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Research Highlights 

 Thermoresistive properties of a Cubic Silicon carbide (3C-SiC) on glass sensor are studied. The negative 

temperature coefficient leads to an increasing signal with increasing flow velocity.  

 The relationship between the geometry of the SiC heater and the sensor performance is studied. A larger 

heater leads to a higher sensitivity. 

 Influence of flow direction on the sensor performance was studied. Downstream sensor is more sensitive. 

 The developed SiC thermal flow sensor combines the advantages of simplicity, low power consumption, 

high sensitivity and full dynamic range of air flow. 

 

Abstract: 

 This paper presents a silicon carbide (SiC) based thermal flow sensor on a transparent and electrically insulating 

glass substrate via anodic bonding process. The paper elaborates on the fabrication steps of the thermal flow 

sensor. Three resistive heater size configurations of dimensions 100µm  100µm, 300µm  300µm, and 1000µm 

1000µm were fabricated. The thermoresistive properties of 3C-SiC on glass were investigated from ambient 

temperature to 443K. The characterization of the SiC heater and temperature sensors revealed a high 

thermoresistive effect with a temperature coefficient of resistance (TCR) of approximately -20716ppm/K at 

ambient temperature(298K) and -9367ppm/K at 443K respectively. The performance of the sensors was evaluated 

based on the sensitivity of the flow sensor.  For a turbulent flow velocity of 7.4m/s, the sensitivity of the sensor 

operating in the constant -voltage mode is 0.091s/m with a power consumption of 133.50mW for the 1000µm 

1000µm heater. Finally, a study on the flow direction was conducted to confirm the operation of 2-D direction 

independent hot-film flow sensor. Results indicated that the performance of the sensor remained the same when 

the flow direction was perpendicular to SiC heater and sensor respectively. However, the best sensitivity was 

achieved by passing air flow perpendicular to the sensing elements. The high TCR of the single crystalline 3C-

SiC material, the relatively low power consumption on the order of milliwatts and the high sensitivity of our 

sensor demonstrates its potential use for high temperature flow sensing applications 

Keywords: SiC flow sensor, glass, thermoresistive effect, air flow, sensitivity 

1. Introduction 

    Microelectromechanical systems (MEMS) based sensors have been rapidly emerging in recent years  due to the 

effective utilization of various physical phenomena such as thermoresistive, thermoelectric and piezoresistive 

effects[1,2]. Due to the simplicity and high sensitivity of thermoresistive sensors, thermoresistive effect has been 

the main transduction mechanism for many thermal sensing[3].Thermoresistive effect refers to the change in 

electrical resistance with temperature variation. Thermoresistive devices for sensing flow[4–8], temperature[9–
11],acceleration[12,13] and inertial[14,15]applications have been reported in the literature. Among these physical 

parameters, flow rate and flow velocity are required in many applications such as aerospace[16], chemical process 
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control[17],deep-sea exploration[18,19] and automotive systems[16]. These applications in a harsh environment 

typically operate at a temperature between 300C-550C and thus require highly reliable and sensitive sensing 

materials. More importantly, high stability, fast response time, low power consumption and cost effectiveness are 

important for the selection of device material.  

    Recently,our research group has reported an extensive review on the thermoresistive effect in metals and 

semiconductors,design considerations and applications to provide an insight for industrial designers and 

researchers around the globe[20]. As a result, the choice of  materials for developing a thermal flow sensor 

depends on its sensing performance and the applications. A large temperature coefficient of resistance (TCR) is 

desirable for a highly sensitive thermal flow sensor. Among the available sensing materials, nanocomposites and 

ceramics exhibit huge thermoresistive effect, i.e. large TCR of up to 1012ppm/K were employed as temperature 

sensing elements. As these materials have a high resistivity, they are not suitable for thermal flow sensors which 

primarily operate based on Joule heating. To increase the temperature of the heater at low supply voltage or 

current, a relatively low resistivity (i.e in the range of 10-1 -10-6Ωcm is required. Therefore, in the last two decades 

the materials for this purpose have been metals (e.g platinum, nickel) and highly doped semiconductors (Si, Ge). 

