogen is measured while the oxygen in the gas stream is varied from 10% to 
21%. No measureable difference in the sensor response within this oxygen concentration range is 
observed (Figure 8). Furthermore, implementation of this sensor in a Wheatstone bridge 
configuration would compensate for the deviation from linearity. 
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Figure 8. Relative sensor response to 10,000 ppm hydrogen at various oxygen concentrations.  
 
In addition to sensitivity, response time and recovery time are critical metrics for hydrogen 
sensing. For applications where leak detection is critical for safety, especially hydrogen 
generation or storage in indoor spaces, a sensor response time of ~1 s is required [88]. Figure 9a 
shows the response and recovery of the sensor operating in continuous heating mode at 11 mW 
(320 °C) for a hydrogen exposure of 20,000 ppm. The t90 response and recovery times are 0.98 s 
and 0.72 s, respectively.  When the sensors are operated in voltage pulsing mode, there is no 
measureable effect on sensor response or recovery time, as it responds and recovers in one to two 
data points (1-2 seconds, Figure 9b). 
 

 
Figure 9. (a) Response time and recovery time of sensor when exposed to 20,000 ppm hydrogen.  
Microheater is powered continuously at 11 mW and data is collected every 150 ms. (b) Response 
and recovery time of sensor when exposed to 10,000 ppm hydrogen using pulsed heating mode 
(~0.2 s at 11 mW every 1 s).  
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The microheater sensors functionalized with Pt NP-loaded graphene aerogel catalyst are also 
tested for selectivity. A common interfering gases for hydrogen sensing is methane. Sensitivity 
to methane is tested for a range of concentrations up to 20,000 ppm. Figure 10a shows the sensor 
response versus concentration of methane (green, diamonds) and hydrogen (blue, triangles) 
while heated to 11 mW. There is no measurable response to methane at this power. In fact, 
detection of methane was not observed even up to 15 mW (430 °C).  This indicates that either 
this catalyst is not capable of catalytically combusting methane or that it requires a higher 
temperature, in which case an alternative catalyst support with higher thermal stability, such as 
boron-nitride aerogel [107], would be required.  
 
The selectivity of the catalyst to hydrogen was also tested using two hydrocarbons with low 
auto-ignition temperatures: diethylether (160 °C) and n-pentane: (260 °C).  Figure 10b shows the 
sensor response to 5,000 ppm of these two gases at 320 °C and 430 °C. At 320 °C, the response is 
extremely small (equivalent to <100 ppm of hydrogen). At 430 °C, the sensor response is 
significantly larger, but still only equivalent to approximately 800 ppm hydrogen. The 
combustion of these hydrocarbons would release more heat per mole than hydrogen, so the small 
signal obtained shows that Pt nanoparticles cannot effectively catalyze the combustion in this 
temperature range. In addition, even though the microheater is heated above the auto ignition 
temperature of both gases, the small thermal mass of the microheater prevents significant auto 
ignition. Other groups have noted that this feature in microheater-based combustible gas sensors 
may eliminate the need for bulky, expensive explosion-proof housing, which limit sensor 
miniaturization and adversely affect sensor response times [108]. The improved selectivity at 
320 °C is an added justification for the optimized sensor operating temperature. 
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Figure 10. (a) Response to methane (green, diamonds) at several concentrations compared to 
response to hydrogen (blue, triangles). (b) Average sensor response to 3,000 ppm of diethylether 
and n-pentane at different microheater temperatures. Error bars are the standard deviation of 
sensor response during 30 minutes of exposure. Microheater is at 11 mW (320 °C). 
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Using a low duty cycle heat pulse measurement, so the sensor is heated for only part of the time, 
decreases the power consumption significantly. To ensure that this pulsing of the heater does not 
affect the sensitivity of the sensor, the response measured when pulsing the heater is compared to 
the response when continuously heating the sensor.  Figure 11 shows the response of the sensor 
versus hydrogen concentration when heated to 320 °C for 500 ms every 2.5 seconds (blue 
squares) and when heated continuously at 320 °C. The response difference between pulsed and 
continuous mode at any concentration is <10%, and the overall linear calibration differs by only 
2%. Meanwhile, the power consumption drops 80% from 11 mW to 2.2 mW. For the pulsed 
heating mode, the sensitivity determined from a linear fit of the data in Figure 9 is 1.6% per 
10,000 ppm hydrogen. This corresponds to a sensitivity of 17 mV/10,000 ppm hydrogen if 
operated in a Wheatstone bridge configuration with a reference sensor with resistance R0. This is 
comparable to many of the commercially available sensors [25], but with much lower power 
consumption.  In addition, over a ten-day testing period with over 60 hours of testing, the sensor 
displayed good reproducibility with an average change in resistance (ΔR/R0) of 0.015 ± 0.0015 
during exposure to 10,000 ppm hydrogen. 
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Figure 11. Sensor response versus hydrogen concentration for pulsed (pink diamond) and 
continuous (blue square) modes. Error bars are standard deviation of all data points taken at a 
given hydrogen concentration during a 3 hour test. Continuous heating is to 11 mW (320 °C) and 
pulsed heating is 500 ms at 11 mW (320 °C) every 2.5 s.  
 
Finally, the limit of detection of the Pt-NP loaded graphene aerogel-based sensors was 
determined. Figure 12 shows the sensor response to 500 ppm of hydrogen while operating in 
pulsed heating mode (500 ms at 320 °C every 2.5 s). The sensor response to 500 ppm of 
hydrogen is easily distinguishable with a signal to noise ratio of 20-to-1. As mentioned 
previously, although the sensor is only heated for a fraction of the time, the response time is 
approximately the same as the continuously heated sensor (within one data point, data collected 
every 2.5 s). Concentrations lower than 500 ppm were not tested, due to dilution accuracy of the 
gas delivery system. However, using a signal to noise threshold of 3, the sensor should be able to 
detect hydrogen down to 65 ppm. 
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Figure 12. Sensor resistance (burgundy line) versus time during a 500 ppm hydrogen exposure 
(black dashed line). Microheater is pulsed for 500 ms at 11 mW (320 °C) every 2.5 s. 

5. Conclusion 
A low-power catalytic hydrogen gas sensor has been developed using a micro-machined 
polysilicon heater functionalized with Pt nanoparticle-loaded graphene aerogel as the catalyst 
material. The graphene aerogel provides a high surface area for platinum nanoparticle loading 
and high thermal conductivity for efficient transfer of heat generated from the catalytic 
combustion of hydrogen. The Pt-NP loaded graphene aerogel are characterized using TEM, SEM, 
and EDAX confirming the homogeneous distribution of small (~6 nm) Pt nanoparticles within 
the graphene aerogel. The operation temperature of the sensors was optimized for sensitivity, 
stability, and selectivity. Using a low duty cycle heat pulse measurement, the microheater 
functionalized with Pt NP-loaded graphene aerogel consumes as low as 2.2 mW of power 
without compromising the sensor performance. The sensors have a sensitivity of 1.6% per 
10,000 ppm hydrogen with a t90 response and recovery time of 0.97 s and 0.72 s, respectively. 
The sensor shows negligible cross sensitivity to other flammable gases, including methane, n-
pentane, and diethylether. A lower detection limit of approximately 65 ppm is estimated.  
 
Further investigations into various catalyst materials to tune selectivity and utilization of catalyst 
supports with higher thermal stability, such as BN aerogel, should result in detection of other 
flammable gases, such as methane.  Using the low-power microheater platform reported here 
functionalized with various catalysts and supports, a multi-analyte detection chip can be 
produced with a very small footprint, thereby enabling wireless battery powered gas detectors at 
minimal cost for industrial and consumer applications. 
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Chapter 4. Nanoparticle-Loaded Graphene Aerogel 
for Hydrocarbon Sensing3 
1. Motivation 
Sensing combustible gases is critical for hydrogen and hydrocarbon leak detection, industrial 
safety, and environmental monitoring.  Combustible gas sensors detect a temperature change 
caused by surface-catalyzed combustion of the target gas.  To promote combustion, the catalyst 
material must be heated to high temperatures (> 450 °C), which typically requires power 
consumption of 500 mW or more [1]. This severely limits the ability for these sensors to be 
battery-powered.  
 
Microfabricated combustible gas sensors have been developed to lower the power consumption 
required for heating [9]. Our designed platform uses a doped polysilicon microheater.  Because 
polysilicon has higher resistivity than platinum, the heated area can be minimized without 
electro-migration issues.  Shrinking the size allows for our microheater platform to reach 450 °C 
with only 14 mW.  Additionally, the fast thermal response time of the heater allows for rapid 
duty cycling that lower the power consumption even further.  
 
Progress in microheater development has revealed the need for novel catalytic materials tailored 
for the microfabricated sensors.  Typical catalyst materials have been the same noble metal 
nanoparticles on porous oxides used in commercial devices.  These have poor thermal 
conductivity and gas diffusion leading to slow response (10-20 s) [9], [15], [108], as well as 
issues with integration and adhesion on the microheaters.[4]  Some researchers have looked to 
thin films, which can be better integrated into sensor manufacture, but the lower surface area 
leads to poor sensitivity [15], [109]. Use of graphene aerogel (GA) with high surface area and 
high thermal conductivity as a support for catalytic nanoparticles is an attractive approach that 
maintains high surface area of catalyst for good sensitivity, and improves response and recovery 
time [102], [110]. Chapter 3 describes the use of platinum nanoparticles on graphene aerogel for 
hydrogen sensing with fast response and recovery (<1 s), which is attributed to minimized 
support mass and improved thermal conductivity of the support [110]. 
 
Here platinum and palladium nanoparticles on high surface area GA (approx. 900 m2 g-1) are 
investigated as catalytic materials for both hydrogen and propane sensing. The GA used here has 
a higher pyrolysis temperature of 2000 °C, which gives it improved crystallinity and thermal 
stability over the GA pyrolyzed at 1050 °C used in Chapter 3 [100]. Expanding the types of 
nanoparticles loaded on the graphene aerogel demonstrates the versatility of this approach and 
opens the possibility of selective sensing with an array of materials. Response and recovery 
times are within 1-2 seconds for the various metal-gas combinations.  The fast response time of 
both the microheater and the catalyst material open up the possibility of fast temperature  
                                                
3 A modified version of this work was published in A. Harley-Trochimczyk, J. Chang, T. Pham, 
J. Dong, M.A. Worsley, A. Zettl, W. Mickelson, R. Maboudian. “Low power microheater-based 
combustible gas sensor with graphene aerogel catalyst support,” Proceedings of the 18th Int’l 
Conference on Solid-State Sensors and Actuators, Transducers ’15, pp. 1483-1486 (2015). 
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scanning to build in selectivity or duty cycling to decrease power consumption even further.  No 
loss of sensitivity is seen for the propane response of platinum nanoparticle-loaded graphene 
aerogel with 10% duty cycling, which corresponds to power consumption of only 1.4 mW.  
Sensor response stability remains a challenge, but using the graphene aerogel catalyst support 
signals the potential for truly low power combustible gas sensing.    

2. Material synthesis and characterization 

2.a. Graphene aerogel 
Graphene aerogel synthesis is described in detail in Chapter 3.  Briefly, graphene oxide sheets 
are added to water and ammonium hydroxide and heated at 85 °C to promote gelation.  The 
scaffold is dried through critical point drying to retain the pores and pyrolyzed under nitrogen at 
1050 °C to reduce the oxygen-containing groups. Here, an additional pyrolysis step is performed 
for 1 hour in helium to improve the quality of the final aerogel. Worsley, et al., report the 
resulting aerogel characteristics for a secondary anneal at 1500, 2000, and 2500 °C [100]. The 
specific surface area decreases with higher anneal temperatures, but the thermal stability 
improves as the aerogel becomes more crystalline and graphitic. At 1500 °C, the specific surface 
area remains 1200 m2 g-1, while at 2000 °C, it is 900 m2 g-1 and falls to 345 m2 g-1 at 2500 °C. 
The change in surface area is attributed to an increase in crystallinity and subsequent loss of 
pores in the 2-10 nm size range and increase in multi-layer regions in the aerogel. 
Thermogravimetric analysis of the aerogels annealed at different temperatures shows the 
improvement in thermal stability for those pyrolyzed at higher temperature, with 50% mass loss 
going from 560 °C for the GA pyrolyzed at 1050 °C to 770 °C for the GA with a secondary 
anneal at 2500 °C [100]. Taking both the specific surface area and thermal stability into account, 
the 2000 °C-annealed graphene aerogel is selected for use as the scaffold material for catalytic 
nanoparticles.  

The specific surface area of 900 m2 g-1 for the graphene aerogel is much higher than typical 
values for porous alumina (~100 m2 g-1), the most common catalyst support material used in 
combustible gas sensing [111]. The in-plane thermal conductivity of the graphene aerogel, which 
is composed of cross-linked few layer graphene sheets, is also several orders of magnitude 
higher than that of alumina (~1000 W m-1 K-1 for few layer graphene [112] vs. ~10 W m-1 K-1 for 
alumina [113]).   

2.b. Platinum and palladium-nanoparticle loading 
Platinum nanoparticle loading follows the process detailed in Chapter 2, where the aerogel is 
soaked in a 0.5 M aqueous solution of chloroplatinic acid (H2PtCl6), freeze-dried, and thermally 
reduced under hydrogen flow at 450 °C to form pure metallic nanoparticles.  Palladium 
nanoparticle loading is similar, but with palladium chloride (PdCl2) as the precursor and a 
solution concentration of 0.1 M. 

Successful loading of Pt and Pd nanoparticles is confirmed with X-ray photoelectron 
spectroscopy (Figures 1a and 1b) as well as transmission electron microscopy (Figure 1c and 1d).  
For the Pt nanoparticles, about 70% have a 1-2 nm radius, with the rest up to 10 nm radius.  For 
the Pd nanoparticles the distribution is tighter, with about 70% at a 1-2 nm radius and the rest 
larger, up to 5 nm.  The density of Pd nanoparticles is lower because a lower concentration of the  
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metal salt was used.  The Pt lattice spacing of 2.28 Å is consistent with the Pt(111) crystal plane, 
and the Pd lattice spacing of 2.22 Å is consistent with the Pd(111) crystal plane (insets of Figure 
1c and 1d respectively). 

 

Figure 1. (a) XPS spectra of Pt 4f and (b) Pd 3d spectral regions confirm nanoparticle loading on 
GA. (c) TEM of Pt-GA. (d) TEM of Pd-GA. Insets show lattice spacing. 

3. Sensor fabrication and testing 
The polysilicon microheater platform described in Chapter 2 is used here. Nanoparticle-loaded 
graphene aerogel is suspended in water and drop-cast onto the microheater to form the sensor. 
Figure 2 is a schematic showing the catalytic material integrated on the microheater platform. 
Fabricated sensors are wirebonded into a CerDIP package and placed in a 1 cm3 gas chamber, as 
described in Chapter 3.  Gas flow is controlled with mass flow controllers (Bronkhurst) and 
Labview. Sensor measurements are performed with a Keithley 2602 sourcemeter.  Hydrogen and 
propane gas tanks are 5% (50,000 ppm) balanced in nitrogen (Praxair).  Hydrogen gas is diluted 
with dry, clean air to reach the concentrations tested, while propane gas is mixed with nitrogen 
and oxygen to maintain an oxygen concentration of 20%. Chapter 3 shows no hydrogen response 
dependence on the percentage of oxygen in the range of 10-21%, so it is not critical to maintain 
an exact oxygen concentration. The reason the oxygen concentration changes with house air used 
for stream balance is that a total flow rate of 300 sccm is used with various hydrogen 
concentrations. Since the combustible gas tanks are balanced in nitrogen, at high concentrations 
of hydrogen where the flow rate of air required for a total rate of 300 sccm is smaller, there is 
less oxygen. As an example, for a hydrogen concentration of 2%, a flow rate of 120 sccm comes 
from the hydrogen tank with the rest from house air. This gives an oxygen concentration of  
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12.6% (21% of 180 sccm air in a total of 300 sccm). As will be shown in Chapter 5, there is a 
large change in propane response at varied oxygen concentration, so a constant oxygen 
concentration is used to eliminate this factor.  

 

Figure 2. Sensor schematic. H2 or propane gas reacts on the catalyst nanoparticle surface and 
releases heat, causing increased temperature of the polysilicon, resulting in a resistance increase.          

4. Sensing Results 

4.a. Sensitivity and response time 
Building upon prior work on hydrogen gas sensing, the practicality of the sensor for general 
combustible gases is tested using propane gas. Propane is a colorless, odorless gas that is 
produced as a byproduct of natural gas processing and petroleum refining. It is commonly used 
for heating, cooking, and power generation, especially in areas without access to natural gas 
pipelines [114]. Propane is also used to enhance oil recovery in oil wells and as a raw material in 
the petrochemical industry [114], [115]. Recently, propane has also been explored as an 
environmentally-friendly alternative to traditional chlorofluorocarbon refrigerants at both the 
residential and industrial scale [116], [117]. However, propane, like other hydrocarbons, poses 
certain safety hazards. It is explosive in air, with a lower explosive limit of 2.1% (21,000 ppm) in 
air and an autoignition temperature of 450 ºC [118]. Since propane is routinely used in 
environments containing ignition hazards, both at the residential scale (stovetop burners, pilot 
lights, etc.) and at the industrial scale (gas flares, welding, electric power systems, etc.) [118], it 
is important to install systems capable of monitoring propane levels and detecting leaks before 
they can become explosive hazards.  

The sensitivity of the nanoparticle-loaded graphene aerogel sensor is defined as R-R0/R0 x 100% 
(%Change in R) where R is the average resistance during a given exposure and R0 is the average 
resistance with 0 ppm concentration.  Figure 3a shows the result of hydrogen and propane 
exposure to the Pt nanoparticle-loaded GA sensor (Pt-GA) and Pd nanoparticle-loaded GA 
sensor (Pd-GA) at the optimum response temperature for each metal-gas combination. For Pt-
GA the optimum temperature for hydrogen response is 300 °C, as seen in Figure 3b. For Pd-GA, 
hydrogen sensitivity plateaus at 400 °C. The peak in response corresponds to a shift from a 
kinetic-controlled regime to a mass transfer-limited regime.  Further increases in temperature in 
this regime may decrease sensitivity by making gas adsorption less favorable. Even if the  
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response does not decrease, the more limited gains in sensitivity are not worth the additional 
power consumption required to operate at the higher temperature. For propane, there is no 
response for Pt-GA below 350 °C, but the GA has limited stability at high temperature, thus 
450 °C is chosen as the optimal temperature for propane response to balance sensitivity and 
thermal stability.  Pd-GA shows no response to propane even up to 450 °C (Figure 3a).   

