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Abstract: The aim of this work is to study how performance of thermal flow sensors depends on variation of specific 
geometrical parameters. Self-developed 1D analytical model was applied at a MEMS sensor based on Seebeck effect. The 
main elements of the analysed structure are: p+Si/Al thermocouples, p+Si heater, thermally and electrically isolating 
membrane and residual n-Si layer in membrane area. Two thermopiles consisting of N thermocouples are placed 
symmetrically at both sides of the heater. In this type of flow sensor output signal is obtained as a difference between the 
Seebeck voltages generated at the downstream and upstream thermopile.  It was assumed that sensor is placed in the 
constant air flow. Several parameters of interest were calculated including flow induced temperature difference established 
between the downstream and upstream thermopile, output voltage and sensitivity. Simulations were performed in order to 
analyse dependence of these parameters on residual n-Si layer thickness (dnSi), distance between the hot thermopile 
junctions and the heater (Δl) and thermocouple width (wTP) and length (lTP). Simulation results show that sensitivity of the 
thermal flow sensor is improving with increasing Δl and lTP. On the other hand, performance of the sensor will also increase 
if dnSi or wTP are decreasing. 
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1. INTRODUCTION 

Operation of thermopile based MEMS sensors relies on 
Seebeck effect which represents transformation of 
temperature difference to voltage. Therefore, they belong to 
thermal type of sensors. One of the main advantages of 
thermopile based sensors is versatility of applications [1, 2]  
such as: vacuum sensors [3-6], gas type sensors [7-9], 
thermal converters [5,10], IC detectors [11], accelerometers 
[12], flow sensors [5,13-15]. 

For the purposes of studying performance of multipurpose 
thermopile sensors developed at ICTM, analytical model 
was developed. The aim of this work is to implement self-
developed 1D analytical model to study how performance of 
thermal flow sensors depends on variation of specific 
geometrical parameters. 

The first part of the paper describes geometry, basic 
elements and principle of operation of ICTM thermal flow 
sensor. The second part of the paper gives an overview of 
analytical model and general expressions for the main 
parameters of a thermal flow sensor. Next, simulation 
results are presented followed by discussion.  

2. BASIC ELEMENTS AND PRINCIPLE OF 
OPERATION OF THERMAL FLOW 
SENSOR 

Basic elements of studied thermal flow sensor are shown in 
Picture 1. A p+Si heater is in the central part of the chip, 
while there are two thermopiles each consisting of 30 
p+Si/Al thermocouples placed laterally from the heater. All 
these elements lay on thermally isolating membrane which 
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is formed using bulk micromachining and a special post-
etching technique [5]. The membrane consists of sputtered 
SiO2 of fixed thickness (1 μm) and residual n-Si layer with 
variable thickness. 

 

Picture 1. Photograph of a flow sensor chip with p+Si 
heater and two thermopiles consisting of p+Si/Al 

thermocouples. 

Picture 2 illustrates principle of operation of a thermopile-
based flow sensor. When the sensor is not in the fluid flow, 
temperature profile established on the chip due to the power 
generated at the heater is symmetrical. Operation of thermal 
flow sensor is based on thermal interaction between the 
moving fluid and the sensor. Fluid flow is reflected in 
asymmetry of the temperature profile ΔTf(uf). This 
asymmetry is caused by increase of the Seebeck voltage of 
the downstream thermopile and decrease of the Seebeck 
voltage of the upstream thermopile. 

 

Picture 2. Principle of operation of thermopile-based 
flow sensor: due to fluid flow temperature profile 

becomes asymmetrical while simultaneously Seebeck 
voltage of the “upstream” thermopile drops while that of 

the “downstream” rises. 

3. OVERVIEW OF ANALYTICAL MODEL AND 
BASIC PARAMETERS OF A THERMAL 
FLOW SENSOR  

General analytical model for multipurpose thermal sensors 
was presented in [5]. Based on this core model, specific 
models were developed depending on sensor’s application: 
flow sensor [15], vacuum sensor [4, 6], gas sensor [7-9]. 
Since details on analytical modelling of thermal flow 
sensors are given in detail in [15], only overview of the 
expressions for the parameters of interest will be given here. 

Crucial parameter for thermopile-based sensors is 
temperature difference established between hot and cold 
thermocouple junctions, ΔT, which, in general, depends on 
ambient temperature and pressure and the power developed 
at the heater. We will assume that all these parameters are 
constant. The sensor is placed at fixed room temperature 
and atmospheric pressure, while the power generated at the 
p+Si heater is kept constant. On the other hand, temperature 
difference depends on various geometrical parameters like: 
1) residual nSi thickness, dnSi, 2) distance between the heater 
and the hot thermopile junctions, Δl, 3) thermocouple width, 
wTP, 4) thermocouple length, lTP.  