For instance, platinum with resistivity from10-4 -10-6Ωcm and a highly doped silicon with resistivity10-1 -10-2Ωcm 

have been utilized in microheater devices. However, these materials posses a low thermoresistive sensitivity (i.e 

lesser than 5000ppm/K) thereby requiring a novel and unprecedented  material for wide range of thermal sensing 

applications. 

    Due to the excellent physical,electrical,mechanical and chemical properties[21–23] SiC based MEMS sensors 

have attracted great attention for thermal flow sensing applications[24–27]. Among over 250 polytypes of SiC, 

3C, 4H and 6C are the most well-known crystals.Unlike the 4H and 6C-SiC polytypes, 3C-SiC can be 

heteroepitaxially grown on Si substrates by Liquid Pressure Chemical Vapor Deposition (LPCVD) process. 

Heteroepitaxy is possible because 3C-SiC and Si have similar cubic structures with a lattice mismatch of 

approximately 20%. This growth process overcomes the large lattice mismatch by carbonization, a process used 

to form thin 3C-SiC film directly on Si substrates resulting in SiC/Si heterojunction to establish good electrical 

insulation[28].As a result, it offers the advantage of batch fabrication since high quality and large area Si substrates 

are readily available at low cost [29,30]. Furthermore, 3C-SiC grows at low temperature while hexagonal 

polytypes (4H and 6C) needs high growth temperature due to differences in the energy of formation[31].  

    However, the commonly employed SiC on Si system has a few drawbacks. For instance, Si becomes conductive 

over 200C resulting in current leekage between SiC and Si. In addition, the yield strength of Si reduces beyond 

450C. Therefore, the fabrication of devices in these layers requires high electrical isolation. Unlike poly-SiC, 

3C-SiC cannot be grown directly on glass or any other non-conducting sacrificial material , thereby making 

surface micromachining and electrical isolation of single crystalline 3C-SiC structures very difficult. In the last 

few years, a number of efforts have been made to transfer SiC on to an insulating substrate. Cioccio et al 

demonstrated the possibility of using Smart cut process which combines ion implantation with wafer bonding to 

form SiC on insulator(SiCOI)structures.However, this technique suffers from implantation damage and the stress 

issues with large Si wafers[32]. Other bonding techniques reported in[33–35] have relied on diffusion bonding to 

transfer SiC onto an insulator substrate. Moreover, the bonding process was complex, as it requires an ultrasmooth 

buffer layer such as glass formed by sputtering/oxidation. As a result, we have been motivated to find alternate 

methods for producing SICOI structures. Recently, our research group has reported a new platform to create SIC 

on an electrically insulating and transparent substrate using anodic bonding process for bio-sensing 

applications[36]. As a result, this technique has been employed to fabricate the thermal sensor structures for 

MEMS flow sensing applications. 

2. Experimental 

2.1 Fabrication technology 

      The fabrication of micro flow sensor involves seven processing steps beginning with the growth of single 

crystalline 3C-SiC thin films on Si substrate. Figure 1 depicts the process flow of SiC temperature sensors and 

heaters. SiC films were heteroepitaxially grown on a 6 inch Si substrate in a hot-wall low pressure chemical 

vapour deposition reactor. The Si wafers were then subjected to RCA cleaning prior to the growth of SiC to 

remove the surface contaminants. The epitaxy growth process employed silane and propylene as the silicon and 

carbon containing sources at 1000°C[37]. The deposited SiC film was found to be n-type doped due to the presence 

of nitrogen residual gas. The Atomic force microscopy (AFM) data revealed the surface roughness of the films to 

be 7nm, which is sufficient for anodic bonding technique[36].  
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    During this process, the SiC/Si bonding to glass (6 in. 1-mm-thick Borofloat 33 from University Wafers, South 

Boston, United States) was performed in an EVG520IS hot embosser at a maximum pressure of 137kPa and a 

bias voltage of 1000V, Figure 1(a). The chemical bonding between SiC and glass substrate was established by 

applying cathode electrode to glass wafer and anode electrode to SiC/Si wafer, respectively. As a result, the 

cathode attracted the positive charges in the glass wafer, thereby leaving a depletion layer at the SiC/glass 

interface. Consequently, the negative charges were repelled by the cathode and move towards the anode and 

diffused into SiC to form bonding. Using X-ray Photoelectron Spectroscopy (XPS) technique, the fabricated 

SiC/glass wafer was surface characterized with sharp bonding. In addition, Raman spectroscopy showed good 

crystallinity in the wafer. Finally, a pulling test on the bonded device was conducted to determine the adhesion 

strength. The measured tensile strength of 20MPa suggested the capability of SiC on Si (SiCOI) platform for high-

temperature electronic and sensing applications. 

