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Abstract— Microheaters have evolved to become a key 

component of devices in a wide range of applications, many of 

which require a thermal profile with good uniformity. To this 

end, it is critical not only to select an appropriate device 

geometry but also to have reliable tools to assess the uniformity 

in the microscale. This paper presents a collection of novel 

sensors to experimentally extract the mean temperature in 

various regions of the micro-hotplate with high accuracy, 

offering an innovative alternative to other uniformity 

measurement tools that are often not available or not sufficiently 

precise. The studies are articulated around a series of meander-

based microheaters, for which the temperature versus voltage 

profile, response time, power consumption and uniformity are 

studied. In this way, insight into the influence of different 

geometrical parameters (i.e. line arrangement, scaling, linewidth 

and line spacing) is provided. Finite Element Method simulations 

are performed based on certain assumptions and boundary 

conditions and exhibit strong concordance with our experimental 

data, thus we demonstrated that the sensors serve as a tool to 

validate the representativeness of a model.   

 
Index Terms— Microheater uniformity, microheater design,  

meander, temperature sensors, Finite Element Method simulations. 

I. INTRODUCTION 

INIATURIZED heating devices are becoming increasingly 

popular as they can play a pivotal role in a wide number 

of applications [1], [2], [3], with special interest being placed 

in the development of bendable microheaters [2], [4], [5], [6]. 

Compared with their bulk counterparts, microheaters benefit 

from greater portability, lower power consumption, a wider 

temperature range, faster response time, and reduced costs. 

The properties of micro-hotplates are highly dependent on 

factors such as selected materials, design, substrate, heater 

configuration (closed, partially closed, or suspended 

membrane), and processing techniques [7], [8]. Among these 

factors, the micro hotplate design has a major impact on the 

thermal profile, response time and power consumption.  
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For applications in which high uniformity is required, is 

essential not only to select a suitable microheater geometry but 

also to have appropriate methods to reliably extract the 

thermal profile. As a tool for predicting and optimizing heater 

characteristics, accurate analytical models have been 

developed [9]. Yet, the undeniable superiority of Finite 

Element Method (FEM) simulations in terms of accuracy has 

made this methodology to be particularly popular in this field 

[4], [5], [6], [10], [11], [12], [13], [14], [15], [16], [17], [18], 

[19]. To obtain reliable simulations, it is necessary to achieve 

precise knowledge of the system with respect to the heat 

propagation mechanisms (convection, conduction, and 

radiation). Ideally, these parameters should not be taken from 

literature or previous work since experimental conditions may 

vary, however, their experimental extraction is not simple. As 

a result, common practices consist of assumptions [8], [20], 

which may lead to inaccurate simulations. Thus, to fully 

confirm the veracity of a simulation for a given system, its 

subsequent experimental evaluation is of utmost importance, 

as observed in the literature [5]. 

 

To experimentally extract the temperature profile at the 

micro-scale with high accuracy and resolution, non-contact 

techniques such as Raman thermometry and electron energy 

loss spectroscopy are used, but their availability in the lab is 

often limited [21]. Alternatively, infrared cameras are 

commonly used as non-contact method, but they can show 

strong dependencies on material emissivity and insufficiencies 

in precision [21], [22]. In contrast, contact methods for 

temperature measurement consist of thermistors, thermodiodes 

and thermocouples. Interestingly, microheaters and 

thermistors are closely related: similar structures can be used 

as heat sources or as resistance-based temperature sensors 

[22], [23], [24], [25]. This attractive phenomenon can be 

exploited to measure the temperature of a microheater. In the 

work of Lu et al., a meander-shaped Pt sensor is introduced on 

top of a microheater to measure its average temperature [11]. 

In addition, it has been shown that the operation mode of a 

given structure can be switched between a microheater and a 

temperature sensor [26]. Although these contact methods 

provide useful information, they are mainly used to ascertain 

average temperatures and not yet as a methodology to obtain 

information on how the temperature is distributed spatially, 

i.e. the microheater uniformity.   

 

Regarding microheater design selection, novel structures 

with a certain degree of complexity have been studied [10], 

[11], however, it is common for researchers to select simpler 

structures that are easier to fabricate, consisting of meanders 
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and spirals [12], [13], [27]. The performance and 

characteristics of microheaters with different structures have 

been widely compared in the literature [14], [15], [16], [17], 

[18], [28]. Nonetheless, the conclusions drawn by these 

comparisons must be considered with caution as these devices 

often possess different dimensions, a distinct width or spacing 

of the heating lines, or other variations that make the contrast 

not straightforward. Little work has been done to understand 

how different geometric parameters influence the 

characteristics of a heater with a given structure. Gayake et al. 

studied the variation of the width and the spacing in the heater, 

but at the expense of modifying the size accordingly [16]. In 

this regard, Paun et al. compared two equivalent meanders 

with distinct widths only by simulations [19]. Therefore, there 

is still a need to develop more comprehensive and systematic 

studies in which the different geometric parameters (size, 

arrangement, spacing, and width) are studied in a more 

independent manner.  

 

The aim of this paper is to demonstrate novel temperature 

sensors that will give insight into the experimental uniformity 

of micro hotplates. Contrary to the current trends in the 

literature where the average temperature of the whole active 

area is measured, we propose using a set of resistive-based 

sensors that will allow us to accurately measure the average 

temperature of more discrete regions. As one of the main 

sources of thermal inhomogeneity is the thermal loss in the 

heater periphery, we propose to design the sensors as such to 

measure the average temperature of regions which a selected 

distance from the microheater sides. Sensors are placed on the 

heater surface (on-top sensors) which will provide 

experimental insight into the microheater uniformity. 

