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High time resolution optical/Infrared (IR) astronomy will require fast response detectors. In order to meet such requirement, cryogenic optical/IR detectors, such as superconducting tunnel junctions (STJ) and transition-edge sensors (TES), are under development. Of these cryogenic detectors, superconducting titanium (Ti) bolometric detectors, with a transition temperature of around 300 mK, based on the electronphonon decoupling mechanism, is promising in fast response. In this paper, we report on the characterization of electro-thermal properties of a small-size (1 µm × 1 µm × 37 nm) superconducting Ti detector. The low frequency noise of Ti film was fitted by empirical Hooge model. A discrepancy between the Hooge constant of the Ti film and that of normal metals shows disorder in the Ti film. Thermal conductance was estimated extracted via measured current-voltage curves at different bath temperatures. The time constant was calculated as tens of nanoseconds, which was quite fast faster than expected. The fast response potentially enables the high speed optical/IR astronomical observations. Detailed experimental and analytical results are presented.

For example, the instrument SCUBA-2 on the James Clerk Maxwell Telescope (JCMT) has 10,000 TES and employs time domain multiplexing readout. [11] In ground-based astronomical applications, the requirement of detector sensitivity, i.e., noise equivalent power (NEP), is background-limited at the level of 10 -17 W/Hz 0.5 -10 -16 W/Hz 0.5 at millimeter wavelength and for future space telescopes at the level of ∼10 -20 W/Hz 0.5 . [12]- [15] The key to achieve such high sensitivity for TES is small heat capacity. The small heat capacity is obtained by minimizing detector pixel size. [12], [15] At the same time, by using high critical temperature materials such as Ti, fast response photon-number-resolving detection for terahertz/far infrared (THz/FIR) might be possible. [15]- [17] By coupling to single-mode optical/IR fiber, it is also suitable for optical/IR detection. [18], [19] Headed for high sensitivity and fast response, we developed small-area Ti TES. [18] [20] In the current paper, we report on the characterization of a Ti TES detector with a micro-bridge of 1 µm × 1 µm × 37 nm. The characteristics such as resistive transition, thermal conductance, electro-thermal feedback loop gain, and noise were studied. The time constant was evaluated using the heat capacity and the thermal conductance. The most important result is that the estimated extracted response time constant is smaller shorter than the expected electronphonon relaxation time constant. This result indicates that the overall thermal conductance was higher than the electronphonon one due to diffusion cooling via contacts. [19], [20] [21], [22] The diffusion cooling via contacts takes effect in the small-size detector whereas it is negligible in a largearea detector. A Ti TES detector with relatively large size of 25 µm × 25 µm × 51 nm was then fabricated and tested coupled to a laser source. The optical response using largearea detector was recorded and analyzed to get relaxation time. [21], [22] [18], [23] The time constant of the small-size detector was smaller shorter than that of the larger one. With high sensitivity, fast response, and low heat capacity, the smallsize Ti TES detector is promising for power detection as well as for PNR detection in astronomical applications.

II. EXPERIMENTAL METHODS

The measured detector in this work was fabricated in a relatively simple way. The Ti film was evaporated on a highresistivity silicon substrate and the micro-bridge was patterned using optical lithography only. The photoresist patterning Ti structure was firstly coated on silicon substrate and a 37-nmthick Ti film was e-beam evaporated in an ultrahigh vacuum The resistive transition (R-T curve) of the detector was measured by a sensitive AC resistance bridge. The detector was mount on the 300 mK cold plate of an absorption refrigerator. The measured R-T curve of the detector is shown in Fig. 2. Clearly there are two transitions, with the high one at 434 mK due to the Nb/Ti contacts and the lower one at 412 mK due to the Ti micro-bridge itself. Its normal-state resistance is approximately 17 Ω. The broadening of transition width might account for inhomogeneity of the Ti film. We use AFM (atomic force microscopy) to get surface profile of a Ti film sample. The measured results show that the Ti film surface is quite rough. The surface profile of Ti film was measured by atomic force microscopy (AFM). The AFM results show that the height variation of Ti film surface is from -2.0 nm to 2.0 nm. The RMS roughness is around 0.6 nm. The transition at different parts might be slightly different so that the transition of the whole sample might be broadened.