 

Figure 3. (a) Average response, (R-R0)/R0 x 100%, for Pt-GA and Pd-GA plotted versus gas 
concentration at optimum temperatures for each metal-gas combination. (b) Response of each 
metal-gas combination to 1% gas at various temperatures.  

There is a noticeable difference in the limit of detection between hydrogen and propane for the 
Pt-GA sensor. Even though propane combustion releases more heat per mole, the sensitivity is 
lower because of the different activity levels of propane and hydrogen combustion on platinum. 
Because the limit of detection is controlled by the level of background noise and the temperature 
coefficient of resistance (TCR) of the microheater, using a microheater material with higher 
stability of the resistance and a larger TCR may improve the sensitivity and the limit of detection. 
However, it is also important to note that the limit of 5,000 ppm for propane may be an artifact 
of the gas delivery system. There are two mass flow controllers for each gas tank, one for high 
flow rates (up to 1200 sccm) and one for low flow rates (up to 25 sccm). For a total flow rate of 
300 sccm, which is what is used in these experiments, and given a tank concentration of 5%, the 
switch from the high MFC to low MFC happens between 4,000 and 5,000 ppm propane or 
hydrogen. The low MFC seems to have a slightly different calibration, which leads it to deliver a 
lower concentration than expected. In Figure 3a, for the Pt-GA response to hydrogen, the 
response to 2,500 ppm is clearly lower than expected from the linear response curve of the 
higher concentrations. Another factor is that the propane response at 450 °C has not yet reached 
a mass transfer limited regime. So when the combustion starts, it raises the sensor temperature, 
which increases the rate, which increases the temperature and so on, in a positive feedback loop. 
The implication is that there may be a critical concentration where the feedback loop takes over 
and results in a visible response.  

(a) (b) 
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The observed differences in response between Pt-GA and Pd-GA may arise from differences in 
catalyst loading and inherent different in interaction between each metal and the gas.  With this 
microheater platform, the maximum power consumption is 14 mW (to reach 450 °C).  Given the 
sensor response towards different gases varies with both temperature and catalyst material (Pt vs. 
Pd), a selective combustible gas sensor array can be constructed. 

Prior work for hydrocarbon sensing on porous alumina catalyst supports shows response times 
on the order of 20 s [17], [108]. Response and recovery times for Pt-GA exposure to propane and 
Pd-GA exposure to hydrogen are shown in Figure 4a and 4b and are seen to be fast in both cases 
(within 1-2 s).  The high thermal conductivity of the graphene aerogel may allow for faster 
transfer of combustion heat to the sensor.  Also, the high specific surface area means less support 
material is used for the same platinum loading, minimizing the power needed for heating the 
support. 

 

Figure 4. Response and recovery to (a) 1% propane for Pt-GA and (b) 1% hydrogen for Pd-GA. 
(c) Sensitivity of Pt-GA to propane for continuous heating and pulsed heating. (d) Response time 
for Pt-GA to 1% propane for continuous heating and pulsed heating. 

The fast response and recovery also enable duty cycling with no loss of sensitivity.  For example, 
the Pt-GA sensor was tested for propane response with continuous heating at 450 °C and with a 
10% duty cycle (heating to 450 °C for 100 ms every second, with the sensor at room temperature 
in between).  Figure 4c shows comparable sensitivity between the continuous heating and pulsed 
heating case and Figure 4d shows the response time during pulsed heating is slightly longer, but 
still within a few seconds.  With this strategy, power requirements are in the single mW range. 
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4.b Response stability 
In addition to good sensitivity and fast response and recovery, the sensor response stability is 
critical for practical application. Studies of the response stability of the palladium nanoparticle-
loaded graphene aerogel show a substantial drop in hydrogen response over a few hours (Figure 
5). Palladium is known to form a palladium hydride phase upon exposure to hydrogen [119], 
[120]. This fact is actually exploited in a number of hydrogen sensing mechanisms [121]–[123], 
where the hydride formation changes the material conductance through a work function change 
or even a volumetric change. However, in this case where the palladium nanoparticles are meant 
to act as a catalyst for hydrogen combustion, the hydride phase formation seems to negatively 
impact the catalytic activity and thus, the sensor response. If the hydride phase formation is not 
fully reversible, a gradual accumulation of the hydride phase will occur with repeated hydrogen 
exposure.  

 
Figure 5. Pd-GA response to 2% hydrogen decreasing over the first few hours of testing. 

This has important considerations for combustible gas sensor design because palladium is often 
used as a catalytic material either alone or in combination with platinum because of its high 
activity for hydrocarbon combustion [7]. If the combustible gas mixture is expected to contain 
hydrogen, a palladium-containing sensor may be adversely affected. 

Even with the additional pyrolysis step to improve the thermal stability, the graphene aerogel has 
issues with stability during the high operating temperatures required for propane combustion. In 
addition to high baseline temperature, propane combustion during sensing can significantly raise 
the temperature of the sensing material.  When the Pt-GA was exposed to 2% propane with the 
microheater initially at 450 °C, the temperature is estimated to increase to 725 °C, which is 
above the stability point of the graphene aerogel, which loses 50% of its mass when heated in air 
to 700 °C [100].  The resistance increase during the initial exposure to 2% propane is 0.9% 
above the baseline value of 2568 Ω. Using the resistance versus temperature calibration 
relationship (see Chapter 2), the new resistance (2590 Ω) can be correlated to a temperature of 
725 °C. This leads to a visible loss of material (Figure 6), although the sensing response does not 
completely disappear.   

 



Chapter 4. Nanoparticle-Loaded Graphene Aerogel for Hydrocarbon Sensing 41 
 

 

Figure 6. Optical images of Pt-GA on the microheater (a) before testing; (b) after several hours 
of propane testing with microheater at 450 °C. 

5. Conclusions 
A combination of a low power microheater and improved catalyst support opens possibilities for 
low power and selective combustible gas sensing.  The high specific surface area graphene 
aerogel allows for high loading of catalyst nanoparticles while improving the response and 
recovery time for both hydrogen and propane gas to 1-2 s.  A high temperature anneal during the 
graphene aerogel synthesis improves the thermal stability, although not enough for sustained 
operation at high temperature. The graphene aerogel can be loaded with various catalytic 
nanoparticles, which give different sensitivity and selectivity for hydrocarbon detection. 
Palladium nanoparticle-loaded graphene aerogel responds selectivity to hydrogen over propane, 
while platinum nanoparticle-loaded graphene aerogel responds to both hydrogen and propane, 
although the response to hydrogen is higher. Using these different materials, a selective sensor 
array can be assembled. The fast response of the microheater and the catalyst support means 
pulsed heating can be used to lower the power consumption to the single mW range without 
losing sensitivity (only 1.4 mW for 10% duty cycling of Pt-GA for propane response). 
Selectivity can also be enabled by rapidly scanning temperatures or pulsing various elements in 
the array, to keep the power consumption low.  Instability with the graphene aerogel at high 
temperature points out the limitations of this class of nanomaterials and the need for other 
support materials, such as boron nitride, that retain the advantages of high surface area and 
thermal conductivity, while possessing improved thermal stability. 
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Chapter 5. Platinum Nanoparticle-Loaded Boron 
Nitride Aerogel for Catalytic Gas Sensing4 
1. Motivation 
Hexagonal boron nitride (h-BN) is a 2D material that has generated great interest due to its 
unique optical, electrical, and thermal properties [124]–[126]. It is the most stable form of 
crystalline BN. While structurally similar to graphite and graphene, h-BN has a distinct set of 
complementary and, in many cases, advantageous properties compared to its carbon analogs. For 
example, h-BN is a wide band gap insulator (independent of morphology), yet has high thermal 
conductivity, high resistance to oxidation, and the lowest density among non-oxide ceramics 
[127]–[129]. Having a similar sp2-bonding configuration to graphite, h-BN can be synthesized in 
analogous lower dimensional forms such as nanotubes (1D) [130], [131] and nanosheets (2D) 
[132], [133], which have high specific surface area, among their other qualities. To exploit the 
high surface area of these nanomaterials in a 3D geometry, there have been efforts to synthesize 
low density 3D structures of BN comprised of lower dimensional nanomaterials [107], [134]–
[136]. These high surface area 3D BN materials have been proposed for hydrogen storage [137]–
[140], hydrocarbon uptake [141]–[143], and water purification [139], [144] due to the enhanced 
physisorption properties of BN compared to carbon [145]. In addition to these applications, high 
surface area BN is an interesting candidate as a support material for optically or catalytically 
active nanoparticles, due to its wide band gap and chemical inertness. Nanoparticle loaded-boron 
nitride has been studied for use in high temperature or harsh environment catalysis applications 
in gas [146]–[149] and liquid phases [150]. In these previous catalysis-focused works, the porous 
BN is of varying crystallinity and specific surface area, and many of the synthesis processes for 
the porous BN and the nanoparticle decoration rely on hazardous liquid precursors and reducing 
species. Recently, a novel method for the synthesis of highly crystalline, high specific surface 
area, sp2-bonded boron nitride aerogels using non-hazardous reactants has been developed [107]. 
In this work, loading of this highly crystalline, high surface area, mesoporous boron nitride 
aerogel with well-dispersed platinum nanoparticles is reported and as an example of its utility, 
low power, fast, and sensitive catalytic gas sensing is demonstrated. 

To assess the catalytic activity and stability of the Pt nanoparticle-loaded boron nitride aerogel 
(Pt-BN) presented here, the aerogel is integrated onto a microheater to form a catalytic gas 
sensor or micropellistor. Low power catalytic gas sensors are in demand for fast leak detection in 
hydrogen and hydrocarbon generation, handling, storage, and transport. Early warning of leaks 
will result in increased safety and environmental protection. Research efforts have focused on 
porous alumina supports [15], [24], [30], which suffers from low thermal conductivity, and thin 
films of catalytic metals [15], [28], [109], [151], which have low active surface area. Boron 
nitride aerogel offers enhanced thermal conductivity compared to alumina, and a high surface 
area for increased nanoparticle loading in a constrained volume of the microfabricated sensor.  

                                                
4 A modified version of this work was published in A. Harley-Trochimczyk, T. Pham, J. Chang, 
E. Chen, M. A. Worsley, A. Zettl, W. Mickelson, R. Maboudian. “Platinum nanoparticle loading 
of boron nitride aerogel and its use as a novel material for low-power catalytic gas sensing,” 
Advanced Functional Materials, vol. 26, pp. 433-439, 2016. 
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Increased thermal conductivity of the support allows heat generated during gas combustion to be 
efficiently transferred to the microheater and raise its temperature. Catalytic gas sensing using 
the newly developed Pt-BN demonstrates the advantage of this material. 

2. Material synthesis and characterization 
Boron nitride aerogel acts as an ideal catalyst support due to its high specific surface area, good 
thermal stability, and high thermal conductivity. BN aerogel synthesis follows the procedure of 
Ref. 107 where graphene aerogel (GA) is converted to boron nitride aerogel through the 
carbothermic reduction of boron oxide and concurrent nitridation with nitrogen gas at high 
temperature (1600-1800 ºC) [107]. The resulting few layer sp2-bonded BN maintains the micro-
porous structure of the graphene aerogel and has a high specific surface area (~500 m2 g-1). The 
high specific surface area allows, in principle, for high catalyst nanoparticle loading while 
minimizing the mass of the catalyst support. Furthermore, BN exhibits a high resistance to 
oxidation at elevated temperature [124], which is paramount to robust long-term operation in 
high temperature catalysis applications. The synthesized BN aerogel also maintains a high 
degree of crystallinity imparted by the graphene aerogel, and in fact, the degree of crystallinity 
may increase during the conversion process [107]. The highly crystalline aerogel allows the 
thermal conductivity of the h-BN to be preserved better than a porous BN structure with less 
order.  Hexagonal BN has high in-plane thermal conductivity (~250 W m-1 K-1 [128]), especially 
compared to alumina, the most common catalyst support (~10 W m-1 K-1 [113]). The thermal 
conductivity of the BN aerogel allows heat generated during exothermic reactions to be more 
effectively dissipated. Without this heat dissipation, hot spots can build up and cause sintering of 
the catalytic nanoparticles or damage to the support itself.  

The as-synthesized BN aerogel can be seen in Figure 1a with a transmission electron microscopy 
(TEM) image showing the wrinkled BN sheets displaying features on the tens of nanometers 
scale. As seen in the high-resolution TEM image in Figure 1b, the aerogel is comprised of highly 
crystalline few-layer BN. The junctions between BN sheets within the aerogel are comprised of 
covalent bonds, which lead to improved thermal conductivity compared to randomly stacked BN 
sheets [152]. Thermogravimetric analysis (TGA) of the BN aerogel compared to the GA starting 
material shows the improved thermal stability, with GA showing a 50% loss in mass by 575 ºC, 
while the BN aerogel has <1% change in mass during heating up to 900 ºC (Figure 1c). 
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Figure 1. (a) TEM of bare boron nitride aerogel. (b) High resolution TEM of boron nitride 
aerogel showing highly crystalline, few layer BN. (c) Thermogravimetric analysis (TGA) of 
boron nitride aerogel (BN) [143] and graphene aerogel (GA) [100], showing improved thermal 
stability of the BN aerogel. TGA is done in 20% O2/Ar with a ramp rate of 10 °C min-1. 

Noble metals, especially platinum and palladium, have been widely used for catalysis, especially 
oxidation reactions that require high temperatures for appreciable reaction rates [8]. Platinum 
nanoparticle size, crystallinity, and interaction with the support all affect catalytic activity. In this 
paper, platinum catalyst loading of the BN aerogel is achieved by immersing the aerogel in 
chloroplatinic acid in ethanol (0.5 M), drying, and annealing in argon (50 sccm) at 600 °C for 2 
hours in order to thermally reduce the platinum complex to pure crystalline platinum 
nanoparticles. Optical images of the BN aerogel before and after platinum loading can be found 
in Figure 2. From measurement of the aerogel weight before and after platinum loading, a 
platinum weight ratio of 45% is calculated. Specific surface area of the platinum nanoparticle-
loaded boron nitride aerogel is 275 m2 g-1, as calculated from the nitrogen adsorption isotherm 
using the Brunauer-Teller-Emmett method with a Micromeritics ASAP 2420 porosimeter [104]. 
The decrease in the specific surface area from the bare aerogel is expected since the high loading 
of platinum increases the weight without significantly changing the surface area.  

 

Figure 2. Optical images of the boron nitride aerogel (a) before and (b) after platinum 
nanoparticle loading. The monolithic aerogel is synthesized in a test tube which gives it a 
cylindrical shape roughly 6 mm tall and 6 mm in diameter. The large band gap of boron nitride 
results in a white appearance. The high loading of platinum nanoparticles results in more light 
absorption and a black color. 

(a) (b) 
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BN and Pt-BN aerogels were dispersed in isopropanol by sonication and then dropped onto a 
lacey carbon grid for TEM characterization using a JOEL 2010 microscope. In Figure 3a, a TEM 
image of the platinum nanoparticle-loaded boron nitride aerogel (Pt-BN) confirms the presence 
of crystalline nanoparticles with average diameter of 17 nm +/- 6 nm, based on 150 particles 
(distribution of particle size shown in Figure 3b). Additional TEM images used for particle 
analysis are shown in Figure 3c and 3d. 

 

Figure 3. (a) TEM of BN aerogel after Pt nanoparticle loading. (b) Size distribution of platinum 
nanoparticles. (c) and (d) Additional (larger area) TEM images used for nanoparticle size 
determination. 

Scanning electron microscopy (SEM, FEI Sirion XL30) images of the Pt-BN show that the 
porosity and high surface area of the aerogel, as seen by TEM, are representative of the entire 
aerogel structure and are not diminished after the nanoparticle loading process (Figure 4a). To 
determine the chemical composition and physical structure of the nanoparticles, energy 
dispersive X-ray spectroscopy (EDAX) and X-ray diffraction (XRD) are performed. The EDAX 
spectrum in Figure 4b confirms the presence of Pt, as well as B and N (the Si peak is from the 
sample substrate) with no detectible amount of chlorine, suggesting that the platinum salt has 
been completely reduced to elemental platinum. No carbon is detected in the EDAX 
measurements, suggesting complete conversion of the graphene aerogel in the formation of the 
BN aerogel. The presence of metallic platinum is further confirmed via XRD in Figure 4c, which  
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shows the characteristic (111), (200), and (220) peaks of the Pt face-centered cubic structure, as 
well as the BN (002) peak. X-ray diffraction for elemental and structure analysis used an AXS 
D8 Discover GADDS diffractometer from Bruker with radiation from a Cu target (Kα, λ = 0.154 
nm). The crystalline nature of the platinum nanoparticles is also evident in the faceted shapes 
observed in the TEM images, as well as the sharp peaks attributed to platinum in the XRD 
pattern, as seen in Figure 4c. Using the Scherrer formula for the full width at half maximum of 
the Pt (111) peak with a crystalline shape factor (K) of 0.94 for spherical crystals with cubic unit 
cells, the predicted crystallite size is 9.6 nm, which has good agreement with the particle size 
analysis from the TEM images [153]. The relatively low intensity of the BN (002) peak in the 
XRD spectra results from the high loading of platinum and the low density of the BN aerogel. 
 

 
Figure 4. (a) SEM of BN aerogel after Pt nanoparticle loading showing retained porosity and 
high surface area. (b) EDAX results confirming presence of B, N and Pt. (c) XRD spectra 
showing BN (002) peak and Pt (111), (200), and (220) peaks. 
 
