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Abstract—In this paper a novel fabrication technology for 

thermoelectric infrared sensors is presented. For the first time, 
the thermal insulation of the absorber structure is achieved by 
self-assembling multilayer thermocouples. After removal of a 
sacrificial oxide layer by vapor hydrogen fluoride (vHF) etching, 
the thermocouples lift off due to residual stress gradients. This 
provides the necessary distance between the absorber and the 
substrate. Compared to state-of-the-art sensors, this 
implementation does not require extensive bulk processing such 
as grinding and cavity etching to achieve a thermally isolated 
absorber structure. The deflection of the realized structures has 
shown high agreement with an analytical model which is also 
presented in this paper.  

Keywords—surface micromachining, self-assembled devices, 
microelectromechanical systems, thermal insulation, vHF-
etching. 

I. BACKGROUND 
A major contributor to the success of miniaturized thermal 

sensors is the evolution of MEMS processes, which enable 
low-cost, high-volume integrated systems with low power 
consumption. Recently various thermal devices have been 
introduced for gas [1] and flow sensing [2]. However, due to 
the Covid 19 pandemic, especially a high demand for thermal 
infrared fever detectors has been observed lately. Because of 
the contactless measuring principle and the attractive 
transducer principle, thermoelectric infrared sensors are 
particularly suitable for this purpose [3]. 

Micromachining of silicon [4] is an essential method for 
the fabrication of thermal MEMS and is used to achieve 
thermal insulation from the bulk material by creating 
suspended structures. This key process in the realization of 
thermal infrared sensors is responsible for the formation of a 
temperature difference [3], [5]. So far, exclusively bulk 
micromachining [6] has been used for the implementation of 
thermoelectric infrared sensors. In this approach, large parts 
of the substrate material are removed within defined areas 
below the sensor structure. For this purpose, mainly 
anisotropic etching processes (e.g., KOH [7], TMAH [8] or 
EDP [9]) are used to create a thin membrane. However, since 
these processes only have relatively low silicon etch rates [10] 
long process times are required. In recent decades, particularly 
surface micromachining [11] has gained in importance, as it 

eliminates the need for time-consuming and expensive 
machining processes of the substrate. Here, metals (e.g., 
aluminum [12], [13]), polymers [14], [15] and especially 
oxides [16], are used as sacrificial layers, which can be 
selectively removed with respect to the structural materials. 
So far, surface micromachining in the field of infrared sensing 
has been used solely for the production of micro bolometers 
[13], [15], [17]. 

In this paper, a new approach to implement a 
thermoelectric infrared sensor is presented. Compared to 
state-of-the-art thermoelectric infrared sensors, this device is 
fabricated using surface micromachining and vHF etching. In 
order to enhance the quality of the thermal insulation, 
mechanical stress in thin layers is exploited to deflect the 
sensing structure from the wafer surface.  

II. TECHNOLOGY 
Residual stress in thermocouples is used for the first time 

to distance an absorber from the substrate. While the cold end 
of the thermocouple is connected to the substrate via an 
anchor, the hot junction is thermally isolated due to the 
mechanical spacing (Fig. 1). The functional layers consist 
exclusively of polysilicon, stoichiometric silicon nitride 
(Si3N4) and aluminum. Proper sizing and the combination of 
compressive (σ < 0) and tensile stresses (σ > 0) of the 
different layers allows devices to be realized without tedious 
etching procedures, while still providing high thermal 
insulation from the bulk material caused by self-assembly. 

 
Fig. 1. Schematic of a surface micromachined thermopile IR detector. 



A. Thermocouples 
In thermoelectric infrared sensors, thermocouples detect 

the temperature difference between the absorber and the bulk 
substrate [3]. In this paper, the thermocouples are realized 
using n-doped polysilicon and aluminum [18], [19]. The 
thermoelectric materials are arranged on top of each other, 
separated by an insulating silicon nitride to generate a stress 
gradient within the thermocouples (Fig. 2). The residual stress 
in the individual layers will be determined mainly by film 
thickness [20], [21], dopant concentration [22], layer 
composition [20], [23], [24] annealing [21], [22], reactor 
geometry [23] [24], process temperature and pressure, as well 
as the deposition rate [20] [23] [24]. 