Furthermore, the experimental data obtained by these sensors 

is used to validate the representativeness of the performed 

FEM simulations. For this purpose, we additionally propose 

the use of spaced sensors in regions around the heater (in-

plane sensors), which will allow us to verify the surrounding 

temperature [29], [30]. Therefore, in-plane sensors will serve 

as a complementary tool to scrutinize the assumptions made in 

the FEM model, more specifically, those related to heat 

conduction along the insulator. Our studies are built around a 

series of meander-like micro hotplates, an architecture that 

leads to devices with high performance yet making use of a 

simple design. Aiming to provide a more thorough insight into 

the influence of the geometrical parameters, a series of heaters 

were judiciously designed and fabricated with A) equivalent 

resistance and variable line arrangement, B) equivalent 

resistance and variable scaling, C) equivalent area and variable 

line spacing, and D) equivalent area and variable line width.  

Notably, by employing series C) and D) we study the 

influence of linewidth or line spacing decoupled from size 

effects, an approach that has not been found yet in the 

literature. Platinum is chosen as a heating/sensing material due 

to its widely known ideal characteristics [7], whereas 

polyimide (PI) will act as an insulator so as to enable flexible 

applications and as a result of its low thermal conductivity, 

and stability [5], [7]. 

II. FABRICATION AND METHODS 

A. Fabrication 

A schematic of the final device stack is shown in Fig. 1a, 

which was fabricated as follows. On a 6-inch glass wafer, a 

~15 µm film of PI (PI2611, HD Microsystems) was obtained 

by spin coating at 750 rpm and curing the film at a 

temperature up to 350 ºC. Subsequently, a 100 nm thick 

sputtered platinum film was patterned by a lift-off technique to 

form the microheater structures and on-plane sensors. Next, 

photo-patternable PI (HD4100, HD Microsystems) was spin 

coated at 3000 rpm, exposed, and cured at 270 ºC. This 

allowed us to obtain a 5 µm film with open vias for direct 

contact with the heater structures, without using contact 

electrodes. Finally, the sensors on top of the heater structure 

were fabricated through the deposition and lift-off of 100 nm 

thick sputtered platinum. We found good adhesion of the 

platinum layers to both types of PI films, so no adhesion 

promoters were required. 

 

 
Fig. 1.  (a) Cross-sectional view of the microheaters. (b) Top 

view of a reference microheater with W the width of the 

heating line, S the spacing between lines, x the central point of 

the device, and d the distance between x and heater edge in the 

x-direction. The device’s active area is marked as a red square. 

(c) Experimental set-up. Measurements are performed in a 

temperature-modulated chuck maintained at 25 ºC. (d) 

Measurement layout for the extraction of microheater 

characteristics using 4-probe method. (e) Layout for sensor-

related experiments using the 4-probe method. This set-up 

applies to both on-top and in-plane sensors. 

 

B. Experimental measurements 

B.1 Microheater measurements  

The resistance of Pt increases linearly with the temperature 

[7], following the equation 

 

R = Rref [1+α (T-Tref )] (1) 

 

where Rref is the reference resistance at a reference 

temperature Tref, R is the resistance at a given temperature T, 

and α is the Temperature Coefficient of Resistance (TCR). 

Hence, by measuring the resistance, R, of the heaters, their 
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average temperature can be easily calculated if the rest of the 

parameters are known. To experimentally extract α, the 

resistance was measured by applying a small current of 1 mA, 

which ensures that no self-heating (Joule heating) occurs.  

Using a probe station with a temperature-modulated chuck 

(FormFactor’s Cascade PA300), we recorded the different 

resistances at temperatures ranging from 15 to 150 ºC. To 

obtain reliable measurements is critical to use the 4-point 

probe method to eliminate the influence of contact resistance 

(see Fig. 1d). We measured different devices, finding α = 

0.0025 ± 0.0001 ºC-1. With this information we can relate the 

measured resistance of the heater to its temperature at different 

applied voltages (temperature vs voltage profile). Because of 

limitations coming from the PI, the upper-temperature limit is 

set at 250 ºC. The response time of the devices was obtained 

by measuring the resistance as a function of time at 10 ms 

intervals. Typically, the resistance increases rapidly in the first 

milliseconds of the measurement until reaching a stable and 

constant saturation point, or steady state. The power per active 

area, sometimes named power density [5], is calculated at the 

saturation point by dividing the product of voltage and current 

by the active area of the heater. We consider the response time 

as the time required to reach 97% of the saturation 

temperature. It is important to note that all microheater 

characterization measurements were performed in a closed 

probe station equipped with a temperature-modulated chuck 

This chuck is maintained at 25 ºC, which we take as 

temperature of reference (see Fig. 1c). To obtain the 

measurement errors, a minimum of three different devices are 

evaluated. 