Interaction between the Pt nanoparticles and the BN support is important for maintaining 
nanoparticle dispersion, especially during high temperature operation. The Pt-BN reported here 
maintains good stability of the nanoparticle size and dispersion after heating in air at 500 ºC for 
24 hours, as shown in Figure 5. No measurable platinum nanoparticle sintering is observed. 
Analysis of platinum nanoparticle size and size distribution leads to an average particle size of 
17.6 nm +/- 5 nm, which is not statistically different from the Pt-BN before heating (Figure 5b) 
Additional TEM images for size determination are shown in Figures 5c and 5d for a total of 150 
nanoparticles analyzed. Prior work has suggested that a high degree of BN crystallinity led to 
platinum aggregation at elevated temperature due to the weaker interaction of the crystal faces of 
h-BN with Pt compared to the edges or defects [154]. Despite having a high degree of 
crystallinity in the boron nitride aerogel reported here, the platinum remains well dispersed and 
tightly adhered. For the TEM analysis, the Pt-BN is sonicated in IPA for thirty minutes before 
dispensing on a lacey carbon grid. Despite this, the TEM images show high nanoparticle density 
on the BN sheets and no free Pt nanoparticles visible on the lacey carbon, indicating a strong 
interaction between the Pt nanoparticles and BN. Partial encapsulation of the nanoparticle within 
the pores of the BN aerogel or chemical stabilization from defects at the cross-linking sites 
within the aerogel may explain the improved platinum dispersion within the BN aerogel. The 
meso-porosity of the BN aerogel effectively prevents sintering of the platinum nanoparticles, 
allowing activity to be maintained even during high temperature operation.  
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Figure 5. (a) TEM image of Pt-BN after heating in open-air furnace for 24 hours at 500 ºC 
shows no sintering or aggregation of platinum nanoparticles. (b) Platinum nanoparticle size 
distribution. (c) and (d) Additional TEM images of Pt-BN used for nanoparticle size analysis. 

3. Sensor fabrication and testing methods 
Catalytic gas sensors are prepared by drop-casting a suspension of Pt-BN (or BN) aerogel 
material onto a low-power microfabricated heater platform. BN and Pt-BN aerogels are 
dispersed in isopropanol by sonication and drop-cast (6 drops of 0.6 µL each) onto the 
microheater chip while one of the microheaters is powered to 65 °C to promote solvent 
evaporation and material deposition at the center of the microheater. The microheater used in this 
work consists of a polycrystalline silicon (polysilicon) trace encapsulated in a thin silicon nitride 
membrane, and can reach 500 ºC with only 15 mW peak power. Details of the microheater 
fabrication and characterization have been discussed in Chapter 2. The cross-sectional schematic 
of the fabricated sensor in Figure 6a and the optical images in Figure 6b show the Pt-BN 
deposited on the heated area of one microheater.  
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Figure 6. (a) Schematic of sensor cross-section. Pt-BN is drop-cast on top of microheater 
platform. When sensor is exposed to catalytic gas, the gas reacts with oxygen on the surface of 
the platinum nanoparticles and releases heat, which increases the temperature and, 
correspondingly, the resistance of the polysilicon microheater. (b) Optical images of one 
microheater before and after Pt-BN deposition.  

The sensor is placed in a gas flow chamber (1 cm3 volume). Gas exposure and signal collection 
are done using Labview and an open-source Java-based instrument and control and measurement 
software suite, Zephyr. Gas tanks of pure nitrogen, pure oxygen, and 5% propane balanced in 
nitrogen (Praxair) are controlled with mass flow controllers (Bronkhurst) and mixed to give the 
desired oxygen (0-21%) and propane concentrations (0-2%) with a total flow rate of 300 sccm. 
For sensor signal collection, a bias voltage is applied to the microheater and the resistance is 
measured with a Keithley 2602 source-meter. Sensor response is reported as (R-R0)/R0 x 100% 
where R0 is the average resistance in air and R is the average resistance during exposure to a 
given concentration of propane. Sensor testing is performed in synthetic air to control the oxygen 
concentration. A microheater operating temperature of 500 ºC gives the best sensitivity while 
remaining in the linear TCR window of the polysilicon (Figure 7). Because the lower explosive 
limit of propane in air is 21,000 ppm or 2.1% [118], tests are performed with gas concentrations 
from 5,000 to 20,000 ppm. Sensor tests performed with bare BN showed no response to propane.  
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Figure 7. Microheater resistance versus temperature showing a linear range between 350 and 
550 ºC with thermal coefficient of resistance of 290 ppm K-1. Line is linear fit for the data points 
between 350 and 550 ºC (R2 = 0.9978) and the slope is used to calculate the TCR. 

4. Propane sensing performance 
Sensor testing is performed using propane gas as a representative combustible gas, because it is a 
commonly used hydrocarbon in heating, cooking, power generation, oil recovery [114], [115], 
and even refrigeration [116], [117]. When the sensor is exposed to propane gas in air, 
combustion of propane on the surface of the platinum nanoparticles releases heat, which 
increases the temperature and the resistance of the polysilicon microheater, since it has a positive 
thermal coefficient of resistance or TCR of 390 ppm K-1 in the operating temperature range. 

The low density and high thermal conductivity of BN enables superior catalytic gas sensing 
performance in terms of response and recovery time and sensor power consumption. The Pt-BN 
sensor resistance over time shown in Figure 8a exhibits low noise and fast response and recovery 
through range of propane concentrations tested. Because boron nitride has a high thermal 
conductivity, heat generated during propane combustion can be efficiently transferred to the 
microheater and raise its temperature. Additionally, the low density and high surface area means 
a minimized mass of the support material within a given volume so less of the heat generated in 
the exothermic reaction will go to heating the support. Graphene aerogel has similar advantages 
of surface area and thermal conductivity and performs well for hydrogen sensing [110], but 
methane and other lower alkanes require higher catalyst temperatures for detection (~500 ºC), 
which is above the long-term thermal stability range for graphene aerogel (see Figure 1c). The 
Pt-BN sensor does not respond to propane at all below 400 °C and the sensor response increases 
with increasing temperature up to 500 °C (Figure 8b). Closer analysis of the data in Figure 8a 
shows the average time to reach 90% of the full sensor response (t90) is only 1.35 s for the 
response and 0.6 s for the recovery (Figure 8c shows a closer view of the response and recovery 
for 1.5% propane as a sample). In comparison, commercial products and reports from literature 
using a porous alumina support have shown response times from 10 to 20 s [15], [108], [155].  
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Figure 8. (a) Pt-BN sensor resistance when exposed to varying propane concentrations showing 
stable, fast response. (b) Pt-BN sensor response to 2% propane at different microheater 
temperatures. (c) Sensor response and recovery shown in close up for 1.5% propane exposure.  

The sensitivity of the Pt-BN is competitive with commercially available products and other 
literature reports. In practical application, two microheaters are placed in a Wheatstone bridge 
configuration with one coated in catalytic material and one coated with bare support. Sensitivity 
is therefore reported as the change in voltage between the reference and active sensor (mV per % 
propane). Using the response of the bare BN to represent the reference sensor and the Pt-BN to 
represent the active sensor, we calculate a sensitivity of 15 mV per % propane, which is 
competitive with commercial MEMS pellistors at 12 mV per % [108]. The limit of detection of 
5,000 ppm (Figure 9a) is comparable to other propane sensors in the literature [15], [108] and is 
determined by the signal to noise ratio of the temperature detector. Improvements to the limit of 
detection may be made with the addition of separate temperature detection channel on the 
microheater platform using a material with a larger TCR, like platinum, or by decreasing the size 
of the platinum nanoparticles to have more active surface area exposed per volume of aerogel. It 
is well known that the sensitivity of the catalytic gas sensor depends on the active catalytic 
surface area. Prior work has demonstrated that a thin film of platinum has lower sensitivity 
compared to platinum nanoparticles on a porous support [15]. 

The sensor power consumption also benefits from this fast response and recovery, as it makes 
duty cycling of the microheater possible. Figure 9a shows the sensor response versus propane 
concentration for continuous heating and for 100 ms every second, thereby reducing the average 
power from 15 to 1.5 mW without compromising response magnitude or measurement frequency. 
Single mW power consumption represents a two order of magnitude reduction from 
commercially available catalytic gas sensors [155]. Along with minimizing power requirements, 
cycling the microheater through various temperatures can also allow for selective measurement 
of combustible gases. Each combustible gas has a unique response curve over a range of 
temperatures and if this is well-characterized for a set of gases in a mixture of interest, 
measurements collected from the catalytic gas sensor at various temperatures can be analyzed to 
give single component response [29]. 
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In order to confirm the sensing mechanism, several control experiments have been conducted. 
Figure 9b compares the average sensor response for a given propane concentration of a sensor 
made with bare BN, and the Pt-BN sensor. No response is seen without the presence of catalytic 
Pt nanoparticles. Although the auto-ignition temperature for propane is 450 ºC [118], heating the 
bare microheater to 500 ºC does not result in a sensing response. The heated area is too small to 
appreciably heat the surrounding gas and cannot create the conditions for auto-ignition. The 
overall expected chemical reaction of the propane combustion is  

C3H8 + 5O2 à 3CO2 + 4H2O           (7) 
Figure 9c shows how the sensor response to propane (10,000 ppm or 1%) varies with the 
percentage of oxygen between 0 and 21%. The maximum response occurs at the stoichiometric 
ratio (5% O2 for 1% C3H8), which is supported by catalysis research on propane oxidation by 
platinum catalysts [156], [157]. Competitive adsorption of oxygen on the platinum surface that 
limits the access of propane molecules is the suggested reason for the decrease in catalytic 
activity with increasing oxygen to propane ratio [156].  

 
Figure 9. (a) Response of Pt-BN sensor versus propane concentration while heated to 500°C 
continuously (squares) and for 100 ms every second (circles), which lowers the overall power 
consumption to only 1.5 mW. (b) Comparison of sensor response at varying propane 
concentrations in synthetic air for Pt-BN and bare BN showing the necessity of the platinum to 
catalyze the propane reaction. (c) Response to propane (1% or 10,000 ppm) with changing 
oxygen concentration showing a maximum at the stoichiometric ratio of oxygen to propane (5 to 
1). Each data point is the average of four exposures at that concentration over a three-hour test 
and the error bars are the standard deviation.  

Stable, reproducible sensor performance relies both on the stability of the boron nitride support 
and the platinum nanoparticles. Previous works using BN as a catalyst support have suggested 
that the high thermal conductivity of BN improves the catalyst lifetime by dissipating heat 
generated in oxidation reactions and preventing the buildup of hot spots that can cause serious 
nanoparticle sintering [148], [158]. As discussed with Figure 5, high temperature treatment of the 
Pt-BN does not result in an increase in platinum nanoparticle size over 24 hours at 500 ºC. To 
determine whether this stable Pt nanoparticle size on the BN aerogel translates to more stable 
catalyst performance, Pt-BN sensors were tested for several hours and compared to sensors 
fabricated with other forms of Pt. Figure 10 compares the response of Pt-BN sensors to sensors  
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made with platinum nanoparticle-loaded graphene aerogel (Pt-GA) and an evaporated Pt thin 
film. To make the evaporated Pt thin film sensor, silicon dioxide (20 nm) and platinum (6 nm) 
are thermally evaporated (Thermionics VE-100 Vacuum Evaporator) onto the microheater chip 
with one set of wire-bond pads physically masked. The silicon dioxide prevents the platinum thin 
film from creating a shorting path between microheater contacts.  

 

Figure 10. (a) Initial sensor response to varied propane concentration for the Pt-GA, Pt-BN, and 
evaporated Pt thin film showing sensitivity scaling with surface area. (b) Normalized response to 
propane (2% or 20,000 ppm) vs. time for Pt-BN, Pt-GA, and an evaporated Pt thin film, showing 
the enhanced stability of the Pt-BN sensor. AFM images of platinum thin film (c) as evaporated 
(RMS = 1.62 nm) and (d) after 6 hours of high temperature testing (RMS = 12.18 nm) showing 
film agglomeration (Z-range of 100 nm in both images).   

In Figure 10a, it is evident that the Pt-GA sensor exhibits the highest sensitivity to various 
concentrations of propane initially, but Figure 10b shows that the response drops off rapidly over 
4 hours. Figure 10b shows the sensor response to a propane concentration of 20,000 ppm, with 
the responses normalized to each sensor’s initial value for clarity. The evaporated Pt thin film 
exhibits the lowest sensitivity, even though it is in closest contact to the heater. This 
demonstrates the benefit of the high surface catalyst support in increasing the active catalytic 
area. The response of the Pt-BN sensor is more sensitive than the evaporated Pt thin film and is 
significantly more stable than both the Pt-GA and the Pt thin film, with only a 14% decrease over  
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18 hours of operation. Atomic force microscopy (AFM, Digital Instruments NanoScope IIIa, 
tapping mode) of the platinum thin film, shown in Figure 10b and 10c, reveals that the film 
undergoes agglomeration during high temperature testing. Optical analysis of the Pt-GA after 
four hours of testing shows a loss of material that can be attributed to the graphene aerogel 
support burning off, as shown in Chapter 4.  The enhanced thermal stability provided by the BN 
aerogel combined with the high surface aerogel structure gives this material the optimal 
combination of sensitivity and stability. 

The Pt-BN sensor is also exposed to various concentrations of hydrogen gas with the microheater 
at a temperature of 300 ºC. Figure 11 shows fast response and recovery and great sensitivity, 
comparable to that of Pt-GA as shown in Chapter 3.  This shows that the use of boron nitride 
aerogel adds benefit for high temperature operation for propane combustion without losing the 
superior hydrogen sensing capabilities seen with Pt-GA.  

 
Figure 11. (a) Resistance of Pt-BN sensor over time with various hydrogen concentrations. (b) 
Response and recovery of Pt-BN sensor to 1% or 10,000 ppm hydrogen. (c) Sensitivity of Pt-BN 
sensor to hydrogen. Microheater operated at 300 ºC during (a), (b), and (c). 

5. Conclusion 
In summary, a high surface area, highly crystalline boron nitride aerogel synthesized with non-
hazardous reactants has been loaded with crystalline platinum nanoparticles to form a novel 
nanomaterial that exhibits many advantages for use in a catalytic gas sensing application. 
Platinum nanoparticle-loaded boron nitride aerogel integrated onto a microheater platform allows 
for calorimetric propane detection. Boron nitride aerogel exhibits thermally stability up to 900 ºC 
and supports disperse platinum nanoparticles, with no sintering observed after 24 hours of high  
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temperature testing. The high thermal conductivity and low density of the boron nitride aerogel 
results in an order of magnitude faster response and recovery times (<2 s) than reported on 
alumina support and allows for 10% duty cycling of the microheater with no loss in sensitivity. 
The resulting 1.5 mW sensor power consumption is two orders of magnitude less than 
commercially available catalytic gas sensors and unlocks the potential for wireless, battery-
powered catalytic gas sensing. The approach presented in this paper can be extended to 
nanoparticle loading of metals other than platinum, allowing improved performance for other 
hydrocarbon sensing.
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Chapter 6. Robust Catalytic Gas Sensing Using 
Highly Stable Silicon Carbide Microheaters5 
1. Motivation 
Combustible gases such as hydrogen and hydrocarbons are prevalent in industrial environments. 
More ubiquitous atmospheric monitoring of these gases would allow for faster leak detection, 
which would result in increased worker safety and reduced damage to equipment and the 
environment. However, installation of a fixed gas monitor in a class 1 or 2 hazardous facility can 
be very expensive. Wireless, battery-powered gas monitors would eliminate the bulk of the 
installation costs, but have power constraints that current combustible gas sensing technology 
cannot meet. Development of a low-power catalytic sensor with competitive performance 
characteristics is the critical step in allowing for ubiquitous combustible gas monitoring.  

The main reason for the high power consumption of current sensor components is the need for 
the catalyst to be heated to high temperatures (~500 °C). To minimize the power consumption, 
two main strategies have been proposed: (1) miniaturization through the use of microfabricated 
heaters, and (2) reducing the combustion temperature. Research efforts on efficient low-
temperature hydrocarbon combustion has not yielded promising results [8], [15]; thus research 
focus has been on the use of microheaters as the catalytic gas sensor platform [9], [15], [16], 
[109]. A microfabricated sensor platform can leverage silicon micromachining processes for low 
cost and reproducible manufacturing. Microheaters have been fabricated from a variety of 
materials, most commonly polycrystalline silicon (polysilicon) or platinum, and consist of a 
heater trace thermally isolated from the substrate via a thin membrane of silicon nitride or silicon 
dioxide. Joule heating is used to reach the desired operating temperatures.  

Although progress has been made in minimizing the power consumption of these microheaters, 
deployment of microheater-based catalytic gas sensors is contingent on obtaining stable, 
reproducible measurements in field conditions. Platinum and polysilicon microheaters both 
suffer from instability when operated at the high temperatures required for catalytic gas sensing. 
Platinum suffers from electromigration, poor adhesion to the most common membrane materials 
[20], [61], and oxidation if it is not isolated from the atmosphere. The resistance of polysilicon is 
not very stable as it approaches the recrystallization temperature (~600 °C [77]), where grains 
can coalesce and cause long-term drift [77], [159], [160]. Especially considering that 500 °C is 
the baseline operating temperature and the temperature increases in the presence of combustible 
gas, these materials suffer severe drawbacks for long-term use.  

Silicon carbide (SiC) has been investigated as an advantageous material for microelectronics and 
microsensors involving high temperature operation [161], [162]. The robust performance of SiC 
at high temperature makes it an attractive replacement for polysilicon [161]. Silicon carbide has 
been used in microheater fabrication, both as a membrane material since its high thermal 
conductivity leads to better temperature uniformity across the device [163]–[167], and as the  
                                                
5 A modified version of this work was published in A. Harley-Trochimczyk, A. Rao, H. Long, C. 
Carraro, R. Maboudian, “Robust Catalytic Gas Sensing Using a Silicon Carbide Microheater,” 
Proceedings of the 2016 Solid-State Sensor and Actuator Workshop, Hilton Head ’16. 
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microheater material [162], [164], [168]–[171]. SiC microheaters have demonstrated robust 
behavior in high temperature applications [162], [171], including for metal oxide-based gas 
sensing [165], but their use for catalytic gas sensing is not reported to-date. 

Table 1. Thermal properties of various microheater materials 
 Polysilicon Silicon Nitride 3C-Silicon Carbide 
Melting Temperature 
(°C) 

1414 [62] 1900 [172] 2730 (sublimation 
point) [62] 

Thermal coefficient of 
expansion (ppm K-1) 

2.8 [173] 2.4 [173] 6 [62] 

Thermal conductivity 
(W m-1 K-1) 

18-29 [173] 20-30 [173] 120 [62] 

 
Here the development of a low-power silicon carbide microheater, requiring only 20 mW to 
reach 500 °C, is reported. Comparison of the SiC microheater to a polysilicon microheater with 
the same dimensions shows significant improvements in baseline resistance stability for 
operation at 500 °C and above. With the integration of an advanced catalytic material, platinum 
nanoparticle-loaded boron nitride aerogel, the SiC microheater platform can be used for propane 
detection with high sensitivity, fast response and recovery (<1 s) and highly stable response. 
Additionally, the sensitivity is unaffected by humidity and by 10% duty cycling, which lowers 
the power consumption to only 2 mW with data still collected every two seconds. These 
developments offered by the SiC microheater can unlock the true potential of low power 
catalytic gas sensing for wireless applications.    

