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Introduction

Thermal radiation detectors are used in various civil and military applications, mainly for infrared bands. They are composed of an absorber and a thermometer thermally insulated from the readout circuit. A critical part of these thermal detectors is the thermometer, which must present a high sensitivity and a low thermal mass. Two main categories of thermal detectors exist. The first one concerns uncooled thermal detectors, or microbolometers, which operate at room temperature using several temperature-sensing principles: resistive thermometers based on the change in the electrical resistance [START_REF] Dillner | Figures of merit of thermoelectric and bolometric thermal radiation sensors[END_REF], diode- [START_REF] Ueno | 640 × 480 pixel uncooled infrared FPA with SOI diode detectors[END_REF] or transistor-type [START_REF] Gitelman | CMOS-SOI-MEMS Transistor for Uncooled IR Imaging[END_REF] bolometers which exhibit a variation in their current-voltage response, thermocouplebased thermometers [START_REF] Dillner | Figures of merit of thermoelectric and bolometric thermal radiation sensors[END_REF] which generate an electrical potential difference, pyroelectric sensors [START_REF] Fujitsuka | Monolithic pyroelectric infrared image sensor using PVDF thin film[END_REF] which use an electric polarization variation of their sensitive material and require a mechanical shutter, MEMS (Micro Electrical Mechanical Systems) detectors [START_REF] Zhang | Nanomechanical Torsional Resonators for Frequency-Shift Infrared Thermal Sensing[END_REF], which are based, for example, on the change in the resonant frequency of their structures. The second category concerns cooled thermal detectors that have very high detection performances but operate at cryogenic temperatures. Recently, there has been an immense interest in the development of cryogenic detectors (Kinetic Inductance Detectors (KIDs), Transition Edge Sensors (TES) [START_REF] Lowitz | A Comparison of Fundamental Noise in Kinetic Inductance Detectors and Transition Edge Sensors for Millimeter-Wave Applications[END_REF] and silicon bolometers [START_REF] Goudon | Fabrication and characterization of cooled silicon bolometers for mm wave detection[END_REF]) for astrophysics applications in different wavelength ranges, such as cosmic microwave background (CMB) at millimeter-waves [START_REF] Denis | Fabrication of Feedhorn-Coupled Transition Edge Sensor Arrays for Measurement of the Cosmic Microwave Background Polarization[END_REF], star formation and galaxy observation in the far infrared [START_REF] Rodriguez | BRAHMS-Sensitive Bolometer Arrays for the SPICA Imaging Polarimetry[END_REF], or high energy phenomena in the evolution of stars and galaxies in the X-Ray domain [START_REF] Cottam | Gravitationally redshifted absorption lines in the Xray burst spectra of a neutron star[END_REF]. Silicon bolometers operating at very low temperatures exhibit a very good sensitivity and can achieve very low Noise Equivalent Power (NEP), typically in the order of 10 -18 W/(Hz) 1/2 at 0.1 K [START_REF] Adami | Characterization of Doped Silicon Thermometers for Very High Sensitivity Cryogenic Bolometers[END_REF], but involve a complex design and technology. Silicon bolometers consist of an absorber and a thermometer, thermally insulated and suspended above the readout circuit [START_REF] Aliane | Superconducting Ti/TiN Thin Films for mm-Wave Absorption[END_REF]. The thermometer is a critical part of these devices determining their electrical and optical performances. It requires a high sensitivity, a low thermal conductivity and capacity, and a very good mechanical stability once suspended. The mechanical deformation of the suspended structures upon their release are due to residual stresses coming essentially from the fabrication process. Some solutions to reduce the stress in suspended silicon membranes were adapted, such as the use of a strain compensating Si3N4 layer [START_REF] Shchepetov | Ultra-thin free-standing single crystalline silicon membranes with strain control[END_REF] deposited and patterned as a frame around the silicon membrane to pull on this membrane after releasing. This innovative method was successfully used in the fabrication of uncooled thermal thermoelectric detectors to enhance the electro-optical performances [START_REF] Varpula | Thermoelectric thermal detectors based on ultra-thin heavily doped single-crystal silicon membranes[END_REF]. In the case of millimeter-wave detectors, which may have a large size in excess of 1 mm 2 , the mechanical stability is particularly important to prevent any contact to the substrate (thermal shorting) and to support the radiation absorbers in optimal position. Residual stresses mainly consist of a constant average component (σ0), which results from the coefficient of thermal expansion (CTE) mismatch between layers, and a gradient component (σ1), which is due to localized effects. A promising approach based on multilayer structural elements such as cantilevers was used to extract an effective Young's modulus (Eeff) and thickness (heff) [START_REF] Hollaway | Laminate theory: macroanalyses of composite laminates[END_REF]. Based on these parameters and using the bending model of cantilever structures [START_REF] Fang | Determining mean and gradient residual stresses in thin films using micromachined cantilevers[END_REF], residual stresses σ0 and σ1 were extracted and integrated into a Finite Element Method (FEM) simulation model to simulate the deformation of pixels with a pitch of 500 and 1200 µm. In this paper, we discussed the FEM simulation of the deformation of fabricated pixels with a pitch of 500 µm at low temperature by taking into account CTE mismatch effects between deposited materials.