 

B.2 Sensor measurements 

Comparable to microheaters, the sensor readouts are based 

on resistance measurements and follow (1). Using the 

previously described method, TCR was calculated to be α = 

0.0025 ± 0.0001 ºC-1 for in-plane sensors, and α = 0.0021 ± 

0.0001 ºC-1 for the on-top sensors. This difference in the value 

corresponds to the fact that the devices are in distinct 

surroundings, and variables such as the PI roughness play a 

role. Due to limitations of number of available probes, the 4-

probe method was now limited to merely the sensors, 

assuming that the microheater characteristics are well known 

from the previous section. For the scope of this proof-of-

concept, thermal sensors are set to measure the temperature in 

the steady state, however, transient studies could also be 

considered. Fig. 1e shows the measurement layout, which can 

be used for both types of thermal sensors (i.e. on-top and in-

plane). Firstly, the reference resistance of each sensor is 

obtained by applying a low current of 0.5mA, ensuring no 

Joule heating in the sensor. Then, the microheater is turned on 

by supplying the desired current and subsequently, the 

resistance of the thermal sensor is again recorded. Typically, 

the resistance (and hence the temperature) of the both on-top 

and in-plane sensor are maintained throughout the time, thus 

confirming that we have reached a steady state.  

 

Several replicas for a given microheater are fabricated 

within the same wafer, each of them provided with a certain 

heat sensor. A minimum of three replicas of a given sensor are 

evaluated to calculate measurement deviation. Heat sensors 

have a width of 10 µm, and they are placed either in the plane 

with the heater or on top of the heater covering a region which 

is equidistant from the active area edges, as represented in Fig. 

2. On-top sensors (Fig. 2a and Fig. 2c) are always placed at 

100, 150, and 225 µm in the x and y direction from the 

hotplate center for the groups of heaters with similar areas 

(Series C, and D). However, to be able to compare the samples 

in Series A, and B due to their variable dimension, the position 

of on-top sensors is set to be at the distances d and d/2 from 

the heater center. In-plane sensors (Fig. 2b and Fig. 2d) are 

always placed at 50, 100, 150, 200, and 250 µm from the 

active area edges independently of the design. For our study, 

we assume that the influence of the sensors on the microheater 

is negligible.  

 

 
Fig. 2. Layout and microscope images of the reference 

microheater and associated sensors. (a) Layout of the smallest 

(100 µm) and largest (225 µm) on-top sensor, represented in 

blue on top of the microheater. (b) Layout of the smallest (50 

µm) and largest (250 µm) in-plane sensor, represented with 

the same color as the microheater. (c) Microscope image of 

the smallest on-top sensor. (d) Microscope image of the 

smallest in-plane sensor.   

 

C. Simulation model 

FEM simulations were performed using COMSOL 

Multiphysics software, with the electromagnetic heating (Joule 

Heating) Multiphysics module. The total area under study was 

limited to an area of 0.5 cm2, in the center of which the 

microheater is located. The thickness of the modelled 

materials corresponds to the experimental values (see Section 

II.A). Most of the material’s physical parameters were taken 

from the COMSOL material library (Table I). In the case of 

the platinum, we provided the values of reference resistivity 

(ρ0 =1.9E-7 Ωm) at a reference temperature (298 K), and the 

resistivity temperature coefficient (α = 0.0025 ºC-1), which 

were obtained experimentally. 

 

The electromagnetic heating Multiphysics module couples 

the electric currents and heat transfer in solids modules, 

governed by the following equations:  
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ρ Cp 
∂T

∂t
-∇ (k∇T) = Q

e 
 (2) 

 
Q

e 
= J E (3)

 

where ρ accounts for density, Cp for specific heat, T is absolute 

temperature, k is the thermal conductivity of the medium, Qe 

represents the resistive losses, J is the current density and E is 

the electric field. For the case of the electrical currents, we use 

a linearized resistivity model, in which the conductivity σ 

varies in function of the temperature.  

 
J = σ E (4)

 

σ = 
1

ρ0 [ 1+α (T-Tref )]
(5)

 

In the case of heating and for the top surface, we are 

considering a convective heat flux (6) and surface-to ambient 

radiation (7).  
-n q = h (Tamb-T) (6)

 

-n q = ε 𝜎𝑠𝑏 (Tamb
4 -T4) (7) 

Where n is the normal vector, q is conductive heat flux 

vector, h is the heat transfer coefficient, Tamb, the ambient 

temperature, ε is emissivity and 𝜎𝑠𝑏 is the Stefan-Boltzmann 

constant. Due to the low emissivity of platinum, we only 

consider the polyimide emissivity with ε = 0.75, and we 

assume natural free convection with h = 10 W/(m2 K). As 

boundary conditions the ambient temperature, initial 

temperature, and temperature of the rest of the surfaces in the 

model are considered to have a value of 298 K. For these 

simulations a tetrahedral mesh is built.  

III. RESULTS AND DISCUSSION 

A. Microheater thermal characteristics 

Four different series of heaters were designed and fabricated, 

divided into two main groups. The first group includes sets of 

devices with equivalent resistance (Series A, and B). The 

resistance can be defined as the following: 

 

 R= Rs 

W

L
(8) 

where Rs is the sheet resistance, used commonly to compare 

the resistance of thin films with the same thickness; and W/L is 

the ratio of width versus length, which is widely known as 

number of squares. The total length L, of the device is 

calculated by summing the lengths of its constituent metallic 

lines in the active area. Since the heaters and sensors in this 

paper are made of the same material and thickness, they have 

comparable 𝑅𝑠. Consequently, micro-hotplates with equivalent 

resistance can be obtained by meticulously selecting geometric 

parameters that lead to the same W/L ratio, regardless of 

device size or arrangement. This group of devices allows to 

study the influence of number of lines (Series A) and scaling 

(Series B) on the thermal characteristics of the devices. The 

second group consists of microheaters with comparable active 

areas (Series C, and D). The purpose of this group is to study 

the influence of the spacing (Series C) and the width of the 

heating lines (Series D). The geometric parameters used for 

the design of each microheater are summarized in Table II. As 

reference structure, we have chosen a sample with 8 heating 

lines, 450 µm side size, 30 µm linewidth, and 30 µm line 

spacing, which is included in each of the microheater sets. 