2. Microheater fabrication and testing 

2.a. Silicon carbide microheater fabrication 
The microheater platform consists of a back-etched silicon nitride membrane encapsulating four 
microheater elements on a single chip that is 3.5 x 3.5 mm2 in size (Figure 1a). The thin 
membrane provides the microheaters with thermal isolation from the substrate to keep the power 
consumption low requiring only 20 mW to reach 500 °C. Because the silicon nitride layers are 
optically transparent, the encapsulated SiC trace (pink) can be seen in Figure 1b. The two Pt/Ti 
sensing electrodes (white) are not used in this work and are masked with a thin layer of silicon 
dioxide before sensor testing to avoid interference from the platinum. The hot zone is the 
narrowest part of the trace, giving an approximately 50 x 50 µm2 heated area. Figure 1h shows a 
cross-sectional schematic of the microheater with the closed membrane configuration and metal 
contacts placed off the membrane to keep them cool and hence, avoid stability issues associated 
with metal contacts at elevated temperatures. The closed membrane assists with integration of 
the sensing material by providing a flat surface for deposition. 
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Figure. 1. (a) Optical image of four SiC microheaters on the chip (3.5 x 3.5 mm2) and (b) close-
up of one microheater. (c-h) Overview of microheater fabrication process. (c) Low pressure 
chemical vapor deposition of a low-stress silicon nitride (LSN) layer and doped SiC layer. (d) 
polySiC is patterned and etched to form the microheaters. (e) A second LSN layer is deposited to 
encapsulate the microheaters and a window is etched in the top LSN layer. (f) Pt/Ti metal 
contacts are created through photolithography, evaporation, and lift-off. (g) A window is etched 
in the back-side of the wafer to expose the silicon substrate, which is anisotropically etched with 
hot KOH to release the membrane. (h) Catalytic material is deposited on the microheater for 
catalytic gas sensing. 

The silicon carbide fabrication process follows the previously developed polysilicon microheater 
fabrication, described in detail in Chapter 2. To facilitate comparison, only the deposition and 
etch chemistries for the silicon carbide steps are changed. Briefly, the deposition  of 100 nm low-
stress silicon nitride (LSN) film layer on a 4-inch p-type doule-side polished silicon wafer is 
followed by the silicon carbide film deposition (Figure 1c). The SiC film is deposited using 
methylsilane (30 sccm), hydrogen (48 sccm), and dichlorosilane (15 sccm) as precursors in a 
low-pressure (170 mTorr) hot-wall reactor (tystar15, recipe 15CH6SIA, 25 minutes) at T = 835 
°C with a dopant source of ammonia gas (3 sccm) and with the wafers in a closed-boat geometry 
with slots to limit the gas diffusion and improve the film uniformity [174]. The deposited film is 
polycrystalline cubic 3C-SiC with a thickness of 130 nm and a sheet resistivity of 5,700 Ω per 
square (measured using an automatic 4-point probe tool, cde-resmap). The SiC film thickness, 
when multiple thin films are involved, can be difficult to determine using nanospec; thus, for a 
more accurate measurement, the bottom silicon nitride layer thickness is measured with 
nanospec the SiC deposition and then again in an area where the nitride is exposed after the SiC 
etch. In conjunction with profilometry (asiq) to measure the silicon carbide feature height, the 
difference in silicon nitride layer thickness (the overetch) subtracted from the step height yields 
the silicon carbide film thickness.  
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To define the microheaters (Figure 1d), the wafer is patterned with photolithography employing 
positive photoresist (FujiFilm OiR 906-12) with a thickness of ~1.2 µm as the mask. To 
selectively remove the SiC, reactive ion etching is done with HBr and Cl2 gases using a 
transformer coupled plasma system (lam8) [175]. A high power of 300 W is needed to have an 
appreciable etch rate (~1.5 nm s-1), hence the etching is done in 10 s increments to prevent over-
heating of the photoresist mask. The lam8 etcher only takes 6-inch wafers, so the 4-inch wafers 
must be mounted on a 6-inch carrier wafer for processing. To do so, the carrier wafer is heated 
on a hotplate at 120 °C for a minute, then a small drop of vacuum oil is put in the center. The 4-
inch wafer is placed on top, positioned roughly in the center, and heated for 30 minutes. To de-
gas the oil, the wafer is placed in technics-c (clean the chamber first with oxygen plasma) and 
held at low pressure for 10 minutes (can also use ptherm, but that tool is in higher use). To 
remove the carrier wafer, it is placed on a hotplate at 120 °C and after a minute of heating, the 4-
inch wafer can be removed and cleaned with acetone to remove the grease. After the wafers are 
cleaned, a second silicon nitride layer with a thickness of 100 nm is deposited to encapsulate the 
microheaters and windows are etched to allow for metal contact to be made to the silicon carbide 
(Figure 1e). The metal contacts are defined through photolithography, evaporation of 90 nm Pt 
on a 10 nm Ti adhesion layer and lift-off with acetone with the same procedure as described in 
Chapter 2 (Figure 1f). Finally, a window is plasma-etched on the back-side of the wafer to 
expose the silicon substrate, which is etched in a KOH bath (24 wt%) at 80 °C with bubbled 
oxygen to release the membrane (Figure 1g). The front-side of the wafer is protected with an 
alkaline resistant coating (Brewer Science, Protek B3) during the KOH etch. The protective 
coating is kept in place during the dicing process and removed from individual chips before use. 

2.b. Microheater testing 
The microheater testing is done with a Keithley 2602A source-meter. The current-voltage 
measurements are taken with LabTracer 2.9 software. The continuous and variable temperature 
tests are taken with an open-source Java-based program called Zephyr. As discussed in Chapter 
2, convection through the air is minimal with the small element size and radiative effects can be 
considered to be negligible at operating temperatures below 700 °C. Modeling conduction with 
Fourier’s law gives a linear relationship between applied power and the temperature difference 
between the microheater and room temperature (Figure 2). Given the linear relationship between 
applied power and temperature, the temperature can be defined with two calibration points. The 
first is at room temperature and the second is done by powering the heater to the glowing point 
and then fitting the emission spectrum with a Planck distribution [79], [176]. The onset of visible 
glow is found to be ~700 °C which is 21 mW for the polysilicon microheaters and 28 mW for the 
SiC heaters. Although measuring the hater resistance during external heating is a common 
temperature calibration technique, it is not accurate for this microheater platform because the 
colder parts of the heater contribute a non-negligible portion of the total resistance. Therefore, 
external heating where the entire chip is at a given temperature does not provide the same 
resistance as when only the hot zone of the microheater is at that temperature.  
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Figure 2. Temperature versus power relationship for the polysilicon and SiC microheaters. 
 
3. Sensor fabrication and testing 
The platinum nanoparticle-loaded boron nitride aerogel (Pt-BN) synthesis can be found in full 
detail in Chapter 5. Scanning electron microscopy imaging is done with a Zeiss LEO 1550 
system to observe the aerogel morphology. For sensor testing, an individual chip is wire-bonded 
into a ceramic dual in-line package. The Pt-BN is sonicated into suspension in isopropyl alcohol 
(IPA) and a few microliters are dropped onto the chip while the microheater is heated to the 
boiling point of IPA (80 °C) to facilitate local deposition. The packaged sensor is exposed to the 
gases of interest in a 1 cm3 Teflon chamber. Propane (5% in N2, Praxair), oxygen, and nitrogen 
gas flow rates are set by a Labview program that controls Bronkhurst mass flow controllers. The 
oxygen content is controlled at 20% and the total gas flow rate is held to 300 sccm. A Keithley 
2602A source-meter and Zephyr software are used to apply a given potential to the sensor and 
record the sensor resistance in response. Sensing response is reported as (R-R0)/R0 x 100% 
where R is the sensor resistance during exposure to a given concentration of gas and R0 is the 
sensor resistance in synthetic air only.          

4. Results and Discussion 

4.a Microheater characterization 
The current-voltage sweeps of the SiC and polysilicon microheaters are shown in Figure 3a and 
3b. The resistance versus power relationship is calculated from the current-voltage sweep and 
plotted in Figure 3c and 3d. Because the power is linearly proportional to the heater temperature 
in the range up to 700 °C, the resistance-power relationship is the same as the resistance-
temperature relationship.  The SiC microheaters have a higher resistance at room temperature, 
about 60 kΩ compared to 1.25 kΩ for the polysilicon microheaters. The SiC microheaters require 
a higher applied voltage to reach the same power as the polysilicon microheater, which is the 
reason for the potential sweep extending to 30 V compared to 5 V for polysilicon. To reach 500 
°C, the polysilicon microheater requires 15 mW while the SiC microheater requires 20 mW, 
which is attributable to the higher thermal conductivity of SiC compared to polysilicon [161].  
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With a higher thermal conductivity, the silicon carbide trace can sink more heat into the 
substrate, lowering the heating efficiency or power required to reach a given temperature.  

 
Figure 3. Current-voltage sweeps for (a) SiC and (b) polysilicon microheaters. Resistance versus 
power relationship calculated from the current-voltage sweep for (c) SiC and (d) polysilicon 
microheaters. 

As is evident from Figures 3c and 3d, the two microheaters have temperature coefficients of 
resistance that are opposite in sign and non-linear, with the polysilicon resistance increasing with 
temperature and the SiC resistance decreasing with temperature. With the heater at 500 °C, the 
calculated TCR values are +350 ppm K-1 for polysilicon and -700 ppm K-1 for SiC. The 
magnitude and sign of the SiC TCR are comparable to prior reports [169], [177]. The sign of the 
microheater TCR is controlled by the competing effects of increased phonon scattering in the 
crystal grain leading to an increasing resistance with temperature, and thermal activation of 
carriers through the grain interfaces leading to a decreasing resistance with temperature. The 
change in slope observed in polysilicon at 14 mW coincides with the recrystallization 
temperature. Because the magnitude of the SiC TCR is twice as large as the polysilicon, the same 
change in temperature due to gas combustion results in a larger resistance change from SiC than 
from polysilicon, making it a more sensitive transducer for catalytic gas sensing. 
 
Figure 4a shows a plot of microheater resistance when heated at 500 °C versus time. The 
resistance of each microheater is normalized to the initial value for easier comparison. When 
both microheaters are powered for 100 hours, the SiC microheater shows an order of magnitude 
lower drift (-0.6%) than the polysilicon (7%). The SiC microheater displays a higher noise level,  
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possibly due to the lower current level used to reach the operating temperature. Previous reports 
have shown long-term positive resistance drift of polysilicon microstructures at temperatures 
close to 500 °C [77], [159], and suggested the cause may be dopant diffusion along the 
temperature gradient or dopant segregation at grain boundaries. Some decrease in the rate of drift 
is observed over the first 100 hours, suggesting that with a long “burn-in” or conditioning time, 
the drift could be mitigated. However, during catalytic gas sensing, the combustion of the target 
gas leads to an increase in temperature above the 500 °C baseline; thus the microheater behavior 
with must be stable changing high temperature as well as with a constant baseline. 
 

 
Figure 4. (a) Normalized resistance of SiC and polysilicon microheaters continuously powered 
to 500 °C for 100 hours. (b) Temperature profile applied to the microheaters and resulting (c) 
polysilicon and (d) polySiC microheater resistance. 

To demonstrate this issue, applying a set of temperature changes from 510 to 650 °C with a 
baseline of 500 °C (Figure 4b) results in major instability in the polysilicon microheater, 
including history dependence (Figure 4c) where the response depends on what temperatures are 
previously reached. The recrystallization temperature of polysilicon is around 600 °C [77]; thus 
the resistance decrease when the microheater is held at the highest temperature may be due to 
grain growth. During the return to baseline, the resistance increases again just as with the long- 



Chapter 6. Robust Catalytic Gas Sensing Using Stable Silicon Carbide Microheaters 62 
 
term drift observed in Figure 4a. In a previous report, the resistance of a polysilicon heater at low 
temperature depends on the high temperature previously reached and the cooling rate [77]. In the 
temperature profile applied in Figure 4b, the temperature switching is done in the same length of 
time by with different temperature changes, so the cooling rate differs for each temperature 
reached. This may explain why the polysilicon microheater returns to different resistance values 
after reaching various elevated temperatures. In contrast to this unpredictable behavior, the SiC 
microheater displays stable baseline recovery even when heated to 650 °C (Figure 4d) as well as 
stable resistance values when the temperature is held constant at a particular value. The wide 
bandgap and high chemical stability of silicon carbide make it highly resistant to thermally 
induced resistance drift, which makes it the superior choice for a sensing platform with high 
operating temperature. 

4.b. Catalytic gas sensing performance 
With the addition of Pt-BN as the catalytic material (Figure 5a), the SiC platform can be used for 
catalytic gas sensing. Figure 5a shows the Pt-BN after drop-casting on top of the silicon carbide 
microheater. As a commonly used fuel, refrigerant, and process chemical, propane is used to 
demonstrate the sensor performance [114], [118]. Although the auto-ignition temperature for 
propane is 450 °C, there is no response from the bare microheater. Other researchers have shown 
that small microheater-based sensors are inherently explosion-proof without expensive 
packaging [108]. The lower explosive limit (LEL), defined as the lowest concentration capable 
of producing an explosion, for propane is 2.1% or 21,000 ppm; thus, the sensor is exposed to 
concentrations below that value. As shown in Chapter 5, the sensors made with bare boron 
nitride aerogel do not show any propane response, indicating the platinum nanoparticles are 
required for gas combustion. 
 
The SEM image of the Pt-BN in Figure 5b shows the high surface area morphology of the 
material. The transmission electron microscopy analysis reported in Chapter 5 indicates that the 
average Pt nanoparticle diameter is 17 nm and the platinum is crystalline and well-adhered to the 
boron nitride aerogel. The platinum loading is 45 % by weight. Earlier analysis also shows that 
the boron nitride aerogel scaffold is 7-10 layers thick and the specific surface area is calculated 
to be 450 m2 g-1 before platinum loading using nitrogen adsorption [176]. The high specific 
surface area allows for high nanoparticle loading with minimal support mass, improving the 
transfer efficiency of the heat generated during hydrocarbon combustion and the response time. 
The boron nitride aerogel scaffold is chosen because of the improved thermal stability it gives 
over graphene aerogel. 
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Figure 5. (a) Optical image of the Pt-BN catalyst after drop-casting on top of the microheater. 
(b) SEM image of the Pt-BN showing the high surface area morphology. 
 
Figure 6a shows the effect of temperature on sensor response to 2% propane, where the response 
is defined as percentage chance in resistance. The figure shows that above 300 °C, the propane 
response monotonically increases with temperature. Even at 500 °C, the sensor has not reached a 
mass-transfer limited regime, beyond which point the sensitivity is expected to not change as 
strongly with temperature. Operating in a kinetically-limited regime impacts the linearity of the 
response with concentration, because as the sensor responds and heats up, the rate of reaction 
increases, leading to further increases in temperature and rate. This explains the non-linearity 
seen in the response vs concentration curve in Figure 6b. Operating at higher temperatures in 
order to reach a mass-transfer limited regime is possible with the silicon carbide microheater, but 
the power consumption increases and above 700 °C, the relationship between power and 
temperature becomes non-linear as radiative heat loss increases, making it much more difficult to 
interpret the signal. 
 
The Pt-BN SiC sensor resistance shown in Figure 6c with varied propane gas exposure shows a 
high degree of stability in the baseline and reproducibility in response. In between the propane 
exposures, clean, dry synthetic air is flown over the sample. Exposure to 2% propane results in 
an approximately 65 °C increase of the microheater temperature, as estimated from the resistance 
versus temperature calibration curve, but the sensor recovers well to the baseline after gas 
exposure. Using a signal-to-noise ratio of 3, the limit of detection is calculated to be 3,420 ppm 
propane at the operating temperature of 500 °C. Given that the lower explosive limit for propane 
is 21,000 ppm, the sensing range of the device is quite respectable and comparable to other 
literature reports for micropellistor-based propane detection [15], [108]. The sensor response is 
very fast, comparable to previous results using the polysilicon microheater [110], [176], [178]. 
Figure 6d shows a zoomed-in view of the starred response in Figure 6c for the start of exposure 
to 2% propane and the recovery when the gas is switched back to clean air. The times to reach 
90% of the full signal level (t90) for response and recovery of the sensor are <1 s. In the quest for 
a battery-powered combustible gas sensor, decreasing the power consumption through duty 
cycling, or only powering the heater for short bursts, is a useful strategy. However, larger heater 
elements with a slower response time require infrequent data collection or do not reach the full 
operating temperature during duty cycling and the sensitivity suffers. Here, the heater is turned  
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on for 200 ms every 2 s with no change in the sensitivity compared to continuous heating at 500 
°C (Figure 6b) and the data collection remains at high frequency (every 2 s). 

 
Figure 6. (a) Pt-BN SiC sensor response to 2% or 20,000 ppm propane at various operating 
temperatures. (b) Response to varied propane concentrations versus time at 500 °C showing 
good baseline stability and response reproducibility. (c) Pt-BN SiC sensor response and recovery 
time for 2% propane (t90 < 1 s) at 500 °C (d) Sensitivity of the Pt-BN SiC sensor during 
continuous heating at 500 °C and 10% duty cycling with the heater on for 0.2 s every 2 s. 

The increased stability of the microheater platform results in a propane sensor with improved 
response stability. As seen in Figure 7, the Pt-BN SiC sensor response is highly stable over a 36-
hour period of extended continuous operation at 500 °C where the sensor is alternately exposed 
to clean air and various concentrations of propane. Figure 7 only shows the response to 2% 
propane for clarity, even though the sensor is exposed to varied concentrations during the test. 
The response stability is also compared to that of Pt-BN on a polysilicon microheater and 
platinum nanoparticle-loaded graphene aerogel (Pt-GA) on a polysilicon microheater. The 
graphene aerogel has been shown in Chapter 4 to burn off the microheater during testing, which 
explains the precipitous drop in response over only a few hours. The Pt-BN on polysilicon 
performs better but still shows a 15% change in the first 18 hours and no visible loss of material. 
The instability in the microheater resistance at the high operating temperature makes it difficult 
to fully interpret the behavior. As the heater voltage, rather than heater power, is held constant in 
these measurements, the polysilicon resistance changes with time at these temperature (Figure 
4a), thus affecting the sensor response. In comparison, the Pt-BN SiC sensor shows no change in  
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response over a period of 36 hours. For practical use, a stable sensor response would need to be 
demonstrated over a much longer time period, but even in the first 36 hours, the benefit of using 
silicon carbide as the microheater material is clear.  In the same way that the choice of a more 
thermally stable aerogel material (boron nitride instead of graphene) improved the response 
stability on the same microheater platform, the choice of a more thermally stable microheater 
material (silicon carbide instead of polysilicon) demonstrates significant benefit for sensor 
reliability.  