Device fabrication

The silicon bolometers studied in this paper have been designed, simulated and fabricated at CEA-LETI. The thermometers are fabricated on 200-mm SOI wafers (<100> oriented p-type) with Si and Buried Oxide (BOX) layers of 1.5 µm and 1 µm thickness, respectively. They are defined by ion implantation of phosphorus (P) and boron (B) and then annealed between 1100 and 1200°C for several hours. The optical cavity, consisting of a thin metallic reflector layer and a thick SiO2 oxide layer, is fabricated separately on the read-out circuit wafer. Next, the two wafers are assembled by oxide-oxide molecular bonding. The final bolometer structure is released by etching the sacrificial layer in HF vapor [START_REF] Aliane | Superconducting Ti/TiN Thin Films for mm-Wave Absorption[END_REF].

Two pixel designs having a size of 500 µm and 1200 µm were fabricated for the 600 µm and 1500 µm wavelength, respectively. Each pixel is composed of four active bolometers (for vertical and horizontal polarization detection) and four reference bolometers [START_REF] Goudon | Design and fabrication of cooled silicon bolometers for mm wave detection[END_REF]. The suspended structure of active bolometers is a multi-layer stack composed of doped crystalline silicon (thermometer), a boron-doped amorphous silicon (a-Si) layer for electrical isolation, a metal absorber (Ti/TiN deposited by sputtering at 100°C, thickness: 100 nm/5 nm) and another a-Si layer for passivation. a-Si layers are deposited by plasma-enhanced chemical vapor deposition (PECVD) at 370°C. Reference bolometers are composed only by the doped silicon thermometer and the two a-Si layers. Fig. 1(a) depicts a cross section of the fabricated suspended pixel. Fig. 1(b) shows a 3D view of the design of the pixel, in this example a pixel with a pitch of 500 µm. After releasing, active bolometers are suspended with a vacuum gap of 2.5 µm above the oxide forming the optical cavity. For the 500-µm pixel, the widths of the meander and the absorber are 3.2 µm and 2 µm, respectively. For the 1200-µm pixel, these widths are 8 µm and 5 µm. Fig. 2 shows an optical image of a fabricated pixel with a pitch of 1200 µm. In order to model the mechanical behaviour of the bolometers such as the direction and the total deformation, several cantilever test structures were designed and fabricated. These cantilevers are of clamped-free and clamped-clamped type. The anchors are made of two copper plugs, each one has a diameter of 3 µm and a height of 12 µm. The electroplated copper forming the anchors has a Young's modulus (ECu) and a Poisson's ratio ( Cu) of 121 GPa and 0.3, respectively, at room temperature [START_REF] Liu | Failure mechanisms and optimum design for electroplated copper Through-Silicon Vias (TSV)[END_REF]. To be representative of the suspended Active bolometer Reference bolometer bolometers, these cantilevers were fabricated at the same time and on the same substrate as the bolometer devices.

