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Introduction

Infrared and THz detectors may have important applications in medical or security imaging, environmental sensing, material detection, non-destructive testing, and astronomy [1,2,3,[START_REF] Lewis | A review of terahertz detectors[END_REF]5].

Several physical mechanisms can be used to detect radiation, resulting in detectors in two main categories: thermal and electronic (or photonic) detectors. The latter rely on the interaction of the photons with electrons in the detector and the performance is very dependent on the wavelength to be detected, while in thermal detectors the absorbed energy increases the temperature, which can be measured by sensitive thermometers. The detection efficiency of such thermal detectors can be improved by increasing the absorption using absorbing layers or antennas. The change in temperature can be converted to a change of volume in golay cells, to a change in electric potential in pyroelectric detectors, or to a change of electrical resistance in semiconducting, superconducting, or metallic bolometers.

The main figures of merit for radiation detectors are optical responsivity ( V ) and noise equivalent power (NEP) [6,[START_REF] Kruse | Elements of Infrared Technology[END_REF]. The optical responsivity measures the variation of the electrical voltage or current output (if current or voltage biased, respectively), per optical power input and is expressed in V•W -1 or A•W -1 . The NEP expresses the minimum detectable power per square root bandwidth of a given detector. It is the ratio between the noise power spectral density (in voltage S V in V²•Hz -1 if current biased, or in current S I in A²•Hz -1 if voltage biased) and the optical responsivity. It is desirable to have a NEP as low as possible, since a low NEP value corresponds to a lower noise floor and therefore a more sensitive detector. As shown in Table I, the lowest NEP values in the literature lie in the 10 -9 -10 -12 W•Hz -1/2 range for uncooled antennacoupled detectors such as Golay cells [8], pyroelectric detectors [START_REF] Li | Infrared Millim[END_REF], Schottky-barrier diodes [10], GaN high electron mobility transistors [11], metallic, VO 2 , amorphous Si (a-Si), or SiGe microbolometers [START_REF] Hiromoto | 39th International Conference on Infrared, Millimeter, and Terahertz waves (IRMMW-THz)[END_REF][START_REF] Cheng | [END_REF]14,15].

The manganite material of composition La 0.7 Sr 0.3 MnO 3 (LSMO) is a promising candidate to fabricate uncooled bolometers thanks to the large change in electrical resistance versus temperature (a metal-to-insulator transition) that it exhibits close to room temperature and the low-noise level compared with other resistive materials such as semiconductors (a-Si, a-Si:H, a-Ge, poly SiGe) and other oxide materials (semiconducting YBa 2 Cu 3 O 7- , VO x , etc.) [16,17,18,19]. The objective of this paper is to investigate the electrothermal properties of a device made of 17 suspended lines patterned in LSMO thin films that cover a detection area of 3 100 × 100 µm 2 , and to show that a new technology of uncooled bolometers based on LSMO can be developed. After a short description of the bolometer fabrication, the experimental methods and principle of operation, the voltage-current (V-I) characteristics measured in the 240-415 K range are presented. The electrical responsivity, which was calculated from the derivative of the electrical resistance versus temperature characteristics, was compared to the optical responsivity measured under illumination with a laser diode at 635 nm. The difference between the optical and electrical responsivity is the optical coupling efficiency of the detector system. Finally, NEP values are deduced from the measured spectral noise power density and responsivity versus frequency curves. 

Methods

The 50 nm thick LSMO films were deposited on 20 nm thick CaTiO 3 (CTO) buffers layers grown on silicon (001) substrates by reactive molecular-beam epitaxy as described in Adamo et al. [20]. The use of a buffer layer is necessary in order to prevent interdiffusion between Si and LSMO and specific procedures must be used in order to avoid the formation of amorphous SiO 2 at the Si surface. In addition, the thickness of the LSMO layer is limited because of the large difference between its thermal expansion coefficient and that of Si. Further, the buffer layer material separating LSMO from Si and preventing them from reacting with one another should show a good lattice match with both. A variety of materials have been used to act as a buffer layer for the epitaxial growth of oxides on silicon as reviewed by Reiner et al. [21]. Our LSMO/CTO heterostructures were epitaxially grown on Si (001). They showed a (001) orientation, and slightly improved structural and electrical properties compared to high quality LSMO/STO layers grown on Si [22,23].