    Next, the silicon layer was removed by mechanical polishing and subsequent wet etching. During the first step, 

the top Si layer was polished by applying a maximum pressure of approximately 170kPa to the Si/SiC/glass 

sample. The rotational speed was set at 40rpm and the Si removal rate was measured as 10 m/min with calcined 

aluminium oxide powder. Furthermore, a mixture of 3 3HF,HN0  and CH COOH with a ratio of 2:2:3 was 

employed to wet etch the remaining Si to form SiC on glass wafers, Figure 1(b). 

 

Figure 1. Fabrication process flow of SiC temperature sensors and heaters on a glass substrate, (a) Bonding of 

SiC/Si on glass; (b) Si removal to form SiC on glass; (c) Photoresist (PR) coating; (d) PR patterning; (e) Etching 

SiC; (f) Ni deposition; (g) Ni etching; (h) Photographic image of the SiC thermal sensor; (i) Scanning Electron 

Microscope (SEM) image of the SiC/glass thermal sensor; (j) Geometric sketch of the SiC thermal sensor 

    The bonding process is followed by coating the photo resist and photolithography, Figure 1(c). Then, the SiC 

layer was patterned using ICP plasma etching process, which employed hydrogen chloride and oxygen as the 

A
C
C
EPTED

 M
A

N
U

SC
R
IP

T



active gases, Figure1(d). The etching mask for SiC was a 1.2m thick AZ6612 photoresist with a etch rate of 

approximately 100nm/min, Figure 1(e). Next, nickel electrodes were deposited on the SiC/glass wafer by 

sputtering, Figure 1(f). The final step involved in patterning the Ni electrodes by removing the lift-off photoresist, 

Figure 1(g). Figure 1(h),1(i) and 1(j) depict the photographic image, SEM image and the geometrical sketch of 

the fabricated thermal sensor. Three different heater sizes were fabricated using the above fabrication process. 

The width(ws) of SiC temperature sensors and the distance between heater and sensors(dhs) is 10µm for all three 

configurations, Figure1(j). The thickness of the heater and the sensors measure 300nm. Table 1 lists the varying 

geometrical parameters of the three designs employed for flow characterization discussed subsequently. The 

sensor temperature-resistance dependency study was made on the largest heater of 1000µm 1000µm. As the 

width and length of the SiC heating film are equal (1000µm 1000µm), the sheet resistance (Rs=ρ/t) and the 

resistance are equal and calculated to be 258kΩ/sq. With a 300nm thick heating film, the electrical resistivity is 

calculated to be7.74Ωcm. Flow characterisation measurements were carried out on all three designs. 

Table 1. Overview of the fabricated thermal sensors for flow measurement 

 

 

     

 

2.2 Experimental set-up 

 Figure 2(a) illustrates the experimental setup for investigating the thermoresistive effect. Before conducting 

the actual measurements in the flow channel, the SiC heater and temperature sensors were characterized with this 

setup. The thermal properties of the SiC thin-film resistors were studied by placing them on a hot-plate (TD-330F 

model, Thermoline Scientific). During the heating phase, the temperature was established by the controller of the 

hot plate. The actual temperature was monitored by a thermocouple (resolution of 1 K, accuracy of 3%). With 

an equal interval of 15C, the resistance change of upstream and downstream sensors were measured using two 

ohmmeters (QM 1535) and the current flowing through the heater was measured using an ammeter for calculating 

the heating power. 