Mechanical model and FEM simulation of the multilayer suspended structures

Fig. 3 shows a schematic of a clamped-free cantilever, the cross-section of the actual fivelayer structure and the cross-section of an equivalent single-layer structure. The five layers of the actual structure are defined by their thickness hi, width wi, Young's modulus Ei, and Poisson's ratio i. The equivalent structure is composed of a single layer with an effective thickness heff, and an effective Young's modulus Eeff. The Young's modulus of layer i is given by the Equation (1) 5 5

where:

Ei and are the Young's modulus and Poisson's ratio of the material of layer i. hi and wi are the thickness and width of layer i.

The position of the neutral axis with respect to the bottom of the cantilever is expressed by the Equation (2) [START_REF] Guo | A simple extraction method of young's modulus for multilayer films in MEMS applications[END_REF]:
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where Zi is the vertical coordinate of the top face of layer i and is given by Equation (3): ∑

with Z0 = 0. The bending stiffness < EI > and the flexural stiffness < EA > adapted from [START_REF] Hollaway | Laminate theory: macroanalyses of composite laminates[END_REF] are given by ( 4) and ( 5):
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where: Ai = wihi is the cross-section area of layer i, di is the distance between the baricenter of layer i and the position of the neutral axis (Zc); it is given by:
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Ii is the moment of inertia of the layer i and is given by:
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If we consider the theory of a composite beam frequently used in civil and aircraft engineering [15] [20], the extraction of the effective thickness (heff), effective Young's modulus (Eeff), and the effective moment of inertia (Ieff) are given by Equations (8-10):
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where Wp is the width of the cantilever, in our case it is corresponding to the bottom layer reference.

The materials used in this study are compatible with standard microelectronic processes. The mechanical material properties such as Young's modulus and Poisson's ratio presenting similarities with our fabrication process were extracted from literature (see Table 1 

Cantilevers deflection measurements under residual stress

After the sacrificial layer etching by HF vapour, the beams deflect under the effect of mechanical stresses. In thin films, uniaxial residual stresses are represented by the polynomial [START_REF] Fang | Determining mean and gradient residual stresses in thin films using micromachined cantilevers[END_REF]:
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where: z is the vertical coordinate across the beam with the origin in the middle so that -heff/2 ≤ z ≤ +heff/2, σ0 is the mean residual stress (including thermal stress), σ1 is the gradient stress resulting from localized effects including atomic diffusion through the thickness to the interface of the substrate, or from defects in the deposited materials [START_REF] Fang | Determining mean and gradient residual stresses in thin films using micromachined cantilevers[END_REF].

Design of cantilevers

Clamped-free and clamped-clamped cantilevers were designed and fabricated using the material stack presented in Fig. 3 and Table 1. Two configurations are considered, with and without Ti/TiN metal absorbers (layers 3 and 4), to represent the mechanical behavior of active and reference bolometers, respectively, forming the final pixel structure. The dimensions of three clamped-free (A1, A2, A3) and three clamped-clamped (B1, B2, B3) cantilevers are presented in table 2. 

Wa

Extraction of the gradient stress (= )

The mean (σ0) and gradient (σ1) stresses were extracted from clamped-free cantilevers A2 with and without Ti/TiN layers. In addition, two different thickness values were considered for the a-Si passivation layers: h2 = h5 = 50 nm and h2 = h5 = 100 nm. Optical measurements of the cantilever deflection are shown in Fig. 7. We observe a significant impact of the a-Si passivation layer thickness on the deflection amplitude. The vertical deflection Δz of cantilevers under different stresses along the longitudinal (x) axis can be modeled from the linear differential equation ( 13) [START_REF] Fang | Determining mean and gradient residual stresses in thin films using micromachined cantilevers[END_REF][23]:
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The expression of the cantilever deflection Δz is then given by equation ( 14) [START_REF] Fang | Determining mean and gradient residual stresses in thin films using micromachined cantilevers[END_REF]:
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where R is the radius of curvature of the cantilever, (θ0+θ1) is the total angular bending rotation of the cantilever, θ0 is due to the mean stress and it is proportional to σ0 (θ0 ∝ σ0/Eeff), θ1 is due to the stress gradient and it is proportional to σ1 (θ1 ∝ σ1/Eeff). σ1 can be extracted from equations ( 13) and ( 14):
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The theoretical and experimental profiles of A2 cantilevers (W = 4 µm, L = 100 µm) with and without the Ti/TiN metal layer are presented in Fig. 7. The displacements caused essentially by the gradient stress (σ1) are upward. We observe that cantilevers with a Ti/TiN layer present a larger tip deflection than cantilevers without this metallic layer.