Only two photolithographic steps are needed in the fabrication process. The first defines the electrode pads using a potassium iodide solution and the second step defines the bridge geometry of the bolometer using argon ion beam milling down to the silicon substrate. The detailed fabrication process has been published previously [24,25]. The experimental setup is based on a sample holder placed in a vacuum chamber (at a pressure below 10 -3 mbar) and equipped with a NaCl window. Liquid nitrogen and a temperature controller using a platinum sensor and a simple proportional-integral (PI) control loop were used to set the sample temperature in the 230 K -415 K range. The V-I characteristics were measured with a semiconductor parameter analyzer (Agilent 4156). The optical measurements were performed using a power-modulated laser diode, by varying the current at the modulation frequency f (wavelength of 635 nm and nominal power of 5 mW). The radiation beam at the output of the laser diode passed through a beam splitter cube, which separated the beam into two paths. One beam is incident on the sample and the other one on a photodiode used as a reference [26]. The laser beam that arrives on the sample was focused and highly attenuated. The power received by the LSMO bolometer was estimated in real time by knowing the transmission coefficients of the different optical elements and the output signal of the photodiode. It was about 23 µW in the experiments presented here.

A homemade quasi-ideal DC current source was used for bias current, which has high output impedance and negligible input current noise [27]. A homemade voltage amplifier circuit based on a 3 Op-Amp AD743 instrumentation amplifier was used, with a noise floor of 4×10 -16 V 2 •Hz - 1 , in the 1 Hz -100 kHz bandwidth, negligible input current noise (lower than 10 -15 V²•Hz -1 ), and gain of about 1000. Measurements of the optical responsivity versus frequency and noise spectral density, in the range of 1 Hz -2 kHz, were made using a spectrum analyzer (HP3562A). Finally, the optical responsivity could be estimated by dividing the output voltage by amplifier gain and the optical power received by the device.

The principle of operation of a bolometer and the figure of merits of bolometers are described in reference books [START_REF] Kruse | Elements of Infrared Technology[END_REF][START_REF] Budzier | Thermal Infrared Sensors[END_REF][START_REF] Rogalski | Infrared Detectors[END_REF]. If the bolometer is current biased, the optical responsivity at the laser modulation frequency f can be written as:

ℜ (T, I, f) = ΔV(f) ΔP(f) = ηI G (T, I) 1 + (2πfτ ) dR dT (T, I) (1) 
where η is the absorption coefficient (dimensionless), I is the bias current (in A), R is the electrical resistance (in ), G eff is the effective thermal conductance of the device (in W•K -1 ), τ eff = C/G eff is the effective thermal time constant (in s), and C is the thermal capacitance (in

J•K -1
). The thermal conductance measures the ability of the bolometer to transfer the absorbed power given a temperature gradient. The effective thermal conductance G eff is defined, by taking into account the geometrical thermal conductance G and the self-heating effect, as:

G (T, I) = G(T, I) -I dR dT (T, I) (2) 
In order to maximise the optical responsivity, we need to choose materials showing high , i.e., sensitive thermometers, to design geometries with low thermal conductance, i.e., suspended structures, and to choose appropriate operating conditions in temperature and bias current. In addition, to keep the thermal time constant low, a small thermal capacitance is required.

Suspended thin films are then a good solution for achieving both high optical responsivity and low thermal response time (i.e., high cut-off frequency), by reducing simultaneously both G eff and C. Many of the parameters depend on both the temperature and the bias current, which makes the analytical resolution of Eq. ( 1) intractable. In addition, the electrical resistivity in LSMO strongly depends on temperature with a nonlinear temperature dependence [START_REF] Graziosi | [END_REF]16], which should result in nonlinear operating conditions of the LSMO bolometers. For suspended lines, the thermal conductance is strongly reduced, which is expected to result in strong self-heating due to Joule heating when biasing the devices. Self-heating induces a local increase of the temperature, and will change the operating point and affect directly the figures of merit of the detector.

Results and discussion

The V-I characteristics of the 17 suspended lines were measured at different temperatures between 230 K and 415 K for bias currents in the 10 µA -300 µA range. Figure 2 presents the V-I curves, showing non linearities induced by the change of the average temperature of the suspended lines, thus affecting its electrical resistance. The temperature profile of the suspended lines has a parabolic shaped distribution along the bridge length [32,33]. When the bias current is high enough, regions in the centre of the suspended lines may reach the metal-to-insulating transition temperature. From the measured V-I characteristics and the electrical resistance versus temperature characteristics measured at reduced bias current (10 µA), it is possible to know the temperature of the tested device as a function of the electrical power in the device, and therefore to estimate the thermal conductance G, to be (5.0 ± 2. 5)×10 -6 W•K -1 at 300 K. With the samples being in vacuum, radiative and convective leakage is negligible and the thermal conductance can be accurately considered to describe only the heat conduction from the film to the environment. 