 

Figure 7. Pt-BN SiC sensor response to 2% propane over 36 hours of operation at 500 °C 
compared to Pt-BN, Pt-GA, and a Pt thin film on the polysilicon microheater. 

The Pt-BN SiC sensor maintains good propane response when the relative humidity level is 
increased to 40 and 60% (Figure 8a). At the highest propane concentrations, the response is a bit 
higher as the humidity level increases. This may be a result of the lower effective oxygen 
concentration at higher humidity levels. As seen in Figure 8b, the sensor response to 5,000 ppm 
propane changes drastically with varied oxygen concentration. The largest response is around 
3% oxygen, which is close to the stoichiometric ratio of oxygen to propane for complete 
combustion (5:1). The same behavior is reported in catalysis literature on propane oxidation by 
platinum catalysts [156], [157]. The suggested reason for the decrease in catalytic activity with 
an oxygen-to-propane ratio above the stoichiometric ratio is the competitive adsorption of 
oxygen on the platinum surface that limits the access of propane molecules [156]. In the presence 
of increased relative humidity, the effective oxygen concentration may be lower than the 
delivered 20%, which would lead to a slight increase in the sensor response. Functionally, this 
suggests that for accurate propane detection, the catalytic gas sensor must be paired with an 
oxygen sensor. However, for a simple alarm for leak detection, an increased propane 
concentration displaces some of the oxygen, giving a larger sensor response as the leak worsens. 
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Figure 8. (a) Pt-BN SiC sensor response to propane at 500 °C with varying levels of relative 
humidity. (b) Sensor response to 5,000 ppm propane with varied oxygen concentration. (c) 
Comparison of Pt-BN SiC sensor response to propane and hydrogen. 

In addition to propane, the Pt-BN SiC sensor also responds to hydrogen gas (Figure 8c). The 
sensitivity for hydrogen is larger than propane even though the combustion energy per mole of 
gas is lower. This is probably due to the faster reaction kinetics.  For some catalytic gas sensing 
applications, this lack of selectivity may be allowable, as the sensor warns of any potential 
combustible gas. To improve the selectivity, it is possible to measure the sensor response at 
various operating temperatures and using analysis such as principal component analysis, 
determine the contribution of each gas in the mixture to the total response [179]–[181]. Each gas 
has a unique response curve with temperature; for example, hydrogen gas has a high response 
starting at temperatures of 300 °C. The fast thermal response of the microheater can allow for 
rapid scanning through various operating temperatures.  

5. Conclusions  
Catalytic gas sensors with low power consumption are possible with a miniaturized microheater 
platform, but stable and reliable performance is critical for practical use. This chapter shows that 
changing from a polysilicon microheater to one fabricated with polycrystalline silicon carbide 
yields improved performance during high temperature operation. The SiC microheater retains a 
low power consumption (20 mW for 500 °C) and a high temperature coefficient of resistance, 
which is important for sensing. It also shows much more stable resistance during continuous 
heating at 500 °C and during temperature changes from 500 °C up to 650 °C when compared to 
the polysilicon microheater platform. When a thermally stable catalytic material (in this case, 
platinum nanoparticle-loaded boron nitride aerogel) is added, the SiC microheater element acts 
as a catalytic gas sensor element with good sensitivity and response stability for propane 
detection. Fast response and recovery time (<1 s) is demonstrated, as well as minimal impact to 
the sensitivity in a humid environment. With no loss in sensitivity during 10% duty cycling, the 
power consumption can be decreased to 2 mW with data still collected every 2 s. Even within the 
same microheater design, the choice of heater material can have a large impact on the 
performance of the catalytic gas sensor. The improved reliability of the SiC-based catalytic gas 
sensor makes wireless monitoring of combustible gases much more practical and feasible.
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Chapter 7. High Surface Area Graphene and 
Graphene Hybrid Aerogels for Ultrasensitive Gas 
Detection6 
1. Motivation 
In previous chapters, the benefits of graphene aerogel as a catalyst scaffold are elucidated, from 
the high specific surface area that allows high catalyst loading with minimal support mass to the 
high thermal conductivity that allows for more efficient heat transfer. However, graphene has 
also attracted much attention in recent years as a potential material for advanced electronic 
devices [39], [40]. Since the first report of its exceptional physical properties such as high carrier 
mobility and excellent mechanical strength [182], graphene has been investigated as a potential 
chemical sensing material. In fact, single-layer graphene has been shown to exhibit excellent 
sensitivity to gases, at the single molecule level, thanks to its high surface to volume ratio, high 
electrical conductivity and low noise [42], [43], [183]. The conductance of the graphene changes 
with the direct adsorption of the gas species on the surface, so the sensing measurement is based 
on measuring a resistance change in the graphene sensing film. However, graphene-based 
sensors have slow response and recovery times when used at room temperature, which greatly 
hinders their practical use [48]–[50], [53], [54], [184]–[188]. Faster response and recovery can 
be achieved by heating the sensing material, which increases the desorption rate of the adsorbed 
species. In order to keep the sensor power consumption low, a microfabricated heater is used for 
the heating [51], [54], [97], [110], [176], [189]. But integration of single-layer materials onto a 
microfabricated heater platform can be difficult and the surface area is limited to the heater 
footprint. The assembly of 2D sheets into a three-dimensional aerogel structure opens up new 
opportunities for enhanced sensing properties by maintaining a high surface area in an accessible 
porous network [100], [102], [190]. The same graphene aerogel used as a catalyst scaffold can 
itself act as a gas sensing material, with high surface area per footprint and good electrical 
conductivity as well as thermal conductivity.  
 
Because the sensing mechanism relies on charge transfer between the sensing material and the 
adsorbed target gas, conductometric sensing using graphene is most useful for target gases that 
are strong electron donors or acceptors. Therefore, in order to probe the conductometric sensing 
properties of the graphene aerogel, nitrogen dioxide is used as an electron accepting gas and 
carbon monoxide and hydrogen are used as electron donating gases. Nitrogen dioxide (NO2), one 
of the most common and toxic air pollutants from combustion and automotive emissions, can 
cause serious diseases such as chronic bronchitis, emphysema, and respiratory irritation at low 
concentrations (53 ppb as set by the United States Environmental Protection Agency [191]). 
Carbon monoxide (CO) is another common and toxic exhaust gas, in this case with a permissible  

                                                
6 A modified version of this work has been published as H. Long, A. Harley-Trochimczyk, T. 
Pham, Z. Tang, T. Shi, A. Zettl, C. Carraro, M. A. Worsley, R. Maboudian. “High surface area 
MoS2/graphene hybrid aerogel for ultrasensitive NO2 detection,” Advanced Functional Materials, 
DOI:10.1002/adfm.201601562 
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exposure limit of 50 ppm [192]. As discussed in Chapter 3, hydrogen is dangerous due to its 
flammability with a lower explosive limit of 4% or 40,000 ppm in air [89]. Commercially 
available conductometric sensors for these gases tend to have high power consumption that 
limits their use in battery-powered wireless monitoring applications. The combination of the 
microheater platform and the aerogel should allow for low power with a high sensitivity given 
the high accessible surface area per device footprint.  
 
One challenge for graphene-based sensors is their poor selectivity without proper surface 
modification [42], [43], [51], [183], [193], [194]. More recently, layered transition-metal 
dichalcogenides, such as molybdenum disulfide (MoS2), are being explored as promising 
alternatives to graphene-based systems for many device applications [195]. Single or few-layer 
MoS2 sheets have been used in field effect transistor gas sensor devices for gases such as 
nitrogen dioxide and ammonia [49], [53], [54], [186], [187]. Previous efforts to construct 
aerogels from MoS2 sheets resulted in a fairly low specific surface area (18 m2 g-1) [196],  
especially compared to that of graphene aerogel (1200 m2 g-1) [100]. A hybrid aerogel with a 
graphene scaffold coated in single- to few-layer MoS2 nanosheets leverages the complementary 
properties of the two materials [196]–[198]. For conductometric sensing purposes, the graphene 
scaffold allows for lower noise measurements than MoS2 alone, since MoS2 is much less 
conductive than graphene [196]. Furthermore, the thermal conductivity of graphene is much 
higher than MoS2 (5000 vs. 35 W m-1 K-1 for single layer [101], [199]), thus the graphene 
scaffold can efficiently and quickly distribute heat from the microheater platform to the MoS2 
sheets. The 2D structure of the MoS2 sheets on graphene not only increases the contact area for 
efficient charge transfer across the interface, but also shortens the charge transport time and 
distance, thereby improving the device performance [195], [197], [198]. 3D MoS2/graphene 
hybrid structures have been investigated for hydrogen evolution catalysis [196], [198], [200]–
[202], supercapacitors [203], lithium storage [204], and DNA sensing [205]. To date, the use of 
MoS2/graphene hybrid structure for gas sensing has not been reported. 
 
Here, the use of high surface area graphene aerogel for conductometric sensing is reported, both 
in bare form and coated with few-layer MoS2 sheets. Compared to bare aerogel, the 
MoS2/graphene hybrid aerogel demonstrates selective detection of NO2 at ultralow 
concentrations with fast response and recovery times. The aerogel provides a large surface area, 
porous structure for gas access, and high electrical conductivity for a low noise measurement. 
The sensor is realized by integrating the aerogels onto a low-power microheater platform, such 
that the operating temperature of the sensor can be varied. The detection limit of the MoS2/GA 
sensor is below 50 ppb NO2 at both room temperature (~0.1 mW power consumption) and 
200 °C (~4 mW power consumption). At 200 °C, the sensor shows much-improved response and 
recovery times compared to room temperature, while maintaining low power consumption, thus 
greatly expanding the practical application of this sensor. 

2. Material synthesis and characterization 

2.a. Synthesis of graphene aerogel, MoS2 aerogel, and MoS2/graphene hybrid aerogel 
Figure 1 shows a schematic of the MoS2/GA synthesis process, which starts with the graphene 
aerogel synthesis process (Figure 1a). An electrically conductive, highly crystalline, and  
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mechanically robust graphene aerogel (GA) with ultra high surface area is prepared according to 
the method reported in Chapter 4. In a typical process, 3 mL of an aqueous graphene oxide 
suspension (2 wt% graphene oxide) is mixed with 500 μL concentrated ammonium hydroxide 
(NH4OH). The vial is sealed and placed in an oven at 85 °C for 12 h. The resulting wet gel is 
washed in deionized water to remove NH4OH. This is followed by an exchange of water with 
acetone inside the pores. Supercritical CO2 is used to dry the gel that is then converted to the 
graphene aerogel by pyrolysis at 1050 °C under nitrogen for 3 hours. The GA undergoes an 
additional thermal anneal at 2000 °C in He to improve the graphene crystallinity. The GA has 
high electrical conductivity (112 S m-1) [196], high specific surface area (1200 m2 g-1) [100], and 
good thermal conductivity. As shown in high resolution TEM images in Ref. [100], the graphene 
aerogel consists of few-layer graphene sheets connected in a three-dimensional scaffold. 
 
To create the MoS2/graphene hybrid aerogel, the GA is immersed in an aqueous solution of 1 
mol L-1 ammonium thiomolybdate (ATM), submerged in liquid nitrogen for rapid freezing and 
further freeze-drying, and then annealed at 450 °C under 2% H2/Ar for 4 h (Figures 1b and 1c) 
[196]. To further improve the MoS2 quality, the aerogel is annealed by a two-step annealing 
process (Figure 1d). First, the aerogel is placed in the hot zone (TH) of a low-pressure furnace 
(base pressure of 700 mTorr) while sulfur is placed in the upstream low-temperature (TL) zone of 
the furnace. With a 10% H2/Ar mixture flowing continuously through the tube, the aerogel is first 
heated at TH = 500 °C for 1 h to reduce any possible MoO3 into MoO2. At this furnace set-point, 
the low-temperature zone is at TL< 113 °C. The furnace is then heated to TH = 750 °C for 1 h, at 
which point the low-temperature zone reaches 120 °C (above the melting point of sulfur) and 
sulfur vapor reacts with the aerogel to fully sulfurize the molybdenum. The furnace is cooled 
back down to room temperature under continued H2/Ar flow. MoS2 aerogel is also synthesized 
without the graphene aerogel scaffold, for morphology comparison. In this case, 26 mg of ATM 
is dissolved in 1 mL of de-ionized water in a vial, which is submerged in liquid nitrogen to 
rapidly freeze the solution. The frozen solution is then freeze-dried and annealed at 450 °C under 
2% H2/Ar for 4 h to yield the MoS2 aerogel. 
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Figure 1. Schematic illustration of the synthesis process for MoS2/graphene aerogel. (a) 
Graphene oxide (GO) sheets are cross-linked, supercritically dried, and annealed at high 
temperature to form graphene aerogel (GA). (b) GA is soaked in a solution of ammonium 
thiomolybdate (ATM) and freeze-dried. (c) ATM-coated GA is annealed at 450 °C in 2% H2/Ar 
for 4 hours. (d) Two-step high temperature annealing (at 500 °C and 750 °C) for 1 hour each in 
10% H2/Ar with excess sulfur improves the quality of the final MoS2/GA aerogel. 

2.b. Aerogel characterization 
The morphology of the GA, MoS2/GA, and MoS2 aerogel is characterized with scanning electron 
microscopy (SEM, JEOL JSM-6700F operated at 5 keV with a working distance of 8 mm). 
Figure 2a shows the highly porous structure of the graphene aerogel. Analysis of the graphene 
aerogel specific surface area, pore size, thermal stability, electrical conductivity, and mechanical 
stability can be found elsewhere [100], [102], [190]. In Figure 2b, the MoS2 aerogel can be seen 
to have an aggregated nanoparticle morphology, which explains the low specific surface area that 
is observed (18 m2 g-1) without the graphene scaffold [196]. SEM images of the as-synthesized 
MoS2/GA (Figure 3a and 3b) show that the hybrid aerogel is in the form of continuous 3D 
assemblies with thin interconnected sheets. The hybrid aerogel maintains the porous features of 
the bare GA. The average pore size of the hybrid aerogel is around 6 nm [196]. The open porous 
network of the MoS2/GA allows the aerogel surface area to be readily accessed by improving the 
gas diffusion. 
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Figure 2. (a) SEM image of the bare graphene aerogel. (b) SEM image of the MoS2 aerogel. 

Further analysis of the MoS2/GA is done with energy dispersive x-ray spectroscopy (EDX, JEOL 
7401-F FESEM), and high-resolution transmission electron microscopy (HRTEM, JEOL 2010 
operated at 80 keV). In the HRTEM analysis, shown in Figures 3d-e, the graphene and MoS2 can 
be clearly distinguished from their lattice spacings (0.35 nm [206] vs. 0.65 nm [195], 
respectively). The analysis indicates that most of the graphene scaffold is coated on both sides 
with MoS2, which is present in the form of one to three-layer sheets (mainly monolayer); thus, the 
benefits of the 2D material are preserved in this 3D structure. The selected-area electron 
diffraction (SAED) pattern is shown in Figure 3f with several diffraction rings, which can be 
indexed to the planes of hexagonal-phase MoS2 (M) and graphene (G) sheets. The uniform 
distribution of MoS2 on graphene scaffold is confirmed by energy-dispersive X-ray spectroscopy 
(EDX) elemental maps shown in Figure 4, where C, Mo, and S are seen to be uniformly 
distributed throughout the hybrid aerogel. Because the graphene aerogel is conformally coated 
with single and few-layer MoS2, the hybrid structure possesses high specific surface area (700 m2 
g-1) [196], an important characteristic for sensing.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 
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Figure 3. Morphology of the as-prepared MoS2/GA. (a-b) SEM images of the hybrid aerogel 
with different magnifications. (c) Low magnification TEM image of the MoS2/GA. (d) High 
resolution TEM image of the MoS2/GA, showing most of graphene is coated by monolayer MoS2. 
(e) Enlarged TEM image demonstrating the MoS2 coating of the few-layer graphene scaffold. (f) 
Relevant selected area electron diffraction (SAED) pattern of the MoS2/GA. 

 

Figure 4. (a) SEM image of the hybrid aerogel and the EDX maps of (b) Mo, (c) S, and (d) C 
showing uniform distribution of all three elements. 

To better understand the chemical nature of the MoS2/graphene hybrid aerogel, Raman 
spectroscopy (HORIBA Jobin Yvon LabRam) and X-ray photoelectron spectroscopy (Omicron 
Dar400 system with an achromatic Al Kα X-ray source) are used. Raman spectra, shown in 
Figure 5a and 5b, show the characteristic peaks of MoS2 and graphene. The major peaks 
associated with MoS2 are at 378 and 407 cm-1 and correspond to the in-plane E1

2g and out-of- 
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plane A1

g vibrational modes of hexagonal MoS2, respectively, in good agreement with literature 
values for multi-layer MoS2. Two strong peaks observed at 1357 and 1589 cm-1 match well with 
the D and G bands of graphene. X-ray photoelectron spectroscopy (XPS) is used to further study 
the surface electronic state and composition of MoS2/GA. Sulfur, molybdenum, carbon and 
oxygen peaks are clearly identified in the high-resolution scans in Figures 5c-f. The S 2p region 
shows two characteristic peaks located at 162.0 and 163.1 eV corresponding to S 2p3/2 and S 
2p1/2, respectively, which can be indexed to Mo-S bonding in MoS2. Surprisingly, the Mo peaks 
show two Mo oxidation states (Mo4+ and Mo6+), which can be indexed to the Mo-S and the Mo-
O bonding, respectively. The calculated S:Mo (Mo4+ and Mo6+) ratio is 2.4, whereas when only 
the Mo4+ is used, the S:Mo ratio is 10:1, which suggests it is unlikely that Mo is in a separate 
molybdenum oxide phase. This is consistent with the absence of molybdenum oxide peaks in 
Raman spectra. Additionally, the carbon peak (Figure 5e) can be deconvoluted into two peaks, a 
large peak at 284.6 eV attributed to C-C bonding environment associated with the graphene 
scaffold, and a smaller peak at 286.0 eV attributed to C-O bonding which indicates that Mo-O 
does not come from a MoO3 phase, but rather from a Mo-O-C bonding environment at the 
interface between MoS2 and graphene. The O 1s region (Figure 5f) exhibits three peaks. In 
addition to the peak at 532.6 eV that is commonly observed in ex-situ analyzed samples, there is 
a peak at 530.5 eV that can be assigned to Mo-O bonding and a peak at 530.9 eV that can be 
assigned to C-O bonding, which further corroborates the Mo-O-C bonding. The formation of a 
Mo-O bond without Mo-S scission has been reported elsewhere [207]–[209], and suggests strong 
chemical and electronic coupling between the MoS2 and graphene in the synthesized aerogel. 
This unique Mo environment with O- and S-bonding may offer more active defect sites as well 
as unusual electronic properties [207], [208]. Based on the morphological and compositional 
characterizations described above, the MoS2/GA displays a high surface area with a uniform 
distribution of few-layer MoS2 sheets that are covalently bonded to the graphene scaffold. 