B. Absorber 
In our case the absorber elements are rectangular 

structures with periodically arranged circular holes. This 
perforation allows vHF to penetrate the holes and thus 
reducing the time of the sacrificial layer removal [25]. In the 
absorber, the optical properties of polysilicon, silicon nitride 
and aluminum are used to absorb the incident infrared 
radiation [26]. While the thermocouples are expected to bend 
due to the stress gradient, it is necessary to effectively 
minimize the mechanical deformation of the absorber. For this 
purpose, corrugations are introduced, which are generated by 
dry etching of a thermal oxide prior to the deposition of the 
sacrificial and functional layers.  

III. MODELING OF THE MECHANICAL DEFLECTION 
In this section, a model (Fig. 2 + 3) based on fundamental 

mechanical principles [27], [28] is introduced that can be 
utilized to characterize the deflection of the thermocouples.  

A. Model derivation 
After deposition, the layers i are under the influence of the 

initial strain ε0
i. Assuming a linear elastic material, the strain 

ε0
i in the layer can be defined by [29]: 

 𝜀𝜀𝑖𝑖0 =
𝜎𝜎𝑖𝑖
𝐸𝐸𝑖𝑖

 (1) 

In addition, further simplifications [30] are made: 

• Elimination of transverse contraction and shear 
stresses 

• Ideal bonding of the adjacent layers 

• Constant radius of curvature for all layers  

The bending moment Mi of a rectangular layer cross-
section in (2) can be described as a function of the unknown 
radius of curvature R, the Young's modulus Ei, the structure 
width wi and the layer thickness ti [29]. 

 

 𝑀𝑀𝑖𝑖 =
𝐸𝐸𝑖𝑖𝑤𝑤𝑖𝑖𝑡𝑡𝑖𝑖3

12 𝑅𝑅
 (2) 

Since there are no external forces acting on the structures 
in Fig. 3, the forces Fi and bending moments Mi in each of the 
individual cross sections must be in equilibrium [27], [28]. 
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In addition, continuity conditions can be used at the 
interfaces of the layers [27], [28]. 
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Wolfram Mathematica 12 is finally used to solve the 
equations and to determine the radius of curvature R. 
Subsequently, geometric relationships are used in (6) to define 
the deflection of the thermocouple tip in x and y direction [32]. 

 ∆𝑦𝑦 = 𝑅𝑅 − 𝑅𝑅 cos�𝐿𝐿 𝑅𝑅� �    and    ∆𝑥𝑥 = 𝑅𝑅 sin�𝐿𝐿 𝑅𝑅� � (6) 

B. Effect of polysilicon properties on the bending radius 
Fig. 4 presents the influence of the layer stress and the 

layer thickness of polysilicon on the radius of curvature prior 
to fabrication. Since it can be assumed that the stress within 
polysilicon varies with layer thickness, the bending radius 
can be adjusted over a wide range. This effect is exploited to 
achieve different deflection relative to the wafer surface.  

 
Fig. 2. Schematic of the thermocouple 

layer cross-section. 

 

 
Fig. 3. Schematic of the acting forces and  

bending moments for deriving the  
mechanical deflection of the thermocouple. 

 

TABLE I. 
YOUNG’S MODULUS [31] 

Material 
Young’s 

Modulus Ei  
(GPa) 

Polysilicon 160 

Si3N4 250 

Aluminum 60 
 

  
    

 

 
Fig. 4. Analytical modeling of the radius of curvature as a function of 
layer thickness and residual stress of polysilicon. (wPoly = 14 µm, 
σSiN = 1 GPa, wSiN = 12 µm, tSiN = 0.2 µm, σAl = 50 MPa, wAl = 8 µm, 
tAl = 0.3 µm). The data for the Young's modulus can be taken from 
Table I. 



IV. FABRICATION 
The fabrication process of the novel thermoelectric 

infrared sensor starts with the growth and patterning of a 
0.8 µm thick thermal oxide to optionally realize corrugations 
in the absorber. The sacrificial oxide layer (0.2 µm) is then 
deposited using a PECVD process. Afterwards, polysilicon 
(0.3/0.5/1.0 µm), Si3N4 (0.19 µm) and aluminum (0.3 µm) are 
deposited and patterned progressively (Table II). For the 
attached absorber, a size of 240x250 µm2 was chosen. 