As explained previously, in thermal flow sensors, „basic“ 
parameter is flow induced temperature difference, ΔTf, 
which is established between the hot junctions of the 
downstream and upstream thermopile 

 
( , , , )

( , , , )
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f nSi TP TP
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Δ Δ =
−  (1) 

Specific parameters of thermal flow sensors can be deduced 
based on flow induced temperature difference. As explained 
before, the output signal of this type of flow sensors is 
obtained as difference between Seebeck voltages established 
at the downstream and upstream thermopile. Assuming that 
one thermopile consists of N thermocouples with Seebeck 
coefficient α, output voltage can be written as 

 ( , , , ) ( , , , )nSi TP TP f nSi TP TPU d l w l N T d l w lαΔ Δ = Δ Δ  (2) 

Absolute sensitivity of thermal flow sensor, S, is calculated 
as ratio of the output voltage and square root of fluid flow 
velocity, uf 

 
f

US
u
Δ= . (3) 

Another important parameter is normalized sensitivity, 
Snorm, which is obtained when absolute sensitivity is divided 
by power generated at the heater, P 

 norm
f

S US P P u
Δ= = . (4) 

 reflects also in the Seebeck voltages generated at the 
thermopiles leading to this expression: 

 ( , , , ) ( , , , )nSi TP TP nSi TP TPU d l w l N T d l w lαΔ = Δ Δ  (5) 
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4. SIMULATION RESULTS 

As mentioned before, simulations were performed under 
assumption that the sensor is placed at fixed room 
temperature and at atmospheric pressure. The power 
generated at the p+Si heater is also kept constant and it 
equals 95 mW. All calculations were done for sensor placed 
in laminar air flow velocity is 5 m/s. 

Pictures 3 and 4 show results obtained for thermal sensor 
with wp+Si = 60 μm and wAl = 40 μm. Basic sensor's 
parameters were calculated as a function of residual nSi 
thickness, dnSi, and the distance between the heater and the 
hot thermopile junctions, Δl. 

 
a) 

 
b) 

 
c) 

Picture 3. Simulation results obtained for thermal sensor 
with wp+Si = 60 μm and wAl = 40 μm. Following 

parameters were calculated as a function of residual nSi 
thickness, dnSi, and the distance between the heater and 

the hot thermopile junctions, Δl: a) Temperature 
difference established between downstream and upstream 
thermopile, b) Voltage difference between downstream 

and upstream thermopile, c) Flow sensor sensitivity. 

 

a) 

 

b) 

Picture 4. Normalized sensitivity of the thermal flow 
sensor (wp+Si = 60 μm, wAl = 40 μm, ) as a function of the 
residual nSi thickness, dnSi, and the distance between the 

heater and the hot thermopile junctions, Δl, for t wo 
regions: a) dnSi < 5 μm  and b) dnSi = (5 - 10) μm.  

The next set of simulations considered influence of variation 
of thermocouple width on sensor’s performance. For these 
calculations it was assumed that p+Si and Al stripes forming 
the thermocouples have equal width, wp+Si = wAl, soin that 
case thermocouple width is denoted by wTP. It was assumed 
that the residual nSi thickness is dnSi = 5 μm. 

 

a) 
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b) 

 

c) 

Picture 5. Temperature difference between downstream 
and upstream thermopile (a), Voltage difference between 
downstream and upstream thermopile (b) and Flow sensor 

sensitivity (c) as functions of thermocouple width, 
wTP (= wp+Si = wAl), and the distance between the heater 
and the hot thermopile junctions, Δl. It was assumed that 

the residual nSi thickness is dnSi = 5 μm. 

Picture 5 shows dependences of temperature difference 
between downstream and upstream thermopile, voltage 
difference between downstream and upstream thermopile 
and flow sensor sensitivity as functions of thermocouple 
width, wTP, and the distance between the heater and the hot 
thermopile junctions, Δl. 

 

a) 

 

b) 

 
c) 

Picture 6. Temperature difference between downstream 
and upstream thermopile (a), Voltage difference between 
downstream and upstream thermopile (b) and Flow sensor 

sensitivity (c) as functions of thermocouple width, 
wTP (= wp+Si = wAl), and thermocouple length, lTP.  Δl. It 

was assumed that the residual nSi thickness is dnSi = 5 μm 
and that distance between the heater and the hot 

thermopile junctions is Δl = 20 μm. 

On the other hand, in Picture 6 graphs show the same 
parameters calculated when apart from the width of 
thermocouples, their length, lTP, is also changing. It was 
assumed that  the distance between the heater and the hot 
thermopile junctions is kept constant, Δl = 20 μm.  

5. CONCLUSION 

Self-developed analytical model was applied for 
examination of influence of variation of the chosen 
geometrical parameters on performance of thermopile-based 
flow sensor. Output signal of thermal flow sensor was 
obtained as a difference between the Seebeck voltages 
generated at the downstream and upstream thermopile.  It 
was assumed that sensor is placed in the constant air flow. 
Several parameters of interest were calculated including 
flow induced temperature difference established between 
the downstream and upstream thermopile, output voltage 
and sensitivity. Simulation results showed that sensitivity of 
the thermal flow sensor is improving when the distance 
between the hot thermopile junctions and the heater, Δl, or 
the length of the thermocouples, lTP, is increasing. Similar 
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benefit is observed when residual nSi thickness, dnSi, or 
thermocouple width, wTP, is decreasing. These results are 
very important for design of structure optimized for flow 
sensor application. 
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