Configuration number 1 2 3  

Width of heater(µm) 100 300 1000 

Length of heater(µm) 100 300 1000 

Length of temperature sensor(µm) 100 300 1000 

Width of temperature sensor(µm) 10 10 10 

Distance between temperature sensor and 

heater(µm) 

10 10 10 
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Figure 2. Schematic of the experimental setup: (a) Thermoresistive thin film characterization; (b) Flow response 

characterization 

Figure 2(b) shows the experimental setup to demonstrate the flow sensing capability of our device. A  Polyvinyl 

Chloride (PVC) pipe with a length of 15cm and an inner diameter of 5cm was employed as a flow channel. An 

air blower (LB0115-002, Industrial Equipment and Control) was utilized to generate air flow ranging from 0.2 to 

9m/s at room temperature C)23(  , while a hot wire anemometer (Testo450i wireless smart probe) was used as a 

reference flow sensor. The device was mounted at one end of the pipe and the air blower was positioned at the 

other end. The reference flow sensor was placed near the device and the flow rate was monitored by a Bluetooth 

based smart device. The heater was supplied with a constant voltage. The resistance change of the upstream and 

downstream sensors were measured using two Ohmmeters (QM 1535) at various air flow velocities for the three 

devices with different heater sizes (Table 1). A number of resistance values were recorded in both the absence 

and the presence of air flow and the mean values were used to plot the relative resistance change of the sensor, 

presented in the next section.  

3. Results and discussions 

3.1 Thermoresistive thin film characterization 

      During the thermal energy excitation, the number of free charge carriers in single-crystalline n-type SiC 

material increases with increasing temperature. Therefore, this leads to a decrease in electrical resistivity of the 

material indicating the negative temperature coefficient of resistance (NTC). However, the electron and hole 

mobility of the material decreases with the rise of temperature due to scattering effect of lattice vibrations[38]. 

Figures 3(a) and 3(b) depict the variation of heater resistance and sensor resistance respectively with temperature.  
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Figure 3. Thermoresistive characteristics of 3C-SiC on glass for design 3 (a) Heater resistance as function of 

temperature; (b) Sensor resistance as function of temperature. Inset shows the experimental setup; (c) TCR as a 

function of temperature; (d) Temperature as measured by the sensor as function the applied heating power. Inset 

shows the values of sensor resistance as function of the voltage applied on the heater 

We observed that the resistance of heater and sensor significantly decreased by approximately 82% and 85% when 

the temperature increased from room temperature of 23C to 170C due to thermoresistive effect. During the 

cooling phase, the resistance of SiC on glass returned to its original value, thereby indicating a good 

reproducibility. The decrease in sensor and heater resistance at high temperatures indicate that the ionization of 

impurities dominate[36] ,leading to a higher carrier concentration. The temperature dependence of electrical 

resistance on n-type 3C-SiC can be characterised by the following expression: 

                                                             

1 1

T T
o

oR R e


 
 
 
                                                                        (1) 

Where oT and T denote thermodynamic temperature at the beginning and end of measurement, oR and R denote 

the resistance at temperature T and oT respectively.  is thermal index which is used to evaluate the sensitivity 

of thermoresistive effect as an alternative parameter to TCR. The relationship between  and TCR (α) is given 

by 

                                                              2
TCR

T

                                                                            (2) 

 Using equation (1), the thermal index  was evaluated to be 1839.7K which is comparable to the values reported 

in literature recently[39–41] The TCR(Figure.3c) of the transferred SiC film was estimated to range from -
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9367ppm/K (443K) to -20,716ppm/K (298K) which is comparatively higher than the metals[5][42], highly doped 

3C-SiC[43,44], graphite inks[45], pencil graphite[46], graphene[47] and carbon-nano tubes(CNT)[48] based 

materials reported in literature. Moreover, it indicates the occurrence of a huge thermoresistive effect primarily 

required for the development of highly sensitive flow sensors. We also conducted an experiment to study the 

relationship between the sensor resistance and heating power that will aid in the fluid flow characterization 

thereafter. We observed that the sensor resistance decreases by 42% when the heater is biased from 0 to 130V as 

shown in the inset of Fig.3d. The heating power could be estimated as follows: Ph=Vh
2/Rh, where Vh and Rh are 

the voltage applied on the heater and heater resistance respectively. Figure 3(d) shows the relationship between 

the heating power and temperature of the sensor interpreted from Fig.3b. It is noteworthy that due to reduced heat 

loss into the glass substrate, only a heating power on the order of milliwatt is required, demonstrating the potential 

use for low-power thermal sensing applications. 