3(a)

. It should be noted that at high current the device is not in thermal equilibrium and that the measured temperature is not the true temperature of the material in the suspended area but only gives the holder temperature. The maximum value of ( , ) slightly increases when the bias current increases and occurs at lower temperature. At 300 K and 80 µA, the value of ( , ) is equal to 123 Ω•K -1 corresponding to a temperature coefficient of the resistance (TCR = × dR dT ) of 1.8×10 -2 K -1 . This is comparable to the values for LSMO found in literature [34]. Figure 3(c) shows the electrical responsivity of the bolometer versus temperature, named  V-elec (T,I), calculated using Eq. ( 1) and the ( , ) characteristics plotted in Fig. 3(b), and assuming =1. It should be noted that the bolometer can be operated over a large range of temperature, by an appropriate choice of bias current. Higher electrical responsivity values are obtained at low temperature, but at higher bias current. It is 85688 V•W -1 at 240 K and 175 µA and 2327 V•W -1 at 300K and 80 µA. Joule heating can be used to reach the maximum of ( , ) at any temperature but to the detriment of higher power consumption, and higher low frequency noise, as will be discussed below. Optical characterization has been performed at 635 nm using a low incident power (about 23

W) and at a modulation frequency of 8 Hz, i.e., in the bandwidth of the bolometer, as will be shown in Fig. 6(a). Figure 4 shows the measured values versus bias current at fixed temperatures between 240 K and 320 K. For each temperature, an optimal bias current can be defined, I opt , at which the optical responsivity is maximum. For a thermal detector, the optical responsivity is equal to the electrical responsivity multiplied by the absorption coefficient of the detector at the considered radiation wavelength, which we measured to be 85% for LSMO at about 635 nm [35]. The precise optical power received by the device was difficult to evaluate with high precision, and in order to compare the optical and electrical responsivity, we normalized the measured values of the optical responsivity at 300 K by the electrical responsivity at 300 K multiplied by . Both maximum values of the optical responsivity and electrical responsivity multiplied by  have been plotted in Fig. 5 versus its optimal bias current. In the 60 -120 µA range (i.e., 310 K -275 K), very good agreement is observed. Below and above this range, the discrepancies between the optical responsivity and the electrical responsivity can be accounted by different assumptions. At low bias current, the evaluation of the optical responsivity was difficult because it was very low. At high bias current, the self-heating effects are huge and the temperature is not uniform along the suspended lines, which induced inhomogeneities in the properties of LSMO that are not considered in the simple model of Eq. ( 1). Nonetheless, we can conclude that in the temperature range of interest around room temperature, Eq. ( 1) can be used to satisfactorily describe the bolometer responsivity. given by f -3dB =1/(2πτ eff ), where τ eff is the effective thermal time constant as defined in Eq. ( 1).

The cut-off frequency is around 124 Hz at 300 K and 21 Hz at 240 K, which corresponds to an effective thermal response time of 1.3 ms at 300 K and 7.6 ms at 240 K. At higher frequencies one can observe an increase of the measured optical responsivity, which is independent of the bias current and which we attribute to photovoltaic effects in the silicon wafer. The input noise power spectral density in voltage was measured versus frequency at different temperatures and at the optimal current as shown in Fig. 6(b). Typically, the input noise power spectral density consists of two regions: a frequency and current dependent part at low frequency and a frequency and current independent part at high frequency, named white noise and equal to 4k B TR (with k B the Boltzmann constant, T the temperature, and R the electrical resistance). As expected, the white noise decreases with decreasing temperature since both temperature and electrical resistance decrease. In contrast, the noise value at 1 Hz increases with decreasing temperature since the bias current is higher. Finally, in order to evaluate the bolometer performance, we estimated the NEP for different temperatures at the optimal bias current by dividing the curves of I and [START_REF] Voshell | Proc. of SPIE[END_REF][START_REF] Kimata | [END_REF] . It should be noted that they rely on the intrinsic properties of the LSMO bolometer, i.e., without any absorbing layers or antennas, and that they are obtained at a quite reduced power bias consumption (~45 W), which could be useful for internet of things (IoT) technologies. 