 

Figure 5. (a-b) Raman spectra of the hybrid aerogel. (c-f) X-ray photoelectron spectra of the 
MoS2/graphene hybrid aerogel: (c) S 2p; (d) Mo 3d and S 2s; (e) C 1s; (f) O 1s. 
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3. Sensor Fabrication and Testing 
The synthesized aerogels are evaluated for gas sensing by integrating onto a low power 
microheater platform. Figure 6a shows a cross-sectional schematic of the sensor. The 
microheater consists of a polycrystalline silicon (Poly-Si) microheater embedded in a low-stress 
silicon nitride (LSN) membrane with Pt/Ti metal contacts for the microheater and the sensing 
material. Figure 6b shows a zoomed-in view of a single microheater device showing the two 
Pt/Ti sensing electrodes (yellow) above the microheater (green) embedded in the LSN membrane 
(purple). Chapter 2 contains full descriptions of the design and fabrication of the microheater 
platform. In the previous work using the microheater platform for catalytic gas sensing, the Pt/Ti 
sensing electrodes are masked with SiO2 and are not in use. Here, they remain uncovered and the 
sensing material is deposited on top to bridge the gap and create a circuit that measures the 
resistance of the sensing material. The gap is positioned directly over the microheater so that the 
conductance of the heated material is measured. The membrane thermally isolates the heated 
sensing area and minimizes heat lost through conduction to the silicon substrate. With this 
design, the heater consumes only 15 mW to reach 700 °C. Besides the low power consumption, 
the microheater platform has excellent stability in the temperature range of interest and a closed 
membrane configuration to make sensing material deposition easier. The aerogel is sonicated 
into suspension in a solution of de-ionized water and isopropyl alcohol and drop-cast onto the 
microheater while the heater is powered to 3 mW (~100 °C) to drive localized deposition. Care is 
taken so the aerogel does not connect the sensing electrodes across non-heated parts of the chip. 

 
Figure 6. (a) Cross-sectional schematic of the microheater sensor. (b) Optical image of one 
microheater showing the Pt/Ti sensing electrodes above the polysilicon heater.  

As in previous chapters, the microheater chip is wire-bonded into a 14-pin package for testing 
within a gas flow chamber with a volume of 1 cm3. Nitrogen dioxide (20 ppm in N2, Praxair), 
carbon monoxide (5000 ppm in N2, Praxair), and hydrogen (5% in N2, Praxair) gas flow is 
controlled by Bronkhorst mass flow controllers and diluted with clean, dry air for a total flow 
rate of 300 sccm. Labview is used to control the gas flow. A Keithley 2602A source-meter 
controlled by Zephyr software is used to power the microheater and obtain the sensor results. A 
0.5V bias voltage is applied to the sensing material. The applied voltage on the microheater is 
changed to give various operating temperatures. The sensor response is determined by the 
relative change in resistance, which is defined as (Rgas-Rair)/Rair, where Rgas is the resistance 
during exposure to given gas concentration and Rair is the average resistance in clean air before 
any gas exposure. 
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4. Gas Sensing Performance  

4.a. Graphene aerogel  
Single-layer graphene has excellent properties for a sensing material, including the highest 
possible surface-to-volume ratio and high electrical conductivity [42]. Reduced graphene oxide, 
which is the basis for our aerogel, has been evaluated for gas sensing purposes [46], [47], 
including as graphene aerogel composite with metal oxide nanoparticles [210]–[212]. However, 
the synthesis method of the graphene aerogel can impact the sensing behavior, by imparting 
varied crystallinity, connectivity, and oxygen content. Therefore, the sensing response of this 
graphene aerogel has been investigated using a variety of gases known to have strong electronic 
interaction when adsorbed on graphene. Clean single-layer graphene has a zero bandgap, but 
graphene can become p- or n-type with particular processing conditions and intentional 
introduction of dopants. The oxygen-containing groups that remain on graphene synthesized 
from graphene oxide tend to draw electrons from the carbon sheet, resulting in a p-type material 
[213]. Therefore, gases that are electron donors will result in a resistance decrease in the 
graphene, while gases that are electron acceptors will result in a resistance increase.  

There is much interest in the room temperature operation of graphene-based sensors, but gas 
desorption is difficult at low temperature and therefore, the sensor cannot fully recover without 
an input of energy by heating or illuminating with ultraviolet light [42]. In Figure 7, graphene 
aerogel heated to 100 °C and exposed to 2 ppm NO2 cannot recover even after 100 minutes in 
clean air. Therefore, the microheater platform is used to heat the graphene aerogel to 200 or 
300 °C, which speeds up the recovery time and the response time. The response time becomes 
faster because the increased desorption rate also allows for an equilibrium between adsorption 
and desorption of the gas to be reached more quickly.  

 
Figure 7. Graphene aerogel sensor response with an operating temperature of 100 °C showing 
incomplete recovery after exposure to 2 ppm NO2. 

Figure 8 details the response of the GA sensor to nitrogen dioxide, carbon monoxide, and 
hydrogen. The bias voltage applied to the graphene aerogel is 0.5 V. The general trend is as 
expected for a p-type material, with nitrogen dioxide (an electron donor) resulting in a resistance 
decrease and CO and hydrogen (electron acceptors) resulting in a resistance increase. Because  
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nitrogen dioxide is toxic at very low concentrations (53 ppb air quality standard set by the 
Environmental Protection Agency [191]), a concentration range of 0.05 to 3 ppm is used. Carbon 
monoxide is also toxic but at higher concentrations (35 ppm air quality standard set by the EPA 
[192]), so a higher concentration range of 75 to 3000 ppm is tested. Hydrogen gas is not itself 
toxic but presents dangers due to its flammability and through oxygen displacement. The lower 
explosive limit of hydrogen is 4% or 40,000 ppm [89], so the tested concentration range is set 
below that from 250 to 10,000 ppm.  

 

Figure 8. (a) GA sensor resistance versus time with exposure to varied NO2 concentrations. 
Operating temperature is 200 °C. (b) GA sensor response versus concentration curve for NO2. (c) 
GA sensor resistance versus time with exposure to varied CO concentrations. Operating 
temperature is 300 °C. (d) GA sensor response versus concentration curve for CO. (e) GA sensor 
resistance versus time with exposure to varied H2 concentrations. Operating temperature is 
300 °C. (f) GA sensor response versus concentration curve for H2. 
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The response and recovery time at the higher operating temperatures is definitely an 
improvement over the 100 °C response shown in Figure 7. The t90 response and recovery time, 
defined as the time to reach 90% of the full signal, is 106 s and 175 s for NO2 gas, and 85 s and 
133 s for CO. Because the hydrogen gas response does not stabilize in the given exposure time, 
the response and recovery times cannot be calculated. Compared to the catalytic gas sensing 
response and recovery times, the graphene aerogel sensor is very slow. This is due to the 
fundamentally different sensing principles, where the catalytic gas sensor starts combusting gas 
and releasing heat as soon as it arrives at the catalyst, while the graphene sensor conductance 
changes until an equilibrium is reached between gas adsorption and desorption is reached. These 
response and recovery times for NO2 and CO are a strong improvement over previously reported 
graphene sensors operated at room temperature [47], and are comparable to other heated 
graphene sensors [46], [52], [214].  

As expected for unfunctionalized graphene, the GA sensor has a strong response to all three 
gases. To account for the baseline changing a bit due to not quite complete recovery, the sensor 
response in Figures 8b, d, and f defines the Rair as the resistance in clean air right before the 
subsequent gas exposure.  The response for all gases seems to plateau at the upper end of the 
concentration range, indicating that the most of the available gas adsorption sites are occupied 
and subsequent increases in gas concentration cannot proportionally change the sensor resistance. 
Hydrogen and carbon monoxide give fairly similar response magnitudes for the same gas 
concentration. Nitrogen dioxide gives a stronger response given the much lower concentrations 
used for exposure. The lowest concentration of NO2 that can be delivered by the testing system is 
50 ppb, which gives a response with a signal-to-noise ratio of 12, but using a standard signal-to-
noise (S:N) ratio of 3, the lowest detectable concentration should be 12 ppb NO2. The calculated 
limit of detection for S:N ratio of 3 for carbon monoxide is 250 ppb. Although highly sensitive 
graphene-based sensors for NO2 have been reported, including single ppb or even single 
molecule level [42], [214], the magnitude of the graphene aerogel sensor response is similar to 
other reduced graphene oxide sensors [52], [215]. 

Selectivity is an important feature for any sensing technology, and given the strong response of 
graphene to multiple gases, researchers have suggested methods for obtaining more selective 
measurements from functionalization of the material to multiplexed sensor measurements. 
Multiplexed sensor measurements typically involve an array of sensor elements, each with a 
unique response curve for the gases of interest. Often the array includes graphene with various 
functionalization or decoration, although recent work from Lipatov, et al. demonstrates an array 
of the same reduced graphene oxide, where the slight variations in deposition create sensor 
elements with varied response curves [216]. Other strategies have focused on getting more 
information from one sensor element, through gate variation [217], temperature variation [179], 
or measurement of the noise frequency spectrum [218]. Given that the GA sensor has two 
electrical channels, the graphene aerogel conductance and the heater resistance,  

As demonstrated in the previous chapters on combustible gas sensing, the microheater is 
sensitive to changes in temperature. Without a catalytic material, the microheater temperature is 
still affected by changes in thermal conductivity in the surrounding gas. Because conduction to 
the air is a major method of dissipating heat generated through Joule heating of the microheater  
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trace, if the thermal conductivity of the surrounding gas changes, the amount of heat transferred 
to the gas changes as well. For certain combinations of gases that have very different thermal 
conductivities, this behavior could be exploited to measure gas concentration. Hydrogen and 
carbon monoxide are two such gases, where hydrogen has a room-temperature thermal 
conductivity (TC) of 0.186 W m-1 K-1, carbon monoxide 0.0232 W m-1 K-1, and sea level air 
0.0262 W m-1 K-1 [219]. If H2 is mixed with air, the TC increases, allowing more heat to be 
dissipated to the air, and therefore decreasing the microheater temperature. The opposite is true 
for carbon monoxide and the effect is smaller, given the much closer TC values for CO and air.  

Hydrogen and carbon monoxide have a problem with cross-sensitivity in a number of sensing 
methods, including electrochemical [219], [220], catalytic [219], and using bare graphene, as 
demonstrated here. Electrochemical sensors for carbon monoxide typically have a filter for 
hydrogen sulfide, which can also give a false signal, but hydrogen can diffuse through and gives 
a response that is 40-60% of the signal of the equivalent CO gas concentration [220]. Here, the 
graphene aerogel gives a response of the same magnitude and sign to hydrogen and carbon 
monoxide at equivalent concentrations (Figure 8d and 8f) with an operating temperature of 
300 °C. However, because of the different thermal conductivities, the microheater also responds 
to the gas presence. As seen in Figure 9, the microheater response has different signs and 
magnitudes for the two gases, with the hydrogen leading to a larger negative change where the 
CO has a small positive change. The response is additionally much faster than the graphene 
aerogel conductance. The microheater response magnitude does depend on the gas concentration 
but the sensitivity is much lower than the graphene aerogel. If the microheater channel is 
monitored in addition to the graphene sensor channel, then the gas can be identified on one 
channel and quantified on the other.  

 

Figure 9. (a) Heater response during 2500 ppm hydrogen exposure with 300°C operating 
temperature. (b) Heater response during 2000 ppm CO exposure with 300°C operating 
temperature. 

 

(a) (b) 
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While using the microheater as a secondary information source can allow for additional 
selectivity, it makes the measurement more computationally intensive. Coating the graphene 
aerogel to lend intrinsic selectivity to the sensing material is also explored as a technique for 
improving the selective performance of the sensor. 

4.b MoS2/graphene hybrid aerogel 
The hybrid MoS2/graphene aerogel, which consists of single- to few-layer MoS2 sheets coating 
the graphene aerogel, maintains high conductivity and high specific surface area (especially 
compared to MoS2 aerogel alone). Coating the aerogel with 2D sheets rather than loading with 
nanoparticles increases the contact area for efficient charge transfer from the MoS2 to the 
graphene and vice versa. The Mo-O-C bonding observed with XPS indicates tight chemical and 
electronic coupling and the excess sulfur may offer more active defect sites for strong gas 
adsorption. 

After deposition on the microheater platform, the MoS2/GA sensor exhibits a linear current-
voltage response. Figure 10a shows a typical gas sensor response curve at room temperature 
towards different NO2 concentrations, from 50 ppb to 5 ppm, at a bias voltage of 0.5 V. Upon 
exposure to NO2, the sensor resistance exhibits a pronounced decrease. The sensing mechanism 
relies on the direct charge transfer between NO2 and MoS2/GA. Nitrogen dioxide is a known 
electron acceptor due to the unpaired electron on the nitrogen atom, so the decrease in resistance 
upon NO2 adsorption indicates p-type behavior from the hybrid aerogel. Since the bare graphene 
aerogel shows the same p-type behavior, it is clear that the MoS2 coating does not change the 
semiconductor behavior. During subsequent exposure to clean air, the sensor resistance very 
slowly recovers as NO2 molecules desorb from the surface. This behavior is consistent with the 
charge transfer mechanism of single-layer graphene [43], MoS2 [50], and carbon nanotube gas 
sensors [221]. As reported for reduced graphene oxide and few-layer MoS2 sensors, the 
adsorption of gas can be divided into two components, adsorption on low energy binding sites 
(such as sp2 bonded carbon) and on high energy binding sites (defects including vacancies and 
functional groups) [48]. The low energy binding sites induce a rapid response through weak 
dispersive forces, while the high energy sites allow slow but strong binding [222]. As seen in 
Figure 10a, the slow rates of response and recovery at room temperature suggest defect-
dominated adsorption. The S-Mo-O bonds and the excess sulfur, based on the XPS analysis, may 
be the source of these defects. The defect sites explain the high sensitivity even for very low 
concentrations of gas. In Figure 10a, a clear response is visible even at a NO2 concentration of 50 
ppb (the lowest concentration that can be accurately delivered by the gas delivery system), which 
is lower than most single- or few-layer MoS2 transistor-based sensors (Table 1). Given the size 
of the response to 50 ppb, it is expected that the sensor would respond to even lower 
concentrations of NO2. 
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Figure 10. (a) Real time response of the sensor at room temperature towards different NO2 
concentrations. (b) Sensor response to 0.5 ppm NO2 at various microheater temperatures, 
displaying improvement in response and recovery time. 

At room temperature, the response and recovery rates are slow, because of the strong adsorption 
of NO2 on MoS2 surface, which is also observed in carbon nanotube [221], [222], graphene [194], 
[223], and MoS2 [50], [53], [187] sensors. Incomplete recovery of the sensor leads to an 
unreliable sensing output in practical applications. Heating the sensing material with a 
microfabricated heater can enhance the reversibility of the sensor and accelerate the response and 
recovery rates, while maintaining low power consumption [97], [110], [178], [189]. Figure 10b 
shows the sensor response to 0.5 ppm NO2 at various heating temperatures, ranging from room 
temperature to 200 °C. At 200 °C (with the microheater consuming ~4 mW), the sensor shows 
fast response and complete recovery. The magnitude of the sensor response to NO2 is, however, 
slightly smaller at high temperature than at low temperature. This behavior is consistent with the 
proposed sensing mechanism. At low temperature, the adsorption of NO2 is substantial and 
continues during the gas exposure, while desorption is negligible due to the strong bonding 
between NO2 and MoS2/GA. An equilibrium between adsorption and desorption is not reached 
within a practical timeframe and the sensor resistance decreases as NO2 coverage continues to 
increase. The NO2 desorption is enhanced at higher temperature, which speeds up the time to 
reach a balance between adsorption and desorption during gas exposure and during recovery. 
Although the response and recovery times might be even faster at higher temperature, 200 °C 
provides an effective temperature when also considering the sensor power consumption. 
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Table 1. Sensing performance of MoS2 and graphene sensors to gases as reported in the 
literature and the present work 
Materials Sensing 

Temperature  
[°C] 

Response Time 
[s] 

Recovery Time 
[s] 

NO2 Detection 
Limit 
[ppb] 

Single layer graphene 
[223] 250 26 480 500 

2 nm MoS2 film [49] 25 3600 3600 500 

5-layer MoS2
 [53] 25 250 500 100,000 

Atomically thin MoS2 
[187] 25, 100 — — 1500 

Atomically thin MoS2 
[186] 25 — — 120 

Single-layer MoS2
 [54] 200 660 720 20 

3D graphene foam [224] 130 300 — 20,000 

This work – GA 200 106 175 12 

This work – MoS2/GA 200 22 29 14 
 
The sensor is further tested at 200 °C against different NO2 concentrations, from 50 ppb to 1 ppm. 
As shown in Figure 11a, the sensor shows increased response at higher NO2 concentrations. 
Response and recovery times for all NO2 concentrations are fast. The average time to reach 90% 
of the stable sensor signal (t90) is 22 s for response and 29 s for recovery, which is even faster 
than the bare graphene aerogel. The reason for this is unclear but may be due to the increased 
number of defect sites in the MoS2/GA compared to bare GA, which result in a greater degree of 
charge transfer upon gas adsorption [55] such that the resistance changes more significantly in 
the first minute of exposure. The sensor shows clear response to 50 ppb NO2 with fast response 
and nearly complete recovery and a signal to noise ratio of about 11. By using a signal to noise 
threshold of 3, the calculated detection limit of the sensor is 14 ppb NO2. Compared to other 
graphene- and MoS2-based NO2 sensors listed in Table 1, the sensor presented shows superior 
sensing performance such as low detection limit and fast response and recovery. 
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Figure 11. (a) Real-time resistance change of the sensor with the microheater temperature of 
200 °C. (c) Absolute magnitude of the response versus NO2 concentration for microheater 
temperature of 200 °C. 