Besides, we define d as the distance from the hotplate centre 

to the edge in the x-direction (see Fig. 1). This parameter, 

which is also included in Table II, will serve especially of use 

in the discussion of the simulations results.   

 

A.1 Influence of arrangement: Number of lines 

The characteristics of the Series A of heaters (equivalent 

resistance and variable number of lines) are compared and 

shown in Fig. 3. The set of devices is composed of structures 

with 6, 8, 10, 12 and 20 lines, whose designs are shown in Fig. 

3a. Note that all geometries possess a different aspect ratio, 

which is defined by the ratio between heater’s side size in the 

x-direction to the side size in the y-direction. The temperature 

versus voltage profile of these devices (Fig. 3b) can be fitted 

to a quadratic curve, coming from the fact that the device 

temperature (T) increases proportionally with the dissipated 

electrical power (P), which is the product of voltage (V) and 

current (I); and considering Ohm’s law: 

 

T ∝ P=I V=
V2

R
 =I2 R (9) 

 

The temperature of equilibrium is reached when the system 

is in a steady state in which all heat contributions are 

balanced: the resistive heat produced by the heater equals the 

heat dissipated by convection, conduction, and radiation, 

whereas no more heat is consumed to raise the temperature. 

The time it takes for this process to be satisfied is faster at 

lower temperatures as is closer to the initial state (see Fig. 3c). 

However, at higher temperatures the response time becomes 

rather independent. This could be attributed to a more 

significant transient heat consumption, which is the 

responsible to raise the device temperature, with respect to the 

transient heat dissipation. The power consumption per active 

area, calculated in  the  steady  state  point,  increases  linearly 

with the temperature following (9) and is shown in Fig. 3d. 

 

 

 

TABLE I 

MATERIALS PROPERTIES AT COMSOL LIBRARY 

Material properties Polyimide Platinum Glass 

Heat capacity, J/ (Kg K) 1100 133 730 

Density, Kg/m3 1300 21450 2210 

Thermal conductivity, W/ (m K) 0.15 71.6 1.4 

Electrical conductivity, S/m 6.67 * 1e-14 

Relative permittivity 3.4 1 4.2 

* The model derives the electrical conductivity of platinum from the 
provided experimental resistivity and thermal coefficient of resistance. 
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Fig. 3. Influence of microheater arrangement. (a) Layout of 

the different designs, which consists of microheaters based on 

6, 8, 10, 12, and 20 lines (b) Temperature versus voltage 

profiles. (c) Response time. (d) Power consumption per µm2. 

 

In general, all microheaters exhibit similar characteristics, 

suggesting that the arrangement of the heating lines does not 

have a large impact. Exceptionally, the 20-line microheater, 

which possesses the largest aspect ratio, shows a considerable 

deviation regarding power consumption. This phenomenon 

can be explained by considering the perimeter of each device: 

while for most of the heaters is between 900-980 µm, for the 

20-line microheater is larger than 1300 µm. This device 

establishes a larger contact with cold regions, resulting in 

more power consumption due to an increased heat conduction 

through the PI. Consequently, heat is poorly confined in the 

active area. 

 

A.2 Influence of scaling 

To study the influence of the scaling, we use Series B, 

which is composed of heaters with equivalent resistance and 

variable size (Fig. 4). The set of samples consists of structures 

with 300, 450, 525, 600, 750 and 900 µm side size, and the 

designs are shown in Fig. 4a. Although the resistance of the 

heater is comparable in all devices, the larger a microheater is, 

the larger the voltage (Fig. 4b) and the longer time (Fig. 4c) it 

takes to reach a given temperature. This can be explained 

through the concept of thermal mass, which depends on the 

heater size and heat insulation and defines the capacity of a 

micro-hotplate to increase its temperature and store heat 

efficiently. A heater with an increased thermal mass (i.e. the 

TABLE II 

OVERVIEW OF THE STUDIED HEATERS WITH THEIR CORRESPONDING GEOMETRIC PARAMETERS 

Series A: Heaters with equivalent resistance and variable arrangement (Number of lines) 

Device distinction Area  

(µm x µm) 

Number 

of lines 

Number of 

squares 

Line spacing 

(µm) 

Line width 

(µm) 

Distance of heater 

center to edge, d (µm) 

Position of on-top 

sensors (µm) 

6 lines 330 x 610 6 127 30 30 165 83, 165 

8 lines (REF) 450 x 450 8 127 30 30 225 113, 225 

10 lines 570 x 354 10 127 30 30 285 143, 285 

12 lines 690 x 290 12 127 30 30 345 173, 345 

20 lines 1170 x 162 20 127 30 30 585 293, 585 

Series B: Heaters with equivalent resistance and variable size (Scaling) 

Device distinction Area  

(µm x µm) 

Number 

of lines 

Number of 

squares 

Line spacing 

(µm) 

Line width 

(µm) 

Distance of heater 

center to edge, d (µm) 

Position of on-top 

sensors (µm) 