From the maximum deflection measurements and a quadratic fit to the analytical model [START_REF] Fang | Determining mean and gradient residual stresses in thin films using micromachined cantilevers[END_REF],

we have extracted the gradient stress value σ1. In the case of a passivation layer h2 = h5 = 100 nm, the extracted σ1 is around 117±5.85 MPa and 96±2.88 MPa for cantilevers with and without Ti/TiN metal absorbers, respectively. This gradient stress was reduced to 44.8±2.24 MPa and 29.5±0.885 MPa for cantilevers with and without metal absorbers, respectively, in the case of an a-Si passivation layer of h2 = h5 = 50 nm. We conclude that the presence of Ti/TiN absorbers and a thick a-Si passivation layer increase the gradient stress and thus increase the maximum deflection. 

Extraction of σ0

Starting from extracted values of σ1 for different cantilever designs and using a Finite Element Method (FEM) simulation software (COMSOL®, [24]), we have simulated the deflection of different cantilevers with an iterative procedure for fixed values of σ1 and variable values of σ0 until obtaining the same measured deflection. The value of σ0 is then obtained for each cantilever designs. Fig. 8 presents the FEM simulation of different clamped-free cantilever designs with an a-Si passivation thickness of 100 nm with and without the Ti/TiN metal absorbers. In this example, we observe an increase of the maximum deflection with the beams length, which is showing the impact of the gradient stress on the geometry of simulated structures. Fig. 9 depicts the comparison of simulated and experimental displacements of a clampedfree cantilever (W = 4 µm, L = 100 µm, h2 = h5 = 50 nm) without and with a Ti/TiN metal absorber. The σ0 values were tuned in the simulation to fit experimental data, they are positive in the two cases, which indicate that the multilayer and mainly the a-Si passivation layer exhibit a tensile stress with values of +0.8±0.08 GPa and +1.1±0.11 GPa without and with the Ti/TiN layer, respectively. The model was adapted from the reference [START_REF] Fang | Determining mean and gradient residual stresses in thin films using micromachined cantilevers[END_REF] to extract the residual stress parameters such as the mean stress (σ0) and the gradient stress (σ1). The results obtained from the analytical bending model and the FEM simulation of clampedfree cantilevers are summarized in Table 3. The thickness of the a-Si passivation layer and the Ti/TiN metal absorbers have a great effect on the mean and the gradient stress. Similar residual stresses extracted in the case of a passivation thickness of 200 nm and from a cantilever A1 with W = 2 µm and L= 50 µm were obtained in a recent study from our group [START_REF] Goudon | Fabrication and characterization of cooled silicon bolometers for mm wave detection[END_REF]. In the following section, these results are used in the FEM simulation of actual pixels where the active and reference bolometers correspond to structures with and without Ti/TiN metal absorbers, respectively. 