Figure 11b is a plot of sensor response versus NO2 concentrations, displaying a nonlinear 
relationship between the gas concentration and the sensor response. Assuming the gas adsorption 
is dominated by high-energy defect sites, at low NO2 concentrations when most of the sites are 
available, the degree of charge transfer is directly proportional to the gas concentration. At 
higher NO2 concentrations, the sites may eventually all be occupied during the gas exposure, and 
thus the response reaches a saturation point. The response level is similar to that of bare 
graphene aerogel in terms of the magnitude. 

In order to better assess the benefit of the MoS2 coating, the NO2 sensing performance with pure 
graphene aerogel was probed. As seen in Figure 12, the GA sensor has similar NO2 sensing 
response as the MoS2/GA, but the selectivity is much improved with the addition of MoS2. The 
MoS2/GA sensors are exposed to high concentrations of carbon monoxide (CO) and hydrogen 
(H2) to compare with the bare GA sensor. While the GA responds to all of the tested gases, the 
MoS2/GA only responds to NO2, even though the concentration is much lower. Previous 
theoretical study shows that NO2 possesses the largest binding energy compared to CO and H2 
when adsorbed on MoS2 [225]. This is likely the reason why the MoS2/GA hybrid has good 
selectivity against CO and H2. In addition, the extra S in the structure may provide improved 
selectivity due to the possibility for increased number of bridging S atoms at the edges of MoS2 
[226]. Further study is needed to more fully understand the mechanism behind the selectivity 
reported here. 
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Figure 12. Selectivity of the MoS2/GA sensor compared to GA alone for microheater 
temperature of 200 °C. 

5. Conclusion 
In summary, the high specific surface area graphene aerogel that has been effectively used with 
catalytic nanoparticle loading for combustible gas sensing can also be used as a sensing material 
in a conductometric sensing device configuration. The high quality graphene aerogel has high 
specific surface area, porosity, and high electrical and thermal conductivity, all of which make it 
useful as a sensing material. Bare graphene aerogel gives high response to nitrogen dioxide, 
hydrogen, and carbon monoxide when heated with the microheater platform. The response and 
recovery times (~1-3 minutes) are much longer than the combustible gas sensing but comparable 
to other reported works. The selectivity of the graphene aerogel can be improved for hydrogen 
and carbon monoxide by also taking into account the change in the microheater resistance, as the 
heater temperature changes with the thermal conductivity of the surrounding gas.  
To improve the sensing performance further, a MoS2-coated graphene hybrid aerogel is 
synthesized and characterized. The graphene aerogel is covered with single to few-layer MoS2 
sheets, which provide the sensitive and selective sensing performance. The hybrid aerogel is 
integrated onto a low-power microheater platform for NO2 sensing evaluation. The sensor 
exhibits an ultralow detection limit of 50 ppb NO2 at both room temperature and 200 °C. By 
heating the material to 200 °C, a fast response and recovery of the sensor (<1 min) is achieved, 
which greatly expands the practical application of the sensor. The MoS2/GA shows good 
selectivity against H2 and CO, especially when compared to bare GA. The improved detection 
limit, sensitivity, and selectivity can be attributed to the unique structure of the hybrid aerogel. 
The bonding between the MoS2 and graphene results in strong electronic coupling and the excess 
sulfur creates defects that improve the sensitivity of the sensor. The MoS2/GA aerogel leverages 
the properties of the two materials to result in a high performance hybrid material for ultra-
sensitive and fast NO2 sensing and suggests the possibility of other 2D material combinations for 
sensing applications with improved selectivity. 
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Chapter 8. Localized Growth of Porous Metal Oxide 
Sensing Film on Microheater Platform7 
1. Motivation 
Solid-state chemical sensors have received considerable attention in recent years, in particular 
for monitoring environmental pollution and air quality [227]–[231]. Semiconducting metal oxide 
sensors are among the most promising solid-state chemical sensors due to the large variety of 
metal oxides available and their low cost in mass production [230]–[232]. However, in order to 
obtain appropriate sensitivity levels, the metal oxides need to be heated to high temperature 
(~300-500 °C), resulting in high power consumption (typically several hundred mW) and thus 
impeding their implementation as long-term, battery-powered gas monitors [232]–[234]. Power 
consumption can be decreased by reducing the sensor size and/or the operational sensing 
temperature. Metal oxide gas sensor miniaturization can be accomplished through the use of 
microfabrication methods to create a microheater platform [79], [97], [110], [235], [236]. 
Microheaters allow for high sensing temperatures to be reached with low input power through 
the use of a small heating element thermally isolated from the substrate. However, the shrunken 
device footprint means a loss of area for the sensing material, which negatively impacts 
sensitivity and lifetime. Nanostructured materials with high surface-to-volume ratios can 
improve the sensitivity through an increase in surface area per device footprint as well as a 
greater number of grain contacts in the conductive path, which amplifies the signal during gas 
exposure [233].  
 
Nanostructured metal oxides have been shown to have better gas sensing performance than the 
corresponding bulk material [233]. However, the integration of networks of nanowires or 
nanoparticles onto a microfabricated platform is difficult to control. Nanomaterial aggregation 
during film formation and sensor operation leads to a loss of active surface area and slows the 
diffusion of the target gas to the active sites [237], [238]. Formation of nanostructured films 
through the use of sacrificial templates such as polystyrene spheres [237], [238], carbon 
nanotubes [239], [240], or anodized aluminum oxides [241] adds complexity and cost. There 
remains a need for a simple, effective approach to the preparation of nanostructured metal oxide 
films for low power, miniaturized gas sensors. 
 
We have developed a strategy for the fabrication of high performance, miniaturized gas sensors 
through on-chip generation of highly porous and nanostructured metal oxide films. Tin oxide, the 
most widely investigated metal oxide sensor material, is taken as the example to demonstrate the 
validity of this strategy. Taking advantage of the fast thermal response of the microheater 
platform, a liquid precursor is drop-casted onto the microheater and rapidly sintered to form a 
porous film of SnO2 nanoparticles, which yields high surface area and allows for fast gas 
diffusion to all active sites. The exceptional gas sensing performance of the nanostructured SnO2  

                                                
7 Reproduced with permission from [H. Long, A. Harley-Trochimczyk, T. He, T. Pham, Z. Tang, 
T. Shi, A. Zettl, W. Mickelson, C. Carraro, R. Maboudian. “In situ localized growth of porous tin 
oxide films on low power microheater platform for low temperature CO detection,” ACS Sensors, 
vol. 1, pp. 339-343, 2016.] Copyright [2016] American Chemical Society. 
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film is demonstrated with fast, highly sensitive response to carbon monoxide at low operating 
temperature. 

2. Material synthesis and characterization 
The microsensor consists of a porous nanostructured SnO2 layer contacted by platinum 
electrodes deposited on a polycrystalline silicon (polysilicon) microheater embedded in a thin 
low-stress silicon nitride (LSN) membrane as illustrated in the cross-sectional schematic in 
Figure 1a. Figure 1b shows a real color optical image of the 3.5 x 3.5 mm2 chip containing four 
microheater sensors. Full fabrication details can be found in Chapter 2. The microheaters used in 
this work are 10 µm wide, 100 nm long, and 100 nm thick. No particular surface treatment is 
done to the chip before the metal oxide coating, except a basic cleaning to remove the photoresist 
used to protect the wafer surface during dicing (rinsed with acetone, isopropyl alcohol (IPA), de-
ionized water, and dried with nitrogen). Figure 1c shows a zoomed-in view of a single 
microheater device with a heated area of only 50 x 50 µm2, which results in a low power 
consumption (~18 mW to reach 500 °C). The sensing electrodes have a gap of only a few µm 
over the hottest region of the microheater, such that the sensor resistance is dominated by the 
metal oxide at this precise spot. Besides the low power consumption, other benefits of the 
microheater platform include the fast thermal response time (<100 µs) [79], and excellent 
stability in the temperature range of interest (200-450 °C) [79], [110]. Additionally, the closed 
membrane configuration makes deposition of sensing material from a liquid precursor much 
easier compared to bridge microheater structures. 
 
The liquid SnO2 precursor is prepared by mixing SnCl4, NH4OH, ethanol, and water under 
continuous stirring at room temperature. After stirring for 1 hour, a 1 µL drop is placed on the 
packaged microheater chip and the heater is powered to 85 °C for 10 min to evaporate the 
solvent. The addition of NH4OH in the mixture helps form a gel-like phase [242], [243], that 
leads to a relatively smooth, uniform precursor film upon deposition and solvent evaporation, as 
seen in the scanning electron microscopy, SEM (JEOL JSM-6700F) image in Figure 2a. After 
the 10 min heating at 85 °C, the microheater temperature is ramped to 350 °C (12.5 mW) and 
held there for 2 hours to form the final porous SnO2 film. Because of the fast thermal response 
time of the microheater, the temperature reaches 350 °C in less than 1 ms, which leads to the 
quick removal of water from the gel-like precursor film to form a highly porous SnO2 film. As 
widely explored in the fabrication of activated carbons, a fast heating rate leads to the formation 
of mesopores or macropores in the structure because of the rapid release of gaseous products 
[244]–[246]. 
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Figure 1. (a) Schematic of the low power microheater-based sensor design. (b) Optical image of 
a four-element microheater chip with size of 3.5 x 3.5 mm. (c) Enlarged optical image of one 
microheater, where the deep green color indicates LSN membrane, the orange color indicates 
polysilicon heater, and the yellow color indicates Pt sensing leads. (d) Temperature profile used 
for in-situ synthesis of the porous SnO2 sensor. 
 
To understand the effect of heating rate, samples are prepared on silicon chips using an external 
hotplate. In the fast ramping case, the hotplate is preheated to 350 °C and the sample is placed on 
it after the 85 °C treatment. In the slow ramping case, the sample remains on the 85 °C hotplate 
and the temperature is changed to 350 °C, which is reached after several minutes. The film is 
annealed for two hours after the hotplate reaches the set temperature. The thickness of the film is 
measured with a KLA Tencor Alpha-Step IQ Profiler and yields an average thickness of 350 nm. 
In Figure 2b, the film produced under slow heating rate is very smooth, comparable to the 
precursor film in Figure 2a. On the other hand, SEM images of the SnO2 film made with the fast 
heating rate show more cracks and higher surface roughness than the precursor film and the slow 
heating rate film, confirming that the fast heating rate is the key to the porosity of the film. 
Increased film porosity in the sintered SnO2 film is seen at several length scales from micron-
sized cracks (Figure 3) to nanometer-sized pores (Figure 2e). The high-resolution SEM images 
were taken with JEOL Zeiss Gemini Ultra-55. The composition and phase purity of the sintered 
film are examined by X-ray diffraction (XRD, Bruker AXS D8 Discover GADDS), with a 
Vantec-500 area detector, operated at 35 kV at a wavelength of Co, Kα, 1.79Å. All observable 
diffraction peaks of the film in Figure 2d can be indexed to the tetragonal rutile SnO2 structure 
(JCPDS 41-1445), which confirms the conversion of the precursor to polycrystalline SnO2. 
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Figure 2. SEM images of (a) smooth SnO2 precursor film, (b) SnO2 film formed with slow 
heating rate, and (c) SnO2 film formed with fast heating rate. (d) XRD data confirming tetragonal 
rutile SnO2 structure for film found in (c). (e) Low and (f) high magnification TEM images of 
porous SnO2 film with small size interconnected nanoparticles. Inset: high resolution TEM 
indicating the lattice spacing of 0.336 nm, corresponding to (110) crystal structure of SnO2. 
 
The nanoscale features of the porous SnO2 film are visible using transmission electron 
microscopy (TEM). In Figures 2e and f, interconnected nanoparticles with an average size of 4 
nm are shown. Smaller particles have higher surface to volume ratios, which are favorable for 
gas sensing applications due to both the increased number of active sites per device footprint as 
well as the increased number of grain contacts in the conductive sensing path [247]–[249]. 
Numerous inter-particle pores with diameters of 1-4 nm are uniformly distributed throughout the 
film. The inset of Figure 2f shows a lattice spacing of 0.336 nm, which can be readily indexed to 
the (110) crystal plane of the SnO2, further confirming the formation of crystalline SnO2. The 
corresponding selected area electron diffraction (SAED) pattern shown in Figure 3c also 
indicates the polycrystalline nature of the SnO2. The SAED diffraction rings, plus the high 
background and broad XRD peaks confirm the TEM observation of nanosized SnO2 particles. 
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Figure 3. Low-magnification SEM image of (a) the SnO2 precursor film after evaporating the 
solvent at 80 °C and (b) the porous SnO2 film, showing a greater number of microscale cracks in 
the film after the sintering at 350 °C for 2 hours. (c) Corresponding SAED pattern of the porous 
SnO2. The diffraction rings are respectively assigned to the (110), (101), (211), (310) planes. 

The porosity of the SnO2 film on multiple length scales is expected to enhance gas sensing 
performance because it offers channels for gas diffusion to a large number of active sites [237], 
[248], [250]. The porous features of the film are defined through the fast heating rate supplied by 
the microheater, making this a simple method to integrate a porous nanostructured sensing film 
onto a microheater-based sensor. Because the precursor solution is liquid, it is possible to 
manufacture these sensors with materials printing methods without concerns about stable 
suspensions of nanomaterials or clogged printer heads. Additionally, there is no concern about 
obtaining a connected network of nanomaterials between the sensing electrodes, as the liquid 
precursor is converted to the nanostructured metal oxide film precisely where required. 

3. Low-temperature CO detection  
To demonstrate that the as-fabricated porous SnO2 film is directly useful as a gas sensor, the 
detection of carbon monoxide is explored. The microheater CerDIP package is placed within a 
gas flow chamber with a volume of 1 cm3. The sensor was exposed to CO using a computer-
controlled gas delivery system. A cylinder of 5000 ppm CO gas balanced in nitrogen was used 
(Praxair). Sensor testing is performed at a constant flow rate of 300 SCCM. Stream balance and 
purge are made up of house air that has passed through pressure swing adsorption dryers to 
remove humidity and an activated carbon scrubber to remove other contaminants. Mass flow 
controllers (Bronkhorst) controlled by LabView are used to dilute the gas mixture cylinder with 
clean air and deliver these gases to the sensor chamber. Flow stream temperatures are within a 
few degrees of room temperature. The measurement of the microheater sensor is performed 
using a Keithley 2602A dual-channel source-meter. The source-meter is controlled using Zephyr, 
an open-source Java-based instrument and control and measurement software suite. A bias 
voltage of 0.5 V is applied to the sensor channel to measure the resistance of sensor channel. A 
variable power (controlled by voltage) is applied to the microheater to control the operation 
temperature. All the information from the source-meter, the gas delivery system, such as flow 
rates and concentrations, and any reference sensors, such as temperature sensors, is also recorded 
by Zephyr. The current through the sensor channel is also recorded and its resistance, R, is 
calculated. The sensor response is determined by the relative change in resistance, which is 
defined as Rair/Rgas, where Rair is the average sensor resistance in clean air and Rgas is the average 
sensor resistance during CO exposure once the response has stabilized. 

(c) 
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Figure 4a shows real time resistance change of the SnO2 sensor to various CO concentrations 
with a microheater operating temperature of 200 °C, which requires only 7 mW power 
consumption for continuous measurement. As seen in Figure 4a, the sensor resistance shows 
rapid response during exposure to varied CO concentrations and full baseline recovery. Tin oxide 
is an n-type semiconductor and its resistance is determined by surface states, which are affected 
by the adsorption of oxygen species [35], [36]. In ambient air, chemisorbed oxygen species on 
SnO2 surface trap electrons, creating an electron-depleted region, which leads to a barrier at the 
interface between contacting nanoparticles [35], [36], [239], [251]. The introduction of CO onto 
the surface at elevated temperatures leads to reaction of CO with the surface oxygen species to 
form CO2. The removal of the oxygen releases the trapped electrons and lowers the barrier  
between contacting nanoparticles, which leads to a decrease in resistance. Figure 4(b) is a plot of 
the sensor response (Rair/Rgas) versus CO concentration, exhibiting a linear relationship, where 
Rair is the average sensor resistance in clean air and Rgas is the average sensor resistance during 
CO exposure once the response has stabilized. The sensitivity is comparable to earlier published 
work [236], [241], [247], [251], [252], but with a lower operating temperature (200 °C vs. 300-
500 °C), which allows for lower power consumption. The responses of three devices are within 
20% of one another on average, demonstrating the uniformity of this process. Due to the 
accuracy of the mass flow controllers in the gas delivery system, the lowest CO concentration 
that can be reliably delivered is 10 ppm (corresponding to signal-to-noise threshold of 17.4), but 
using a typical signal-to-noise threshold of 3, the detection limit of the sensor is 1.75 ppm.  
 

 
Figure 4. (a) Real time resistance change of the sensor for varying CO concentration versus time 
at 200 °C (7 mW). (b) Sensor response (S = Rair/Rgas) to different CO concentration at 200 °C. 
 
The reported operating temperature of 200 ºC is an optimum value when considering the 
sensitivity, the response and recovery time, and the power consumption. As seen in Figure 5, the 
response to 20 ppm CO is the highest at 125 ºC, and decreases with higher temperature to  
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eventually plateau at 1.8 and the response and recovery time continuously decrease with 
increasing temperature. Operation at 200 ºC gives a recovery time <30 s, sensitivity above 2 for 
20 ppm, and power consumption of ~7 mW. 
 
The enhancement in gas-sensing properties of the porous SnO2 sensor may be ascribed to the 
small crystalline size of the interconnected nanoparticles, which gives a high surface to volume 
ratio and generates more active sites per device footprint [240]. Additionally, the small crystal 
size increases the number of grain contacts in the conductive path between sensing electrodes, 
increasing the number of energy barriers that are the main source of sensitivity [240], [253]–
[256]. The average time to reach 90% of the stable sensor signal (t90) is 9 s and the t90 for  
recovery is 29 s. Other reported SnO2-based sensors respond in several tens of seconds and take 
several minutes for recovery [247]–[249]. The improved response may be attributed to the multi-
scale porosity, which allows for fast diffusion to all active sites. The nanostructured SnO2 film 
shows excellent sensing performance, even with low operating temperature on a miniaturized 
microheater platform. 
 

 
Figure 5. (a) Sensitivity and (b) response and recovery time of the sensor at various operating 
temperatures. 