300 µm side size 300 x 300 8 127 20 20 150 75, 150 

450 µm side size (REF) 450 x 450 8 127 30 30 225 123, 225 

525 µm side size 525 x 525  8 127 35 35 253 126, 252 

600 µm side size 600 x 600 8 127 40 40 300 150, 300 

750 µm side size 750 x 750 8 127 50 50 375 188, 375 

900 µm side size 900 x 900 8 127 60 60 450 225, 450 

Series C: Heaters with equivalent area and variable spacing (Spacing) 

Device distinction Area  
(µm x µm) 

Number 
of lines 

Number of 
squares 

Line spacing 
(µm) 

Line width 
(µm) 

Distance of heater 
center to edge, d (µm) 

Position of on-top 
sensors (µm) 

2 µm spacing 446 x 450 14 211 2 30 223 100, 150, 225  

8 µm spacing 448 x 450 12 183 8 30 224 100, 150, 225 

17 µm spacing 453 x 450 10 155 17 30 227 100, 150, 225 

30 µm spacing (REF) 450 x 450 8 127 30 30 225 100, 150, 225 

54 µm spacing 450 x 450 6 99 54 30 225 100, 150, 225 

110 µm spacing 450 x 450 4 71 110 30 225 100, 150, 225 

Series D: Heaters with equivalent area and variable width (Width) 

Device distinction Area  
(µm x µm) 

Number 
of lines 

Number of 
squares 

Line spacing 
(µm) 

Line width 
(µm) 

Distance of heater 
center to edge, d (µm) 

Position of on-top 
sensors (µm) 

4 µm width 446 x 450 14 1673 30 4 223 100, 150, 225 

10 µm width 450 x 450 12 573 30 10 225 100, 150, 225 

18 µm width 450 x 450 10 265 30 18 225 100, 150, 225 
30 µm width (REF) 450 x 450 8 127 30 30 225 100, 150, 225 

50 µm width 450 x 450 6 57 30 50 225 100, 150, 225 

 



6 

 

larger heater) requires more “effort” in terms of energy and 

time to increase its temperature. Additionally, heat dissipation 

mechanisms (conduction, convection, and radiation) are area-

dependent, leading to an increased absolute power 

consumption in more bulky devices.  Nonetheless, if power 

consumption per active area is considered (Fig. 4d), it is seen 

that the power consumption of smaller devices is greater. This 

implies that devices with reduced size are less efficient 

compared with their large counterparts, a fact known in the 

literature  [8]. In practice, for a rapid heating of large areas is 

preferable to use an array of small microheaters rather than a 

single large device [31], [32]. However, if for a given 

application it is necessary to heat a large area with limited 

power consumption, it is shown that is more convenient to use 

a large microheater rather than an array of small hotplates, but 

at the expense of a longer response time.  

 

 Fig. 4. Influence of microheater scaling. (a) Layout of the 

different designs, which consists of microheaters based on 

300, 450, 525, 600, 750, and 900 µm side size. (b) 

Temperature versus voltage profiles. (c) Response time. (d) 

Power consumption per µm2. 
 

A.3 Influence of spacing 

Fig. 5 shows results obtained for the set of heaters with 

equivalent area and variable line spacing (Series C). To 

maintain an equivalent area in the set excluding size effects, 

the reduction in spacing is accompanied by an increase in the 

number of lines, therefore the resistance of the devices 

increases accordingly. This series of microheaters is composed 

by structures with 2, 8, 17, 30, 54 and 110 µm spacing (Fig. 

5a). For a given voltage and following (9) more resistive 

devices reach less temperature, which is in good agreement 

with what is shown in Fig. 5b. The power consumption of the 

device in equilibrium is the result of the conduction, 

convection, and radiation of the system, which are known to 

be area-dependent mechanisms. Accordingly, devices with 

similar active areas show similar power consumption 

characteristics regardless of their spacing or resistance, as 

demonstrated in Fig. 5d. The response time, on the contrary, 

depends on transient behavior of not only the power 

dissipation mechanisms but also the ability to increase the 

temperature. Interestingly, Fig. 5c demonstrates a similar 

response from all the devices, which indicates that the 

variations in spacing and resistance, and thus the amount of 

heating material, do not have a large impact if the dimensions 

of the active area are maintained. 

 

 
Fig. 5. Influence of microheater line spacing. (a) Layout of the 

different designs, which consists of microheaters based on 2, 

8, 17, 30, 54, and 110 µm spacing.  (b) Temperature versus 

voltage profiles. (c) Response time. (d) Power consumption 

per µm2. 

 

A.4 Influence of linewidth 

The influence of heater linewidth is studied by the Series D, 

a set of samples with equivalent area (which eliminate size 

effects) but variable width and is shown in Fig. 6. This series 

of devices is composed by structures with 4, 10, 18, 30 and 50 

µm linewidth (Fig. 6a). 

 

 
Fig. 6. Influence of microheater linewidth. (a) Layout of the 

different designs, which consists of microheaters based on 4, 

10, 18, 30 and 50 µm width.  (b) Temperature versus voltage 

profiles. (c) Response time. (d) Power consumption per µm2. 

 As in the previous case, the resistance of the microheaters 

is varying from heater to heater, so the same trend can be seen 

in Fig. 6b: less resistive samples achieve higher temperatures 

at a given voltage. In a similar fashion, the response time (Fig. 

6c) and power density (Fig. 6d) are not strongly influenced by 
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the linewidth and resistance and, consequently, by the amount 

of heating material. Accordingly, one could argue that wider-

line structures are preferable, as they can achieve a broader 

range of temperatures with less applied voltage, maintaining 

the time response and power consumption. However, devices 

with reduced resistance (larger linewidth) will suffer from 

higher current densities at a given voltage. This fact, as seen in 

the literature, may lead to problems of electromigration and 

lifetime [33], therefore a vast increase in linewidth is not 

recommended. 