TABLE II.  STRUCTURE WIDTH OF THE MATERIALS USED FOR 
THERMOCOUPLES 

Material Structure Width wi 
(µm) 

Polysilicon 14 

Si3N4 12 

Aluminum 8 

 

At the end, the structures are released by vHF etching 
using the ORBIS 3000 cluster tool from memsstar. So far, the 
ORBIS 3000 and the isotropic etch process has already been 
used in [25] to implement a micromechanical sterilization 
cycle counter.  

V. EXPERIMENTAL RESULTS 

A. Residual stress 
First, the exact deposited film thickness was measured by 

ellipsometry, then the mechanical stress in the film was 
determined with a wafer geometry gauge (Table III). 

TABLE III.  MEASURED LAYER THICKNESS AND RESPECTIVE 
REDIDUAL STRESS  

Material Layer Thickness ti 
(µm) 

Residual Stress σi 
(MPa) 

Polysilicon 0.32 -128±20 

Polysilicon  0.55 -75±14 

Polysilicon 1.03 -25±6 

Si3N4 0.19 1068±20 

Aluminum not measured 37±28 

 

As expected, the compressive stress in n-doped polysilicon 
revealed a decrease with increasing film thickness [20], [21]. 
Moreover, the stoichiometric silicon nitride could be 
deposited with a high tensile stress [20]. Aluminum, on the 
other hand, is deposited almost stress-free. 

B. Deflection of thermocouples 
After the removal of the sacrificial layer, individual 

thermocouples without an attached absorber deflected up to 
1000 µm in length from the substrate surface. As predicted by 
the model, a variation of the bending radius could be obtained 
when using different polysilicon layer thicknesses (Fig. 5).  

By using the fit function from (6), it has been shown that 
the deviation between the determined and modeled radius of 
curvature is at most about 10 %. The realized deflections of 
the thermocouple tips ranged from 15 to 725 µm above the 
substrate surface and showed deflections located on a circular 
arc (Fig. 6). A high reproducibility of the deflections of the 
structures distributed over the wafer was observed with a 
deviation of less than 4 % from the mean value.  

C. Deflection of sensor structures 
Basically, by varying the length of the thermocouples and 

the polysilicon layer thickness, different absorber deflections 
could be obtained. For thermocouples with a polysilicon layer 
thickness of 0.32 µm and a length of 400 µm, the attached 
absorber could be rotated by 180° and aligned at a height of 
250 µm above the surface (Fig. 7). 

Due to the use of corrugations in the absorber parallel to 
the thermocouples, the bending radius of the absorption area 
could be increased from 200 to 1100 µm. This made it 
possible to achieve nearly parallel absorber alignments above 
the substrate (Fig. 7 + 8). 

 
Fig. 6. Tip deflection above the wafer surface determined by optical 
focus variation for different polysilicon layer thicknesses as a function of 
thermocouple length. The measured standard deviation is in the range of 
the symbol dimensions. (Note: Due to the strong curvature of the 
structures, not all lengths of the thermocouples could be evaluated). 

 

  

Fig. 5. Mechanical deflection of thermocouples with lengths from 100 
to 1000 µm and different polysilicon layer thicknesses (left: 
tpoly = 0.32 µm; right: tpoly = 0.55 µm). (Note: Images captured from the 
side). 

 
Fig. 7. Self-assembly of the sensor structures with corrugated absorber 
after the removal of the sacrificial layer. This distancing provides the 
thermal insulation. (Note: Image captured from the side). 



VI. CONCLUSION AND OUTLOOK 
We presented a novel fabrication process for 

thermoelectric infrared sensors based on surface 
micromachining. The thermal insulation of the absorber 
structure was realized by a self-assembling mechanism. The 
derived model demonstrated a high agreement with the 
measured deflections. Thermocouples with radii of curvature 
of 120, 175 and 415 µm could be fabricated. In addition, 
sensor structures with an absorber rotated by 180° could be 
realized at a height of 250 µm above the wafer. Further work 
is now focusing on thermoelectric characterization and 
optimization of the structures. 
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Fig. 8. Three dimensional optical scan along the sensor structures 
(tPoly = 0.32 µm, L = 400 µm) with and without corrugations with 
maximum deviations. (Note: The number of measuring points is limited by 
the strong curvature of the structures). 
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