FEM simulation of suspended pixels

Simulation at room temperature

The bolometer pixels with a pitch of 500 µm and 1200 µm were simulated using the residual stress values (σ0, σ1) extracted from optical measurements, analytic model and FEM simulations of cantilevers as presented in the previous section. The pixels are composed of active bolometers with Ti/TiN metal absorbers and reference bolometers without Ti/TiN; each of these bolometers was modelled with the corresponding equivalent model. Two different a-Si passivation thicknesses are considered to investigate their impact on the pixel deflection, which is always upward for both pixel sizes. Fig. 10 shows the simulated maximum deflection of the 1200-µm pixel. In the case of a passivation layer thickness h2 = h5 = 100 nm, the maximum deflection of active bolometers is about 55 µm in simulation and 47 µm in measurement. For a passivation layer reduced to h2 = h5 = 50 nm, the maximum deflection decreases to 26 µm in simulation and 22 µm in measurement. The same simulations were performed for the 500-µm pixel (Fig. 11). For a passivation layer thickness h2 = h5 = 100 nm, the simulated and measured maximum deflections are 9.2 µm and 8.82 µm, respectively. Again, a passivation layer reduced to h2 = h5 = 50 nm leads to a reduction of the deflection to 3.75 µm and 3.63 µm in simulation and measurement, respectively. These results demonstrate the significant contribution of the a-Si layers in the mechanical behaviour of these pixels and the benefit of minimizing their thickness. The deflection shall remain within a limited range in order to prevent a degradation of electrical and optical performances such as a thermal shortening or a mismatched optical cavity depth for the targeted wavelength band. The deflections of the 500-µm pixel are quite small and will provide a good thermal insulation of the thermometer from the substrate as well as an optimal optical cavity depth for absorption at the desired wavelength (typically around λ = 600 µm).

To better understand the main cause of the pixel deflection, we compared the simulated deflections caused by extracted residual stresses and by CTE effects in the case of the 500-µm pixel. CTE effects were considered between the passivation deposition temperature at 670 K and the room temperature. The FEM simulation model takes into account the five layers (h1 = 1.5 µm, h2 = 100 nm, h3 = 100 nm, h4 = 5 nm, h5 = 100 nm) with the CTE values summarized in Table 4. Fig. 13(a) depicts the simulated pixel deformations, which have a maximum value of about 5 µm. Fig. 13(b) compares the tip deflection due to CTE effects (i.e. Fig. 13(a)) and due to the extracted residual stresses (i.e. Fig. 11(a)).

Material CTE(1/K) Ref. c-Si 2.5x10 -6 [25] a-Si 4.4x10 -6 [25] Ti 8.6x10 -6 [26] TiN 8.1x10 -6 [27] Cu 16x10 -6 
[28] Table 4 : CTE at room temperature of materials used in this study.

The CTE is defined according to [START_REF] Middelmann | Thermal expansion coefficient of single-crystal silicon from 7 K to 293 K[END_REF] by Equation ( 15):
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α(T): is the linear coefficient of thermal expansion L(T): is the temperature dependent length LRT: is the length at room temperature (293.15 K)

The maximum deflection obtained at the corner of the active bolometer is about 9.2 µm and 5.13 µm in the case of extracted residual stresses and CTE effects, respectively (Fig. 13(b)). It means that total residual stresses of fabricated cantilevers and pixels are partially coming from the mismatch of CTEs between the different layers but also include a significant contribution of other residuals stresses such as the presence of defects in the deposited materials. We conclude that the simulation of the pixel deformation with only CTE effects is important but not sufficient to have an accurate estimation of the actual residual stresses in the fabricated structures. An extraction of residual stresses with the equivalent model presented in section 3 is necessary to approach the real deformation.

Simulation at low temperature

The fabricated pixels will operate at very low temperature, typically between 0.05 and 0.1 K, and the active bolometers, which are suspended at 2.5 µm above the oxide optical cavity, must have a high thermal insulation in order to have a high sensitivity and a low noise equivalent power (NEP) [START_REF] Adami | Highly sensitive polarimetric camera (B-BOP) for the SPICA mission[END_REF]. Therefore, it is interesting to estimate the deformations at low temperature to evaluate the risks of thermal shorting between the bolometer and the oxide cavity. Based on litterature data of the materials, we performed the simulation of the CTE mismatch at low temperature for a pixel with a pitch of 500 µm and a passivation thickness h2 = h5 = 100 nm (Fig. 14). The maximum displacements are downward with a maximum value of -0.064 µm and -0.043 µm at 0.1 K and 4.1 K, respectively. Above a few Kelvin, maximum displacements are upward and reach +2.016 µm at 77 K and +2.418 µm at 100 K. The displacements simulated between 0.1 K and 200 K in the downward direction are rather low and therefore are expected to have a minor effect on the thermal insulation of the suspended bolometer. Other residual stresses or intrinsic stresses resulting from defects in the materials are not well known at low temperature, they are assumed to be tensile and mostly independent of the temperature [START_REF] Evans | The thermomechanical integrity of thin films and multilayers[END_REF]. They have to be considered in the simulation as they have the main contribution over CTE effects on deformations at low temperature. The assumption is to say that the tensile effect of these other residual stresses has to keep the different parts of the suspended pixel upward in order to get a good mechanical stability of the pixel at 0.1 K.