3.2 Flow sensor Characterization 

     The configuration shown in figure 1(h) and (i) resemble calorimetric flow sensing. However, the working 

principle of our SiC/glass flow sensor is the same as that of conventional hot-film anemometer. That is, when a 

constant voltage is applied to the SiC heater, the temperature of heater increases as a result of Joule heating 

Phenomena[49,50]. As the air flow normal to the downstream temperature sensor increases, heat loss due to 

convection from the heater occurs along with the heat conduction to the glass substrate. However, the heat 

conduction is more dominant than the forced air convection, leading to decrease in temperature for both the 

sensing resistors. As the sensors exhibit the negative temperature coefficient of characteristics (NTC) shown in 

Fig.3C, the differential change in resistance follow an increasing trend. Figures 4(a), (b) and (c) shows the relative 

resistance change of the sensors with respect to heating power at a constant air flow velocity of 2.92m/s. As the 

heating power is geometry-dependent, each heater requires different heating power to show comparable resistance 

change during the flow. The relative resistance change is calculated as: 

                                                                  flow off- flow on

flow off

R RR
R R

                                                                     (3) 

where
off flowR and 

on flowR  represent the initial resistance prior to turning the air blower on and the resistance of a 

stable data shown on the Ohmmeter in the presence of the flow. The response of upstream (blue) and downstream 

(red) resistors are quite similar with a smaller increase in resistance change for downstream resistors for all 

configurations. This is due to the asymmetric temperature distribution around the heater. Due to forced convection, 

the downstream temperature is higher than the upstream temperature. For instance, the change in resistance 

accounts for 1.2%, 12% and 50% approximately for the designs 1, 2 and 3, respectively. 
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Figure 4. Performance of different heaters at constant air flow velocity of 2.92m/s when the air flow is 

perpendicular to temperature sensor, (a) 100µm  100µm; (b) 300µm  300µm; (c) 1000µm 100µm; (d) Thermal 

response time indicating the heating and cooling transition for one cycle to a heating power of 55.2mW for 300µm 

300µm heater. Inset shows the zoomed in response to calculate the thermal time constant. 

   Figure 4(d) shows the thermal response time(TTC), a key feature that presents the capability to respond 

instantaneously to change in external signals such as temperature, flow etc. Assuming a first order model to our 

SiC thermal sensor, the time response is represented as Rs(t)=Ro(1-e-t/τ), where Ro represents the initial sensor 

resistance and τ represents the thermal time constant. Experimentally, it is defined as the time needed for the 

amplitude of the sensor output to reach 63% (1-1/e) of the steady-state signal. The sensor resistance was recorded 

using an ohmmeter over a period of time until it reached the steady-state during the heating and cooling phases. 

From the inset of fig.4(d), the response time was estimated to be approximately 2s, which is comparable to that 

of other thermal flow sensors made on a less thermally conductive substrate[31]. This response of SiC on glass 

platform is quite slower than the response time of various MEMS thermal sensor platforms reported in the 

literature[51,52], where the response time is within the ms range, corresponding to a bandwidth of the kHz range. 

This is due to the large thermal mass of the glass substrate which supports the SiC heating and sensing elements. 

Scientifically, thermal mass refers to the thermal capacitance or the heating capacity. Theoretically, the time 

constant ( ) is expressed as Rth Cth, where Rth and Cth are the thermal resistance and thermal capacitance of the 

sensor. Thermal resistance can be calculated by th
LR

A   where L, A and  are the length, area of cross section 

and thermal conductivity of the material respectively. Thermal capacitance can be calculated by
thC V C    

where  , V and C represent the density, volume and heat capacity of the material. The high thermal capacitance 

of glass (8.37105J/Kg/K) in the above relationship mean slow response time. Therefore, a common strategy to 

achieve fast thermal response time is to scale down the thermoresistive elements or it is recommended to isolate 

the SiC material from the glass substrate by etching glass to make cavities prior to bonding of SiC on glass.  
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    Beside the thermal response time, the thermoresistive sensitivity is another important feature of thermal flow 

sensor. It is defined as the ratio of relative resistance change to temperature variation and can be evaluated by 