 

B. Experimental uniformity using on-top sensors 

The uniformity of a heater reflects the degree of 

temperature homogeneity in the active area. For certain 

applications, a high degree of uniformity is of utmost 

importance. Two main aspects play a role in the uniformity of 

a microheater: the presence of hotspots, and the edge effect. 

Hotspots arise from temperature differences in regions with a 

heating line or space underneath. Therefore, hotspots could be 

reduced by increasing the thickness of the insulator or using 

insulating materials with low thermal conductivity which will 

result in a better heat distribution. On the contrary, the edge 

effect comes from the temperature difference of the hotplate 

and its surroundings, causing the periphery of the active area 

to have a reduced temperature as a result of favored heat 

conduction.   

 

The average temperature at the selected regions in the 

heater area was experimentally extracted by on-top heat 

sensors. Note that these sensors are designed with a square 

shape (see Fig. 2), therefore we expect a higher sensitivity to 

edge effect contributions. However, the presence of hotspots 

will also be influencing the system, as the sensor cross through 

heating lines and spacings multiple times in the x-direction. 

To compare the uniformity of each device using the known 

sensor temperatures, we propose to use the coefficient of 

variation (CV), which defines the extent of dispersion of a 

value around its average: 

Uniformity = 1-CV = 1- 
σ𝑇

𝜇𝑇

 (10) 

 

where µT  is the average value of the temperatures obtained by 

the different heat sensors, and σT is the standard deviation. Fig. 

7 shows the uniformity values as a function of the device 

temperature, where a general decrease in uniformity is 

observed with increasing temperature. As mentioned above, an 

identical reference microheater was included in each set of 

devices, which can be referred to as one of the following 

depending on the set: 8-line microheater, 450 µm side 

microheater, 30 µm spacing microheater and/or 30 µm width 

microheater. Comparing the uniformity values of this specific 

sample, we observe a variation in the uniformity value: ~ 

0.850 or ~ 0.875 depending on the set studied. The 

explanation lies in the number of sensors considered for the 

study (two for heaters with equal resistance, and three for 

heaters with equal area). The more sensors considered, the 

more accurate the uniformity value is expected to be. As a 

consequence, the uniformity will only be contrasted within 

micro-hotplates from the same category, which we considered 

to be acceptable.  

 

 
Fig. 7. Comparison of uniformity values for (a) microheaters 

with variable number of lines (b) microheaters with variable 

scaling (c) microheaters with variable line spacing and (d) 

microheaters with variable linewidth. 

 

Thermal fluctuations coming from hotspots increase with 

the number of lines, therefore, the uniformity values are 

expected to decrease accordingly, as seen in Fig. 7a. The 

influence of the sizing is shown in Fig. 7b, which suggests that 

heaters with identical structures will maintain similar 

uniformity, regardless of their dimensions. Besides, increasing 

the space between heating lines leads to cold areas within the 

heater, as the heat will reach these regions with more 

difficulty. This is in agreement with the provided experimental 

results in Fig. 7c, showing a decrease in uniformity for 

spacing values greater than 30 µm. Lastly, Fig. 7d shows that 

uniformity worsens with increasing linewidth.  

 

C.  FEM model simulations 

The origin of the temperature fluctuations can be better 

illustrated through FEM simulations, which were performed 

for each microheater design. The results of the reference 

meander are shown in Fig. 8 and includes a schematic of the 

model and mesh used (Fig. 8a), the electrical potential across 

the microheater when having one terminal biased to 3 V and 

the other terminal grounded (Fig. 8b), and its corresponding 

temperature profile in the surface of the microheater (Fig. 8c). 

Note in Fig. 8a-8c the square shapes distributed on top of the 

device active area, which account for the simulated 

temperature sensors. To obtain a detailed overview of the heat 

distribution at different voltages, we have extracted the 

temperature profile along the x-direction of the model surface 

marked as a red line in Fig. 8a, and the results are shown in 

Fig. 8d. The inset of this figure corresponds only to the 

microheater active area, thus ranging from a distance of -d to 

d. This last image illustrates the fluctuation of the temperature 

due to the hotspots, and the decrease in temperature in the 

edges, which were previously discussed in Section III.B The 

tails of the curves originate from the heat conduction through 
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the PI and they will be contrasted by the results obtained by 

the sensors in plane (see Section III.D). 

 

 
Fig. 8. Finite Element Simulations for the reference 

microheater. (a) Schematic of the model and mesh used. The 

inset corresponds to a zoom-in illustration of the device area. 

(b) Electric potential across the device, and (c) surface 

temperature for an applied voltage of 3 V. (d) Temperature 

profile for different voltages along the cross section marked as 

a red line in Fig. 8a. 

 

The temperature profile of the microheaters with smallest 

spacing, largest spacing, smallest linewidth, and largest 

linewidth, is depicted in Fig. 9a, 9b, 9c, and 9d, respectively. 

Plots show the temperature profile from 1V to 7V, as it is the 

voltage range used for the experiments in the previous 

sections. These simulations show a clear influence of the 

linewidth and spacing on the temperature profile along the 

hotplate area. By designing microheaters with reduced spacing 

between the heating lines, a smooth temperature distribution 

can be obtained without the existence of hotspots (Fig. 9a). In 

opposition, strong thermal fluctuations are introduced if the 

line spacing is ample (Fig. 9b). Based on Fig. 9c and 9d, the 

width of the heating lines mainly determines the width of the 

hotspot peaks. Whereas in the 50 µm width microheater the 

hotspots are rather broad, for the 4 µm width microheater they 

appear as sharp temperature peaks. If Fig. 9c and 9d were 

superposed, one could see that for a given temperature, e.g. 