Optical performances and impact of bending at low temperature

Based on the electrical measurements of the suspended doped silicon thermometers at cryogenic temperatures, typically in the temperature range of 0.05 -0.1 K, we performed a simulation of the thermoelectric performance, such as the NEP values, of the fabricated pixels with a pitch of 500 µm using COMSOL Multiphysics software. The active bolometer of this pixel is composed of a meandered thermometer with silicon beams and Ti/TiN metal absorbers having widths of 3.2µm and 2µm, respectively. The total length of the thermometer is 2096 µm. Fig. 16a shows the simulated NEP with and without the bending effect. The Noise Equivalent Power (NEP) of the pixel consists of the Johnson (NEPj) and the phonon (NEPph) contributions [START_REF] Adami | Characterization of Doped Silicon Thermometers for Very High Sensitivity Cryogenic Bolometers[END_REF]:
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where T is the thermometer's temperature, kb is the Boltzmann constant, R is the electrical impedance of the active bolometer, Gth is its thermal conductivity and S is its responsivity. At cryogenic temperature, the thermometer operates in the "Variable Range Hopping" (VRH) regime and its electrical impedance is given by L The impact of thermal shorts due to the thermometer displacement is simulated by forcing two areas of the suspended structure to the bath temperature (0.1 K). The structure and the simulation results are depicted in Fig. 16. We observe an important degradation of the NEP in the case of the bending/thermal short. For an optical power Popt = 6x10 -15 W, the NEP increases from 1.59x10 -18 W/Hz 1/2 (without bending) to 1.05x10 -17 W/Hz 1/2 due to the thermal shorts, which represents nearly a decade difference. The NEP of the 1200-µm pixel was discussed in the reference [START_REF] Adami | Characterization of Doped Silicon Thermometers for Very High Sensitivity Cryogenic Bolometers[END_REF], it is in the range 0.5-2×10 -18 W/Hz 1/2 at 0.1 K and we have shown that thermal shorts have a similar effect on the NEP, i.e a degradation in the range of a decade. 

Conclusions

This paper investigates the mechanical behaviour of doped silicon bolometers for mm-wave absorption. The effects of stresses on fabricated pixels of two different sizes (500 and 1200 µm) as well as cantilever test structures were modelled and simulated. A multilayer equivalent model of cantilevers was used to extract an effective thickness and Young's modulus, which are taken into account for mean (σ0) and gradient (σ1) stresses determination at room temperature. Extracted values of σ0 and σ1 were then included in a FEM simulation model to compute mechanical deformations of the two pixel designs. Extracted residual stresses in our fabricated cantilevers and pixels were shown to be mostly due to CTE differences between the different layers.

The simulation model and the deflection measurements of different pixels are in good agreement. These results provide a better understanding of the mechanical behaviour of the pixels. In particular, the thickness of the a-Si passivation is a critical contributor to the residual stresses, especially the gradient stress (σ1) which is mainly responsible of the pixel deflections.

We observed important mechanical deflections of silicon bolometers with a pitch of 1200 µm after the sacrificial layer etching, which may decrease optical performances. We showed that in addition to CTE mismatches between the layers, other residual stresses issued from defects in deposited materials are also present in the fabricated structures. At low temperatures, the CTE of materials is weak and the suspended structures exhibit very low displacements. At a typical operating temperature of 0.1 K, a weak downward maximum displacement of -0.064 µm is observed in the 500-µm pixel with a passivation thickness of h2 = h5 = 100 nm, which is far from the distance between the suspended structure and the optical oxide cavity, assuring a good thermal insulation of the pixel. The impact on the optical performances of thermal shorts due to the bending of the suspended structures was simulated for the 500-µm pixel at 0.1 K. A degradation of the NEP values from 1.59x10 -18 to 1.05x10 -17 W/Hz 1/2 under an optical load P = 6x10 -15 W was found. Tensile residual stresses extracted at room temperature and coming from defects in the deposited materials are not dependent of the temperature and have to be considered in the simulation as they have the main contribution over CTE effects on deformations at low temperature. This is why it is very important to control and reduce these residual stresses at room temperature to have good performances at very low temperature.
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 1 Cross section of the bolometer structure (a) and 3D view of the pixel with a pitch of 500µm (b).