TCR. The temperature detection during the flow could be very easy if the TCR is higher for the sensor material 

and vice-versa. For example, the thermal sensors proposed in[53,54] offers low thermoresistive sensitivity and so 

sensing temperature changes is very difficult. As a result, the relative resistance change (∆R/R) is commonly 

converted into voltage (∆V) change by a Wheatstone bridge circuit and amplified thereafter to observe the flow 

response. However, the high TCR from the figure 3(c) strongly suggests that the relative resistance change (%) 

could be easily observed for our sensor. Accordingly, We have measured the change in upstream and downstream 

sensors resistance directly via Ohmmeter and the real-time signal using a 2450 source meter respectively. 

    The behaviour of the sensor can be evaluated by first calculating the Reynolds number of our set-up as this   

number indicates the flow regime. The Reynolds number for the pipe can be expressed as  

                                                                                  ReD=
DVf υ⁄                                                                         (4) 

where D is hydraulic diameter of the pipe is 0.05m, Vf the air flow velocity(m/s) and υ the kinematic viscosity of 

air is 15.1110-6m2/s at 20 °C respectively. Up to a Reynolds number of 2300, the flow in the pipe is laminar. For 

ReD>2300 the flow enters a turbulent regime and the transitional flow regime occurs between 0.69<Vf<0.79m/s 

for 2300< ReD<2600. According to equation (4), the threshold velocity where the laminar flow regime ends is 

0.69m/s and ReD is estimated to range approximately from 662 to 29,781for the flow range 0.2 to 9m/s. The high 

Reynolds number indicates that the flow passing the SiC on glass sensor was turbulent with velocity above 

0.78m/s. Characterization of the sensors at very low speeds is challenging because the air blower loses linearity 

at low flow speeds. The minimum detectable flow (MDF) velocity using our experimental set-up depends on 

various factors such as (i) the hydraulic diameter of the pipe, (ii) the size of the sensor chip, (iii) the size of the 

Printed Circuit Board (PCB) employed to wire bond the thermal sensor and (iv) the size of the PMMA plate to 

integrate the chip and PCB together. We utilized a 0.05m diameter pipe to mount the sensor chip due to the bigger 

sizes of PCB and PMMA respectively. The lower bound of the flow velocity that can be generated was about 

0.2m/s, below which speed fluctuations were observed. On the other hand, the upper limit of the flow velocity 

that can be readily generated was about 9m/s, above which the temperature of the air becomes hot causing 

instability. 

 

Figure 5. Real time sensor response for a heating power of 55.2 mW on 300µm300µm heater 

    Fig.5 shows the real-time response of the sensor measured for design 2 (300µm300µm) under a constant 

heating power of 55.2mW. It is evident that the relative resistance change (∆R/R) was observed to be 

approximately 14% during the flow (Vf=2.1m/s) due to the cooling effect. The flow ON time, the time required 

for the signal from hot to cold transition is calculated to be 55s. The flow OFF time, the time required for the signal 

from cold to hot transition is approximately 3 minutes and this longer time strongly demonstrates the influence of 

glass substrate. The sensor resistance increased initially during the cooling phase and returned to an initial value 

during the heating phase indicating a very good reversible characteristics for all the two cycles. 

    In Figures 6 to 8, the sensor output characteristics were plotted over the air flow velocity in the channel for the 

three designs shown in table 1. The goodness of fit was obtained by polynomial curve fitting of order 2 with a 

high degree of accuracy. The R-squared value of quadratic fitting in figure.7a(heating power=23.64mW) is equal 

to 0.987 implying the fit explains 98.7% of the total variation in the data about the average. On the other hand, 

increasing the number of fitted coefficients in our model increased the R-squared value although the fit may not 

improve in a practical sense. The performance of the thermal sensor could be evaluated based on three different 

factors: (i) the amount of change in sensor resistance (%) due to perpendicular air flow (ii) the sensitivity (s/m) 

and (iii) the total relative standard error (%). 
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Figure 6. Performance of 100µm  100µm heater with different supplied heating power when the air flow is 

perpendicular to temperature sensor, (a) upstream sensor; (b) downstream sensor. Inset of (a) shows the air flow 

direction and inset of (b) shows the zoomed in response under laminar flow regime.                                 