~35 ºC, the amplitude of the peak is comparable. This 

suggests that the temperature in the hottest areas and colder 

areas is not influenced by the width of the lines. For all the 

depicted cases in Fig. 9, it should be noted that there is a 

strong edge effect, especially for the case of 2 µm spacing 

microheater. 

 

 
Fig. 9. Simulated temperature profile at different voltages of 

(a) 2 µm spacing microheater, (b) 110 µm spacing 

microheater, (c) 4 µm linewidth microheater, and (d) 50 µm 

spacing microheater. 

 

To develop a meander-based microheater with high 

uniformity, an appropriate structure must be selected as such 

that the hotspots and edge effects are minimised. It is evident 

that the fluctuations coming from hotspots can be efficiently 

reduced by modulating linewidth, which is depicted in Fig. 9a. 

However, alternative strategies need to be applied to tackle the 

edge effects problem. A common approach among authors is 

to reduce the linewidth in the periphery of the microheater [5], 

[13], [17]. The reasoning is that since the current density will 

be maintained throughout the device, thinner and therefore 

more resistive lines will produce a greater heat dissipation, 

thus compensating for heat losses in the vicinity of the 

microheater.  

  

D. FEM model validation using on-top and in-plane sensors 

The importance of validating FEM simulations with the 

experimental results was previously discussed in depth. To 

this end, we compare the simulations of the reference 

microheater with the data extracted by both on-top sensors 

(Fig. 10) and in-plane sensors (Fig. 11) at different voltages.  
 

In Fig. 10, the simulated thermal distribution in the x-

direction of the heater’s active area is represented as lines, 

whereas the circles correspond to the simulated sensors on top 

of the device (described in Fig. 8b). As is the case, the 

simulated temperature of the sensor (circles) does not have to 

exactly coincide with the actual horizontal temperature profile 

(lines). This arises from the fact that sensors take the 

temperature average of distinct regions and are exposed to hot 

and cold regions in the x-direction, i.e. the hotspot influence. 

The experimental results of the on-top sensors are represented 

in the figure as crosses with their corresponding error bars and 

are in excellent accord with the simulations. In this way, it is 

demonstrated that temperature sensor metrics could provide 

useful insight into the edge effect and, in a more indirect 

manner, into the hotspots.  
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Fig. 10. On-top sensors, comparison of simulations and 

experimental data at different points of the microheater’s 

active area. Lines (dash, dotted, etc.) represent the simulated 

temperature profile along the horizontal cross section, circles 

represent simulated sensor temperatures, and crosses represent 

the sensor temperatures extracted experimentally. 

 

 
Fig. 11. In-plane sensors, comparison of simulations and 

experimental data at different distances from the heater. Lines 

(dash, dotted, etc.) represent the simulated temperature profile 

along the horizontal cross section, and crosses represent the 

sensor temperature extracted experimentally. 

 

On the other hand, Fig. 11 presents zoom-in view of the 

heat conduction tail away from the hotplate, where lines 

represent the temperature obtained by simulations. The 

vertical dashed red line establishes the boundaries of the 

device’s active area. From the figure, we can observe that the 

temperature decays exponentially along the PI. This 

exponential behavior has already been reported in the 

literature in the work of Simon I. et al. [20]. where they make 

use of a one-dimensional heat conduction equation in 

cylindrical coordinates, under the assumption that the 

microheater can be described with circular geometry. The 

experimental data derived from in-plane sensors are 

superimposed on the graph, represented as crosses with their 

corresponding error bars. Similarly, simulations align well 

with the observed experimental data.  Comparable results have 

been found for all the other studied micro-hotplates.  

 

To evaluate the accuracy of the sensors for the validation of 

our FEM model, simulations were conducted with variations 

in   the   heat   transfer  mechanism  parameters  (see  Fig.  12).  

 

Fig. 12. Comparison of experimental results (blue) and 

simulations (black) using different heat transfer assumptions at 

5V. The simulation that contains the original parameters is 

highlighted in solid red. Modulated parameters are (top) PI 

thermal conductivity, kPI = 0.11, 0.13, 0.15, 0.17 and 0.19 

W/(m K), (middle) heat transfer coefficient, h = 0, 10, 20, 30 

and 40 W/(m2 K), and (bottom) PI emmisivity of ε = 0.65, 

0.70, 0.75, 0.80 and 0.85. 

 

For these, the supplied voltage was maintained at a value of 

5V. The original simulation parameters are highlighted in the 

figure and the text in red and bold, respectively. The impact on 

heat conduction was addressed by varying the thermal 

conductivity of the polyimide insulator (kPI) to values of 0.11, 

0.13, 0.15, 0.17 and 0.19 W/(m K) (top figure). The 

contribution of heat convection was studied by performing 

simulations with h = 0, 10, 20, 30 and 40 W/(m2 K), which are 

values that fall in a free convection regime (middle figure). 