Fig. 2 .

 2 Fig. 2. Microscope optical image of a fabricated pixel with a pitch of 1200 µm before releasing.

Fig. 3 .

 3 Fig. 3. (a) Schematic of the cantilever structure, (b) Equivalent model of the multilayer beam.

Fig. 4 (

 4 a) and 4(b) depict a schematic view of clamped-free and clamped-clamped beams, respectively.

Fig. 4 .

 4 Fig. 4. Layout of micromachined cantilevers (a) Design A: clamped-free beam and (b) Design B: clamped-clamped beam.

Fig. 5

 5 Fig.5presents an example of raw deflection measurements in the case of clamped-clamped beams B2 with W = 4 and L = 100 µm without (Fig.5(a)) and with (Fig.5(b)) the Ti/TiN metal layers. The deflection values were normalized to the anchors' height. Cantilevers with Ti/TiN metal layers exhibit a greater deformation than cantilevers without metal absorbers. A downward deflection of 0.93 µm and 1.45 µm are observed in cantilevers without and with Ti/TiN absorbers respectively, showing a tensile stress in the multilayer cantilever.

5 .

 5 Deflection measurements on clamped-clamped cantilevers B2 (W = 4 µm, L = 100 µm, h2 = h5 = 100 nm): (a) without metallic absorbers and (b) with metallic absorbers.

Fig. 6 (

 6 Fig. 6(a) shows a Scanning Electron Microscope (SEM) image of clamped-free and clampedclamped cantilevers after sacrificial oxide etching and Fig. 6(b) depicts their deflection measured using an optical profiler (SENSOFAR PLU Neox). Upward deformations are observed and correspond to a tensile residual stress.

Fig. 6 .

 6 (a) SEM image of released clamped-free cantilevers with an upward bend. (b) Optical profiler measurement of the deflection of cantilevers with different lengths.

Fig. 7 .

 7 Fig. 7. Extraction of σ1 in A2 clamped-free cantilever (W = 4 µm, L = 100 µm) in the case of: (a): h2 = h5 = 100 nm and (b): h2 = h5 = 50 nm

Fig. 8 .

 8 FEM simulation of clamped-free cantilevers with h2 = h5 = 50 nm (a) without metal absorbers and (b) with metal absorbers.

Fig. 9 .

 9 Fig. 9. Comparison between simulation and measurement of clamped-free cantilever A2 (W = 4 µm, L = 100 µm, h2 = h5 = 50 nm): (a): without absorbers, (b): with absorbers. Error bars on simulated curves correspond to ±10% variation of σ0.

Fig. 10 .

 10 Fig. 10. FEM simulation of the pixel (1200 µm pitch) (a) with a passivation layer h2 = h5 = 100 nm and (b) with a passivation layer h2 = h5 = 50 nm.

Fig. 11 .

 11 Fig. 11. FEM simulation of the pixel (500 µm pitch) (a) with a passivation layer h2 = h5 = 100 nm and (b) with a passivation layer h2 = h5 = 50 nm.

Fig. 12 presentsFig. 12 .

 1212 Fig.12presents SEM images of released pixels with a pitch of 1200 µm and 500 µm, and a passivation thickness of h2 = h5 = 50 nm. As mentioned previously, the maximum deformations of active bolometers are around 22 µm and 3.63 µm for the two pixels and these values are in good agreement with the FEM simulation and the analytical model results. The slight differences between simulations and measurement may be explained by the uncertainties in the measurements and the residual stress extraction from the cantilever structures. As expected, the large pixel with a pitch of 1200 µm exhibits the greatest deflection due the effect of the uniaxial gradient stress developed through long beams with a length of 460 µm and a width of 8 µm forming the active bolometer.