Conclusion

In summary, we fabricated and studied an LSMO-based bolometer with a 100 × 100 µm 2 detection area consisting of 17 parallel suspended lines. Measurements of the V-I characteristics over a range of temperature allowed us to calculate the electrical responsivity of this LSMO bolometer and determine the optimal current at which it was maximal. The optical responsivity was measured under illumination of a laser diode at 635 nm and confirms the validity of the firstorder model used to calculate the electrical responsivity. Responsivity was higher at low temperature (240 K), but at a higher optimal current, which was detrimental to the deduced NEP values. The NEP is determined to be of the order of 2 -4×10 -11 W•Hz -1/2 with a time constant of 1.3 ms at 300 K for modulation frequencies in 20-200 Hz range and at 80 µA, which is very competitive compared to existing uncooled technologies. We anticipate that the performance of these LSMO suspended structures can be further improved by optimizing the radiation-todetector coupling at the desired wavelength using absorbing layers or antennas.
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 11 Figure 1: (a) Optical micrograph of the tested device showing the current and voltage pads as well as the 100 × 100 µm² detection area; (b) Scanning electron microscope photography of the 100 × 100 µm² detection area patterned in the LSMO/CTO/Si films. It consists of 17 suspended lines each of width 4 µm separated by about 2 µm. The bias current I flows in parallel in the 17 lines.

Figure 2 :

 2 Figure 2: Voltage versus bias current characteristics measured in the 17 suspended lines at different temperatures. Steps in temperature are every 2.5 K from 230 K to 340 K and every 5 K from 340 K to 415 K.The electrical resistance characteristics versus temperature, R(T,I), of the 17 suspended LSMO lines are reported in Fig.3(a) for different bias currents in the 10 -300 µA range. At a bias current of 10 µA, a large change of the electrical resistance is observed at the metal-toinsulator transition temperature, with T P , defined as the temperature of the maximum of resistance, close to 360 K. This confirms that the fabrication process did not significantly degrade the electrical transport properties of the LSMO film. When the bias current is increased, the metal-to-insulator transition, and therefore T P and the large change of the electrical resistance, are shifted to the lower temperatures. The latter effect can be observed more clearly in

Figure 3 :

 3 Figure 3: (a) Electrical resistance, R(T,I), where the temperature of the maximum of resistance T P is indicated for a current of 10 µA and 300 µA; (b) Derivative of the electrical

Figure 4 :

 4 Figure 4: Optical responsivity  V (T,I) versus bias current at different temperatures in the bolometer bandwidth under illumination with incident radiation at 635 nm.

Figure 5 :

 5 Figure 5: Maximum of the electrical and optical responsivity values versus bias current and temperature at which the maximum is measured. Electrical responsivity has been multiplied by =0.85 and the optical responsivity has been superimposed upon the electrical responsivity value at 300K.
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 6 Figure 6(a) presents the optical responsivity of the device versus the modulation frequency measured at different temperatures and at the optimal current determined in Fig. 5. The bolometer behaves as a first-order thermal low-pass filter, having cut-off frequency at -3dB
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 6 Fig. 6(b) by those of Fig. 6(a). No major differences are observed for the different temperatures since NEP reaches a minimum values in the 20 -200 Hz range, with values of 2.3×10 -11 W•Hz - 1/2 at 300 K and 1.7×10 -11 W•Hz -1/2 at 240 K. Even if the responsivity is much lower at room temperature than at 240 K, the NEP value is of the same order because of the lower bias current

Figure 6 :

 6 Figure 6: (a) Optical responsivity  V ; (b) noise power spectral density in voltage; (c) NEP measured versus frequency at different temperatures and at optimal bias currents. The legend applies to all three graphs.

Table I :

 I Reported NEP values of uncooled detectors in the literature.

	Type of detector	Operating wavelength or	NEP (W•Hz -1/2 )	Reference
		frequency range		
	Golay Cell	0.3 -8000 μm	1.4 × 10 -10	[8]
	Pyroelectric detectors	2.52 THz	1.5 × 10 -9	[9]
	Schottky barriers	100 GHz -1 THz	7-100 × 10 -12	[10]
	GaN high electron mobility	0.14 THz	0.58 × 10 -12	[11]
	transistors			
	Metallic microbolometers	1 THz	4.6×10 -10	[12]
	VO 2 microbolometers	8 -12 µm	1.54×10 -12	[13]
	a-Si microbolometers	10 -12 µm	8.6×10 -12	[14]
	Si x Ge y :H-based	0.934 THz	2×10 -10	[15]
	microbolometers			
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