4. Conclusion 
Here is presented a flexible and facile route for the localized growth of porous metal oxide films 
on a microheater platform to obtain high performance gas sensors. By sintering the suitable 
liquid-phase metal oxide precursor with a fast heating rate, a nanostructured metal oxide film 
with multi-length scale porosity can be generated directly on the fabricated microheater platform. 
The demonstrated SnO2-based CO sensor has low power consumption (~7 mW for 200 °C), low 
operating temperature (200 °C), low detection limit (~2 ppm CO), fast response time (<10 s) and 
recovery time (<30 s), and high sensitivity. More importantly, this facile fabrication strategy 
provides a way to manufacture high performance sensors with other types of metal oxides, and 
has the potential for low cost mass production. 
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Chapter 9. Conclusions and Future Outlook 
 
The development of more useful gas sensors can have a major impact on improving the health 
and safety of people and the environment. Because of the complexity involved in the detection of 
a particular gas and the amount at which it is present, there is no single solution or design that 
accomplishes the measurements needed in all applications. Therefore, there remains a strong 
need for research efforts to optimize gas sensing devices, including the development of 
transducer platforms, measurement techniques, and sensitive materials. One major effort 
involves decreasing the power consumption of heated sensor elements in order to enable their 
use in wireless sensor networks. Calorimetric or catalytic gas sensors requires a heated catalyst 
material that can promote the combustion of the gas of interest and a temperature sensitive 
element to detect the subsequent release of heat. Because of the high operating temperatures 
required to have appreciable reaction rates with existing catalytic materials based on noble metal 
nanoparticles, these sensor elements have high power consumption. Conductometric sensing 
measures the conductance of a sensitive material during gas exposure. Heating improves the 
response and recovery time of the sensor by increasing the rate of gas desorption. The use of a 
miniaturized heater platform fabricated with micromachining techniques helps to achieve low 
power consumption. In order to retain sensor performance in a smaller device, high surface area 
nanomaterials are used.  
 
In this dissertation, a low-power microheater platform has been designed and fabricated using 
polycrystalline silicon as the heater material for moderate operating temperatures (200-400 °C) 
and silicon carbide for high operating temperatures (500 °Ç and above). Specific design choices 
have been made to facilitate sensing material deposition. Sensing materials have been selected 
based on the desired application. For calorimetric or catalytic gas sensing, high surface aerogels 
made of graphene and boron nitride have been loaded with catalytic noble metal nanoparticles. 
Hydrogen and propane sensing has been demonstrated with good sensitivity and very fast 
response and recovery time, thanks to the high thermal conductivity and minimal mass of the 
aerogel scaffold. Boron nitride aerogel provides higher thermal stability than graphene aerogel, 
which is useful at the operating temperatures required for propane detection. The silicon carbide 
microheater also improves the reliability of the propane measurement given its stability at high 
temperature. The fast thermal response of the microheater also allows for fast pulsed operation 
with no loss in sensitivity, such that the power consumption can be decreased by 10x while still 
collecting data every second. Selectivity can be achieved through the use of different catalytic 
materials in an array of sensors or through temperature scanning with a single sensor element. 
 
Conductometric sensing for toxic gases is demonstrated with the high surface area aerogels as 
well. Graphene aerogel responds to a variety of gases such as nitrogen dioxide, carbon monoxide, 
and hydrogen at relevant concentration ranges. For certain gas combinations that have distinct 
thermal conductivity values, selectivity can be determined by collecting information from the 
microheater as well as the graphene aerogel. The graphene aerogel can also be engineered for 
improved selectivity towards nitrogen dioxide gas by coating with two-dimensional sheets of 
molybdenum disulfide. The success of this unique hybrid aerogel suggests that layered  
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combinations of two-dimensional materials connected into a high surface area 3D structure may 
offer improved sensing performance for other target gases and applications. 
The thermal properties of the microheater even allow for the localized growth of a porous 
nanocrystalline tin oxide film with high sensitivity to carbon monoxide. The rapid anneal of 
liquid precursor to form the porous film in the exact location of the sensing electrodes is a 
technique that can be extended to other metal oxide chemistries and suggests a new method for 
manufacture of sensor elements. 
 
Although progress has been made in the development of low-power sensor elements for 
combustible and toxic gas detection, further potential improvements remain.  The microheater 
platform may benefit from the separation of the heating and temperature sensing functions, so 
that the materials can be optimized independently and the temperature sensor can provide closed 
loop control on the microheater operation. Following on the success of hydrogen and propane 
detection, methane would be a relevant target analyte due to its prevalence and its impact as a 
greenhouse gas. Further study, including optimization of the catalytic material, may reveal the 
key to enabling its detection. For the conductometric gas sensing, the complexity of the sensing 
mechanism requires additional investigation. With better understanding of the gas-solid 
interaction, more intelligent choice and faster evaluation of new materials can be conducted. 
Even with the improvement in stability with the switch from graphene to boron nitride sensing 
material and from polysilicon to silicon carbide microheater, the sensors have not yet been 
subject to the expected usage in commercial application. Response stability for at least one year 
would be expected, and in conditions with changing ambient temperature, humidity, vibration, 
and other factors. The microfabricated heater platform allows for multiple sensors on one chip in 
order to independently monitor several variables, thus enabling for compensation of factors such 
as temperature, humidity, and the presence of other gases. Future work demonstrating 
multiplexed sensing for more intelligent measurement will enable a wider array of applications. 
Ultimately, it is through continued research and development that low-power miniaturized gas 
sensors will enable detection of dangerous toxic and combustible gases for the improved 
protection of the environment and human health. 
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Appendix 1. Methane Sensing 
1. Motivation 
There is a great deal of interest in low-power methane sensors, given that methane is so common 
and that methane leaks from industrial sources or releases from natural sources contribute 
heavily to climate change. Methane is indeed a more potent greenhouse gas than carbon dioxide, 
although its lifetime in the atmosphere is shorter [EPA]. Methane is also combustible and can 
explode when the concentration builds up to 5% in air [118]. 
 
The two main techniques for detecting methane are based on infrared and catalytic gas sensors. 
Electrochemical sensing for methane is not practical because the overpotential required for an 
appreciable methane reaction rate result in nearly every other gas oxidizing first, giving very 
poor selectivity. Infrared sensors detect the presence of C-H bond stretching to detect methane 
and other hydrocarbons, which gives them selectivity to at least a smaller group of potential 
gases. There are limitations to this type of sensor, including the ability to miniaturize the more 
complex components, the expensive of the more complex components, and the susceptibility to 
humidity and particulate matter in air. Catalytic gas sensors are also not particularly selective to 
methane, but tend to be simpler and cheaper in operation and manufacture [1]. As described in 
Chapter 1, the sensor functions by heating a catalytic material that catalyzes the reaction of the 
target gas with oxygen, which releases heat. The released heat is detected as a resistance change 
due to the increased temperature of the sensing element. Required operating temperatures are 
450 °C and above. Microheater-based methane sensors would offer low power consumption 
compared to typical pellistor technology [155].  
 
Several groups have reported microheater-based methane sensors, as summarized in Table 1. 
These are largely based on platinum or palladium catalysts on alumina supports. More recent 
advancements have lead to sensor elements with power consumption on the order of 25 to 35 
mW and sensitivity similar to commercially available elements (~15 mV per % CH4) [Brauns]. 
Given the improvements reported in previous chapters of the aerogel-based catalytic materials 
and the importance of methane as a target gas, it seemed reasonable to attempt to detect methane 
using the low-power catalytic gas sensors developed for hydrogen and propane. However, as will 
be elucidated here, all attempts proved unsuccessful.  
 
Table 1. MEMS-based catalytic methane sensors reported in literature 
Ref. Catalyst material Power 

[mW] 
Methane Conc. 
Range [%] 

Sensitivity 
[mV/% CH4] 

[109] Pd-Pt/γ-Al2O3 35 0.17 – 2.45% 14.5 
[257] 15 wt% Pd-Pt/γ-Al2O3 28 0.4 – 3.6% 2 
[17] Pt/Al2O3 50 0.8 – 3.2% 18 
[30] 15 wt% Pd/γ-Al2O3 25 0.4 – 3.6% 12 
[258] Pd/Al2O3 50 2.5% 10 
[19] Pt/Al2O3 400 0.1 – 1% 22 
[18] Pd/Al2O3 6,900 0.3 – 4% 6 
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2. Experimental Results 
Early testing with methane using the Pt-GA polysilicon microheater sensor seemed to give some 
results (Figure 1a). But upon further investigation, the response was found to be due to the 
methane tank being balanced in argon, which changed the thermal conductivity of the gas stream 
being fed to the sensor. The thermal conductivity of argon is 0.016 W m-1 K-1 compared to 0.024 
W m-1 K-1 for air and 0.03 W m-1 K-1 for methane. Because the tank is dilute in methane (5%), as 
the methane concentration is increased, the proportion of argon in the stream increased, 
decreasing the overall thermal conductivity. Since the microheater conducts heat to the 
surrounding gas, the effect is that the temperature of the microheater increases as it conducts less 
heat to the surrounding gas. This results in the resistance increase with increasing concentration 
in Figure 1a, which looks like a response to the exothermic combustion of methane. The 
discovery of the argon problem was made by observing the same response when balancing the 
stream in nitrogen instead of air. With no oxygen present, there should be no methane 
combustion response, so the fact that the same resistance change in the heater was observed 
signaled that there was a different source of the resistance change. Furthermore, the response 
occurred even at low temperatures, much lower than expected for methane combustion, and the 
sensitivity increased linearly with temperature (Figure 1b). The methane reaction rate should 
have an exponential relationship with temperature until is reaches a mass transfer limited regime 
where it should plateau.  
 
A new tank of methane gas balanced in nitrogen was purchased and used for subsequent testing 
(Figure 1c). There is a slight decrease in the response as the methane concentration increases, in 
this case because the addition of methane increases the thermal conductivity of the stream. Even 
using more thermally stable materials (Pt-BN on silicon carbide microheater) and a higher 
operating temperature, only the thermal conductivity response is visible (Figure 1d). 
Additionally, the response does not change when there is no oxygen present. 
 
The sensors can detect hydrogen and propane gas with good sensitivity, thus it is possible that 
the stability of the methane molecule makes it impossible to detect. Methane combustion should 
release more heat per Joule than hydrogen gas (802 kJ mol-1 for methane versus 244 kJ mol-1 for 
hydrogen), which is possible to detect even at temperatures around 300 °C. However, if the rate 
of reaction for methane combustion is much lower than hydrogen or propane combustion, then 
the methane will not be detected.  
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Figure 1. (a) Change in microheater resistance for Pt-GA polysilicon microheater versus 
methane concentration with methane tank balanced in argon. (b) Change in microheater 
resistance at 1.2% methane at various power levels, also balanced in argon. (c) Change in 
microheater resistance versus methane concentration with methane tank balanced in nitrogen, 
showing no response. (d) Using Pt-BN SiC sensor at a higher temperature with methane tank 
balanced in nitrogen still shows only a thermal conductivity response. The negative response is 
plotted since SiC microheater has opposite TCR relationship of polysilicon. 
 
There are several possible reasons why methane combustion is not observed, even at similar 
temperatures to other reported sensors (Table 1). The first is that the smaller size of the 
microheater limits the possible catalyst loading below the required level to generate enough heat 
to be detectable. A theoretical analysis follows that shows this may be the case. Additional 
differences may be due to the catalyst material. Most other works use platinum on a metal oxide 
support, and it may be that the platinum interaction with the support assists with the methane 
oxidation reaction. The platinum nanoparticle sizes are not reported for the works in Table 1, but 
it is possible that there is a size difference that impacts the methane oxidation reaction rate as 
well. There are reports demonstrating that the presence of chlorine ions severely hinders the 
methane oxidation rate [8]. The platinum precursor used to load the graphene and boron nitride 
aerogels is chlorinated and it may be possible that in the reduction process, not all of this 
chlorine is removed. Although other works in Table 1 also use the same precursors, the detail of 
the reduction processes they use may be different. All of this suggests the importance of 
reporting the details of the catalytic material used in these types of gas sensors.  
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3. Theoretical analysis 
Using a combination of experimental results from the microheater platform in conjunction with 
methane combustion rates on platinum catalysts from the literature allows the minimum required 
catalyst amount to be calculated. First, from the microheater platform, the minimum detectable 
signal is calculated in the same way as the theoretical limit of detection, from the average and 
standard deviation of the baseline. For the microheater device in question, when powered to 450 
°C (4.8 V), the average baseline resistance is 1813.5 Ω and the standard deviation is ±0.05 Ω. 
Using a signal to noise limit of 3, the minimum detectable resistance is 1813.65 Ω. The power 
input to achieve this change in resistance can be calculated from the plot of resistance versus 
power consumption, so the 0.15 Ω increase in resistance correlates to a 0.05 mW power input to 
the microheater from the catalyst during methane combustion. This represents the minimum 
detectable power input that would be required from the reaction of methane on the platinum 
nanoparticle catalyst and subsequent transfer to the microheater. Since the exact heat transfer 
from the nanoparticles supported in the aerogel to the microheater is very difficult to quantify, 
for a minimum case, it can be assumed that the heat transfer is perfect (no losses).  
 
From the catalysis literature, there are several reports for the reaction rates for methane oxidation 
on platinum catalysts, primarily supported on alumina [6], [259]–[261], although there are some 
studies investigating the effect of various metal oxide supports on methane [262] and propane 
oxidation [263]. The reaction rates are summarized in Table 2 with the corresponding catalyst 
weight, support, temperatures, and oxygen conditions. 
 
Given these reaction rates, the heat of combustion for methane, and the minimum detectable 
power input assuming no heat transfer losses, a minimum required mass of catalyst can be 
calculated (Table 2) from the following relationship: 

Catalyst Rxn Rate * ΔH°
Methane * mcatalyst = Power    (1) 

For those rates given per surface atom of platinum, the surface area of platinum is converted to a 
mass assuming 1015 atoms cm-2 at the surface, nanoparticles with an average diameter of 2 nm, 
and a platinum density of 21.45 g cm-3. Given the variation in reported reaction rate, the 
minimum required platinum mass is calculated to be on the order of 10-4 to 10-8 g, although it 
should be noted that the lowest mass comes from a reaction rate in low oxygen conditions, which 
is not as relevant to the sensor operation. 
 
Table 2. Methane oxidation reaction rates on various platinum catalysts and subsequent 
calculated minimum Pt catalyst mass 

Ref. Catalyst T (°C) Oxygen ratio 
[O2]:[CH4] 

Reaction rate Mass of 
catalyst (g) 

[261] 2.7% Pt/Al2O3 410 0.45:1 296 mmol min-1 gcat
-1 1.26 x 10-8 

[259]  0.2% Pt/Al2O3 450 2:1 0.023 mmol min-1 gcat
-1 1.63 x 10-4 

[260] 0.1% Pt/Al2O3 450 2:1 0.01 mmol min-1 gcat
-1 3.74 x 10-4 

[260] 2% Pt/Al2O3 450 2:1 0.16 mmol min-1 gcat
-1 2.34 x 10-5 

[6] 4% Pt/Al2O3 
 

450 5:1 0.013 molecules CH4 s-1 
surface Pt atoms-1 

2.06 x 10-6 



Appendix 1. Methane Sensing 97 
 
Next, the actual deposited mass of platinum on a microheater can be estimated. Figure 2a shows 
an optical image of a microheater sample with platinum nanoparticle-loaded boron nitride 
aerogel deposited on top. Using confocal microscopy (Olympus LEXT OLS3000), a three-
dimensional scan of the chip can be taken (Figure 2b) and plotted with MATLAB. By integrating 
the area under the curve, the deposited volume of aerogel is calculated to be 245,000 µm3. From 
measurements done on a cylindrical disk of the boron nitride aerogel (Figure 2c), the density is 
calculated to be 0.069 g cm-3. After platinum loading, the mass of the cylindrical disk increases 
by 80% while the volume remains the same. Assuming uniform loading of platinum, such that 
the aerogel deposited on the chip has the same weight percent platinum as the bulk cylindrical 
disk, then the calculated mass of platinum deposited on the microheater comes to about 10-8 g. 
This is lower than the range of minimum required platinum calculated from the reaction rates, so 
it is reasonable to conclude that given the reaction rate of methane oxidation on platinum, there 
is not enough platinum loaded onto the microheater to allow for methane detection. The 
calculation of 1.36 x 10-8 also does not factor in the catalyst temperature. Given the small size of 
the microheater heated area compared to the aerogel loading, it is possible that the farthest edges 
of the aerogel will be much cooler than the center, giving an even lower reaction rate at those 
catalyst sites. 
 

 
Figure 2. (a) Optical image of the boron nitride aerogel loaded on a polysilicon microheater. (b) 
3D map of aerogel from (a) taken with confocal microscope. Color height scale from 0 to 25 µm. 
Axis units are also in µm. (c) Optical image of boron nitride aerogel disk after synthesis. 
 
The same analysis shows that propane oxidation should be possible using reaction rates for 
platinum supported on alumina [264]. Even at a lower temperature of 290 °C, the reaction rate is 
203 mmol min-1 gcat

-1, and when using the higher combustion energy of propane (2044 kJ mol-1), 
the minimum mass of platinum needed is 7.2 x 10-9 g. Given the magnitude of assumptions, the 
order of magnitude is more useful than the absolute value calculated, and in this case, the 
minimum mass of platinum is on the same order as the calculated platinum mass for the aerogel 
loaded on the microheater in Figure 2a.  The fact that the propane detection is observed 
experimentally and is theoretically possible given this analysis, lends some more confidence to 
the analysis as well.  

4. Conclusions 
Although MEMS-based catalytic methane sensors had been previously reported, our catalytic gas 
sensors based on platinum nanoparticle-loaded aerogels and a small, low-power polysilicon or 
silicon carbide microheater do not show any methane response. Given the lower reaction rate for  
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methane on platinum, it may be necessary to increase the catalytic surface area inside the aerogel 
through higher loading or smaller nanoparticle size. Palladium nanoparticles tend to show higher 
activity for methane in oxygen-rich conditions, so palladium nanoparticle-loaded aerogels could 
be a more successful catalyst material choice. Removal of chlorine from the metal precursors 
may also assist with improving the methane oxidation rate. If the platinum-support interaction 
proves to be important, then the catalyst support could be changed to high surface area metal 
oxides or even zeolites.  Ultimately, these efforts illuminate the importance of thorough 
characterization of the catalytic materials used for these types of gas sensors.
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