    We observed that higher heating power leads to larger change in relative resistance, and therefore higher 

sensitivity. For the smaller heater (100µm 100µm), the downstream sensor resistance is changed by 0.76% (Fig. 

6(a)), while the larger heater (1000µm 1000µm) contributes to a huge change of 58.36% (Figure 8(a)) over a full 

range of flow. The characteristics of upstream sensor is similar to the downstream sensor despite a smaller 

resistance change. For instance, the resistance change reduces to 0.53% for the design 1 (Figure 6(b)) and 53.22% 

for the design 3 (Figure 8(b)). Figures 7(a) and 7(b) show the downstream and upstream characteristics of design 
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2(300µm  300µm) for the three heating power values. The flow induced downstream and upstream sensors shows 

a resistance change of 18.6% and 15.48% for a power of 55.2mW. The inset of Figure(6b-8b) shows the sensor 

characteristics in laminar flow regime. It is noteworthy that the heat losses in the laminar flow region is less and 

it increases as the flow regime shifts to transitional and turbulent.  

 

Figure 7. Performance of 300µm300µm heater with different supplied heating power when the air flow is 

perpendicular to temperature sensor, (a) upstream sensor; (b) downstream sensor. Inset of (a) shows the air flow 

direction and inset of (b) shows the zoomed in response under laminar flow regime. 
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Table 2. Performance comparison of our hot film air flow sensor with literature 

Heating/sensing 

material 

Substrate 

material 

TCR at (K-1) Relative 

Resistance 

change(∆R/R) in% 

Sensitivity  References 

Platinum alumina - 22.08 0.029(s/m) [55] 

Polysilicon silicon 1100ppm at 100C - 5mV(ms-1)-0.5 [56] 

Platinum silicon 2490ppm at 25C - - [57] 

Carbon Nano 

tube(CNT) 

paper -750ppm at 25C 0.8 <0.0016(s/m) [58] 

Graphite paper - 2.5 0.0062(s/m) [59] 

Graphite paper -2900ppm at 25C 3.25 0.0081(s/m) [46] 

3C-SiC glass -20716ppm at 25C 58.36 0.091 This work 

 

    The sensitivity due to flow is defined as the slope of the output (relative resistance change) characteristics and 

can be represented mathematically as follows: 

                                                       

flow off- flow on

flow off

f f

R R
R

RRS
V V

 
   

    
   
   

 

                                                       (5) 

where 
fV represents the flow velocity in m/s. The sensitivity of different configurations shown in table 3 were 

calculated for the turbulent flow regime (Region3 in fig. 6-8) and indicates that downstream sensor is more 

sensitive than upstream sensor. For instance, the downstream sensor of design 3 (1000µm 1000µm) (Figure 8(a)) 

has the highest sensitivity (0.091 s/m), whereas the sensitivity of design 1 (100µm 100µm) contributes to a mere 

7.3210-4s/m ((Figure 6(a)).  Despite the lower sensitivity, the characteristics of the upstream sensor is similar to 

the downstream sensor. For example, the sensitivity reduces to 6.4010-4s/m (Figure 6(b)) for the design 1 and 

0.079 for the design 3 (Figure 8(b). Figures 7(a) and 7(b) show the sensitivity performances of design 2 (300µm 

300µm) at three applied heating power. The flow induced downstream and upstream sensors show a sensitivity 

of 0.027s/m and 0.023s/m for a maximum power of 55.20mW. The performance of our SiC hot-film flow sensor 

is compared with the other hot-film flow sensors based on the relative resistance change(%), TCR and 

sensitivity(s/m) as shown in table 2.It is to be noted that the comparison was drawn only for air flow sensors which 

measure sensitivity in s/m. Being a simple, highly sensitive and low power in consumption, our sensor can be 

employed in various thermal flow sensing applications. 
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Table 3.Performance comparison of the three flow sensor designs under investigation 

Heater configuration  100μm 100μm  300μm 300μm  1000μm 1000μm  

Sensing resistor Downstream sensor Downstream sensor Downstream sensor 

Heating power(mW) P=5.22mW P=7.98mW P=13.03mW P=23.64mW P=33.98mW P=55.20mW P=24.96mW P=75.47mW P=133.50mW 