The influence of radiation is studied by modifying the 

emissivity of the polyimide, to values of ε = 0.65, 0.70, 0.75, 

0.80 and 0.85 (bottom figure). For our system and under the 

considered values, it is demonstrated that the major 

contribution to power dissipation relies on the heat 

conductivity of the insulator, likely arising from the 

considerable thickness of PI. As depicted in the graphic, the 

use of an insulator with lower thermal conductivity limits the 

temperature at the microheater surface, however, it will 

improve the uniformity as a result of the reduction of the 

hotspot amplitude. Compared with the experimental results, 

the most fitting kPI value is the one originally used. Heat 

convection and radiation, on the other hand, are minor 

contributors to our system, i.e. the selection of the different 

parameters has little impact on the temperature profile. Thus, 

we could assume that our original FEM model can be 

effectively used to describe our experimental conditions, and 

therefore is valid. Importantly, we should remark that the 
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contributions of the heat transfer mechanisms may vary from 

system to system depending on material selection, microheater 

geometry or measurement conditions. If the system is driven 

by another mechanism, or by a combination or mechanisms, 

an increase in sensitivity should be expected towards the 

corresponding parameters. And consequently, the validation of 

the model using the thermal sensors could be more precise for 

those contributions.     

 

With these results, we have demonstrated that the 

assumptions made for the simulations are representative. 

Furthermore, we have provided evidence that the use of 

thermal sensors serves as a tool to experimentally extract the 

thermal profile in the regions of interest and obtain 

experimental insight in the uniformity.  

 

E. Sensor applicability: considerations and limitations 

From a practical point of view, some aspects and limitations 

need to be explained more thoroughly.  Firstly, we should 

examine the robustness of the sensor readings. For that, it is 

crucial to first ensure consistent microheater characteristics, 

which can be confirmed considering the low measurement 

deviation from Fig. 3 - Fig. 6. The precision of the sensor 

readings decreases with the temperature as seen by the error 

bars from Fig. 10, with a typical measurement deviation of 

less than 5%. Exceptions to this are found in the samples with 

spacing of 54 µm (6%) and 110 µm (7%), which also show 

higher variability in the calculated uniformity (Fig. 7). Despite 

this, thermal sensors can still achieve good accuracy when 

considering the average value, as seen in Fig. 10. Devices with 

identical characteristics (i.e the reference heaters) yield an 

equivalent average result with a percentage difference of 2%, 

suggesting that the sensors readings are reproducible. 

 

Secondly, it is important to consider sensor’s resolution and 

sensitivity. The sensor responds to the average temperature of 

the area they cover, so the resolution is limited to their width, 

which in our case was of 10 µm. Reducing the sensor width 

could effectively improve the resolution, however, care must 

be taken to maintain sufficiently low current values to avoid 

self-heating. Due to the selection of platinum as sensing 

material, the sensitivity of the sensor readings is limited to a 

an ideal value of 0.39%/C. If required, this could be enhanced 

by selecting materials with higher TCR. Furthermore, the 

sensors are more sensitive to edge effect contributions owing 

to their design. Notwithstanding, the applicability of the 

sensors can be further extended if the design is adapted. For 

example, a set of small sensors centered in different regions of 

the microheater could map the surface in a more effectively 

way. Else, sensors fully placed in cold or hot areas that could 

give a more direct experimental indication of hotspots.  

 

Thirdly, the completeness of the measurements needs to be 

discussed. To demonstrate the concept of the paper, we limited 

our investigations to a very small sets of sensors. For practical 

applications, however, it would be necessary to increase the 

number of sensors (8-10 sensors) in order to obtain a more 

complete thermal profile. This would also lead to a more 

realistic uniformity value and possibly a more accurate 

validation of the FEM model. The main drawback in this 

approach would be the more space consumed on the wafer and 

the additional design efforts required.    

 

The output of this paper can be especially valuable for 

researchers who need to design and characterize microheaters 

with high uniformity. Microheaters with uniform thermal 

distribution are a key component in applications which need 

exceptional temperature control, such as microfluidics [34], 

[35] , DNA amplification [36], and cell culture [37]. Besides, 

microheaters are widely used in gas sensing field, especially 

for metal oxide semiconductor sensors that require high 

operating temperatures [38]. In this context, the use of micro 

hotplates in gas sensors could be further extended to other 

type of sensors [3], [39] as a tool to I) maintain a constant and 

uniform temperature, which is crucial to detecting gases 

accurately, and II) provide an effective way to remove the 

gases by means of heat pulses.  

CONCLUSIONS  

This paper has provided three key contributions: 

 

• An innovative alternative to extract experimental 

information on microheater uniformity. For that, we on-top 

sensors were designed in such a way as to measure the 

average temperature in equidistant regions from the active 

area edges, thus giving a direct insight into the edge effect. 

Moreover, the measured average temperature also provided 

indirect information of the hotspots, which could be better 

resolved with a validated FEM model. 

 

• A methodology to verify if a FEM model is 

appropriate to describe the experiment in a realistic way. 

On-top sensors provided information into the suitability of 

the assumptions in heat conduction, convection and 

radiation. In-plane sensors were used as a complementary 

tool to study the assumptions in the heat conduction through 

the insulator. We obtained good resemblance between 

experiments and simulations.  

 

• An overview on the influence of microheater 

geometry on its thermal characteristics and uniformity. This 

can serve as a guide to design meander-based structures 

according to the required application. 

 

Furthermore, the characteristics of the sensors, including 

robustness, sensitivity, and completeness, are discussed. To 

achieve more accurate results, we recommend increasing the 

number of sensors. Additionally, the sensor design can be 

customized to prioritize other uniformity contributions, or to 

accommodate other microheater geometries.  
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