Fig. 13 .

 13 Simulation of the CTE effects in the 500-µm pixel (a), comparison of deflections obtained from CTE effects and extracted total residual stresses (b) (h2 = h5 = 100nm).

Fig. 14 .

 14 Fig. 14. FEM simulations of the 500-µm pixel (h2 = h5 = 100 nm) at several temperatures; the maximum displacements are -0.064 µm at 0.1 K (a), -0.043 µm at 4.1 K (b), +2.016 µm at 77 K (c), +2.418 µm at 100 K (d).

Fig. 15

 15 Fig. 15 depicts the displacement of two different points of the active bolometer as a function of the temperatures. We can see that these two points behave differently with the temperature between 0.1 K and 200 K due to the design of the suspended structure and the variation of the CTE of each material as a function of the temperature. Point 1 and point 2 exhibit a vertical displacement of +0.052 µm and -0.010 µm at 0.1 K, respectively. The vertical position of point 1 reaches a maximum value of +2.47 µm at 200 K, a minimum value of -0.042 µm at 4.1 K and a local maximum of +0.147 µm at 1 K. The displacement of point 2 is maximum at 140 K (+2.5 µm) and minimum at 1 K (-0.015 µm).

Fig. 15 .

 15 Fig. 15. CTE simulation of the displacement of two different points of the active bolometer (500-µm pixel, h2 = h5 = 100 nm) as a function of temperature; inset: zoom on the low temperature range between 0 et 3 K.

  R0=600 Ω and T0 = 18 K are characteristic parameters in the Efros VRH regime depending on the doping and the geometry of the active bolometer. The responsivity, S = dVout/dPopt, of the active bolometer corresponds to the conversion of the optical flux (Popt) fluctuation to a variation of an electrical voltage (Vout). The active bolometer operates at 0.1 K and is polarized with a constant current ib = 1.2 pA and its two ends are thermalized to the bath temperature of 0.1 K.

Fig. 16 .

 16 Fig. 16. Schematic of a suspended active bolometer of the 500-µm pixel (a), and simulated NEP with and without thermal shorts (b).

Table 1 :

 1 ). Material properties at room temperature considered in this study.

	Layer i	Material		Role	hi (nm)	Ei (GPa)	i	Reference for E and
	1	Crystalline Silicon (Si)	thermometer	1500	160	0.28 [21]
	2	Amorphous Silicon (a-	1 st passivation layer	50 or	150	0.21 Measured in this study
		Si)			100		
	3	Titanium (Ti)	metal absorber	100	110.4	0.34 [22]
	4	Titanium Nitride (TiN)	metal absorber	5	220	0.28 [21]
	5	Amorphous Silicon (a-	2 nd	passivation	50 or	150	0.21 Measured in this study
		Si)	layer		100		

Table 2 :

 2 Cantilevers designs and dimensions in µm.

			La	Wp	Lp	Dp	L1	L2	L3	L4	L5	L6	L7
	A1	1	46	2	50	4	2	2	3	10	25	11	3
	A2	2	70	4	100	4	15	15	3	10	25	11	3
	A3	4	160	6	200	4	20	20	3	10	25	11	3
	B1	1	46	2	50	4	2	2	3	10	25	11	3

Table 3 :

 3 Extracted stress values for clamped-free cantilever A2 (W = 4 µm, L = 100 µm) at room temperature

		Without Ti/TiN absorbers	With Ti/TiN absorbers
	h2, h5 (nm)	100	50	100	50
	heff (µm)	1.697	1.598	1.795	1.69
	Eeff (GPa)	159.9	160	159	159.3
	σ1 (MPa)	+96 ±2.88	+29.5 ±0.885	+117 ±5.85	+44.8 ± 2.24
	σ0 (GPa)	+0.6 ±0.06	+0.8 ±0.08	+0.9 ±0.09	+1.1 ± 0.11
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