Relative change in 

sensor resistance (%) 

0.76 1.3 2.22 4.35 7.65 18.6 5.32 26.35 58.36 

Sensitivity(s/m) 47.32 10  32.015 10  33.32 10  36.93 10  0.0116 0.027 37.125 10  0.039 0.091 

Total relative standard 

error (%) 

0.015 0.026 0.030 0.089 0.272 0.457 0.092 0.291 0.528 

Sensing resistor Upstream sensor Upstream sensor Upstream sensor 

Heating power(mW) P=5.22mW P=7.98mW P=13.03mW P=23.64mW P=33.98mW P=55.20mW P=24.96mW P=75.47mW P=133.50mW 

Relative change in 

sensor resistance (%) 

0.53 1.01 1.72 3.78 6.8 15.48 3.61 24.7 53.22 

Sensitivity(s/m) 46.40 10  31.36 10  32.65 10  35.29 10  39.98 10  0.023 35.86 10  0.031 0.079 

Total relative standard 

error (%) 

0.013 0.025 0.027 0.059 0.201 0.334 0.090 0.290 0.410 
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Figure 8. Performance of 1000µm   1000µm heater with different supplied heating power when the air flow is 

perpendicular to temperature sensor, (a) upstream sensor; (b) downstream sensor. Inset of (a) shows the air flow 

direction and inset of (b) shows the zoomed in response under laminar flow regime.  

    Finally, the measurement uncertainty (total relative standard error) was calculated to illustrate the errors in the 

flow measurement. The total relative standard error (TRSE) is expressed as the sum of relative standard error in 
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the absence of the flow and the relative standard error in the presence of the flow. The error bars illustrated in 

Figures 6 to 8 are too small to be clearly depicted. Table 3 summarizes the aforementioned parameters discussed 

in this section. We observed that the error percentage tends to increase with the applied heating power and the 

geometry of the heater respectively. 

 

Figure 9. Performance of 1000µm   1000µm heater at different applied heating power when the air flow is 

perpendicular to heater, (a) upstream sensor; (b) downstream sensor. Insets of (a) and (b) show the schematic of 

flow direction perpendicular to sensor and heater and compare their respective output characteristics. 
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    Another interesting experiment was conducted to study the influence of flow direction in a thermal sensor. 

Figure 9(a) and 9(b) shows that the sensor response is less affected by the flow orientation, either perpendicular 

flow towards the heater or the temperature sensor. That is, the characteristics and the performance of the 

downstream sensor is better than the upstream sensor as discussed above. However the flow-sensitivity of the 

sensor is slightly reduced if the flow is perpendicular to the heater. The inset in Figure 9(a) illustrates that air flow 

normal to the downstream sensor is more sensitive (0.091s/m) than air flow normal to the heater                              

(0.083s/m) in turbulent regime.  In a similar way, inset of Figure 9(b) illustrates that air flow normal to upstream 

sensor is more sensitive (0.079s/m) than air flow normal to the heater (0.072s/m) for a heating power of 133.5mW 

(blue legend). These results indicate that our flow sensor performs as a hot-film thermal sensor and is relatively 

independent to flow orientation. 

4. Conclusions and future work 

    We developed a simple and highly sensitive thermal flow sensor for air with 3C-SiC on glass as heating and 

sensing elements. This SiC layer was transferred to the glass substrate by anodic bonding. The temperature 

coefficient of resistance (TCR) test showed that n-type SiC exhibits a negative TCR of approximately                               

-20,716ppm/K. The results presented herein, demonstrate that the sensor respond well to air flow over a full range 

of 0.2 to 9m/s , and requires only several milliwatts to operate. The sensor combines the advantages of small size, 

low power consumption, high sensitivity and wide dynamic range of flow upto an operating temperature of 170C. 

Therefore, we believe that SiC on glass system could potentially meet the demands for low-power and highly 

sensitive thermal sensors. Future work will involve the fabrication and characterization of suspended SiC thermal 

structures from the glass substrate which will improve the response time of our flow sensors.Efforts will also be 

made to develop flow sensors capable of performing in high temperature environments of around and above 

500C. 
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