With respect to the measured normal-state resistance, we applied a constant current through a 0.68 Ω metal-film resistor in parallel with the detector to realize a constant-voltage bias in the detector's operation. [23] [24] The biasing wires applying constant-current passed through home-made low pass RC filters to suppress common-mode and differential-mode electromagnetic interferences. In order to suppress commonmode and differential-mode electromagnetic interferences, a home-made low-pass filtering circuit was inserted in the biasing wires at the feed-though connector on the cryostat. The output current was read out by a low noise amplifier (a commercial DC SQUID, superconducting quantum interference device, amplifier). [24], [25] [25], [26] The DC SQUID chip was thermally anchored to the 2 K stage of the absorption refrigerator and its bias and control circuits were at room temperature. The input coil of the DC SQUID chip was in series with the detector by a superconducting twisted pair to reduce the parasitic resistance. The setup with constant-voltage bias and current readout was used to study the electro-thermal properties and electrical noise performance. We also measured the low frequency noise of a Ti film sample which is on the same wafer as the investigated detector to understand the film property. The current noise spectra was measured at the output of the SQUID amplifier by an FFT spectrum analyzer. By fitting the measured current noise spectra to empirical Hooge model [26], [27] [27], [28], the Hooge constant of this film is obtained.

For comparison purposes, a sample of 25 µm × 25 µm × 51 nm was fabricated and then tested in a setup introducing a laser source to get optical response. [22] [18] The measurement was done in a dilution refrigrator with another set of bias and DC SQUID amplifier. [28], [29] [29], [30] The transition temperature was measured 300 mK and the normal-state resistance 8.3 Ω using R-T measurement setup as above. A shunt resistor of 20 mΩ was used to realize a constant-voltage bias. The detector was coupled to a single mode optical fiber which was connected to the light source at room temperature outside the cryostat. The laser source generates periodic pulses by a home-made laser at wavelength of 1550 nm, a modulator, and a variable optical attenuator. The optical response was recorded by a digital osilloscope and then analyzed to get relaxation time.

III. RESULTS AND DISCUSSION

A. Hooge constant of the Ti film

The current noise spectra measured at the output of the SQUID amplifier by an FFT spectrum analyzer are shown in Fig. 3 for different bias voltages. The 1/f noise at low frequencies can be clearly observed. Using the empirical Hooge model [26], [27], we fitted the measured current noise spectra. The Hooge constant in this fitting was found to be α H ≈ 2.64 × 10 -2 ± 0.13 × 10 -2 , which is greater than that suggested for pure metals (α H ≈ 2 × 10 -3 ). This is a strong indication of disorder existing in this Ti film. 

B. Electro-thermal properties and electrical noise

We investigated the detector characteristics including its thermal conductance, electro-thermal feedback loop gain, and NEP. They are all evaluated in terms of the detector's currentvoltage (I-V) curves at different temperatures. The normalstate resistance from the I-V curves is also approximately 17 Ω in agreement with that from the R-T curve. The overall thermal conductance of a bolometric detector can be calculated extracted by the isothermal method [30] [31] from its measured I-V curves at different bath temperatures. The extracted overall thermal conductance G mea G ext of our Ti bolometric detector was 170 pW/K-280 pW/K at 388 mK. Fig. 4 shows the measured I-V curves at temperature from 388 mK to 404 mK as well as the thermal conductance calculated from measured I-V curves. The electro-thermal feedback (ETF) plays an important role in bolometric detector operation. [31]- [33] [32]- [34] The feedback effect is quantified by the ETF loop gain L I , which can be expressed as L I = (Z 0 -R) / (Z 0 + R), where Z 0 is the dynamic impedance dV dI . [32] [33] The ETF loop gain calculated with the measured I-V curve at 388 mK is shown in Fig. 5. The ETF loop gain has two peaks along the increment of biasing voltage. The peak at high biasing voltage is higher than the one at low biasing voltage. The large loop gain leads to a constant Joule power dissipation in detector (the powervoltage (P-V) curve shown in Fig. 5). We characterized the NEP of the Ti bolometric detector investigated here, which is a frequently used figure of merit to characterize direct detectors. [2] The NEP is the square root of the power spectral density of the power-referred noise. The power-referred noise of a superconducting bolometric detector is indeed the sum of the contributions of different noises including the thermal fluctuation noise (TFN, or phonon noise), the Johnson noises from the detector resistance R 0 and load resistance R L , and the noise from the readout electronics (here the SQUID amplifier). It is frequency dependent and when the detector was operating at low frequency it can be calculated as [31] [32]

NEP 2 = S P = i 2 n |R I | 2 = S TFN P + S R0 V I 2 0 1 L I 2 + S RL V I 2 0 (L I -1) 2 L 2 I + S SQ I |R I | 2 ,
where i 2 n is the overall current noise spectral density, R I the DC responsivity, S TFN P , S R0 V , S RL V , and S SQ I the different equivalent noise power spectral density, I 0 the bias current. The DC responsivity can be calculated from the I-V curves as [32] [33]

R I = - 1 V 0 Z 0 -R 0 2(Z 0 + R L )
.

At 388 mK, we measured the output noise spectral density i n at f = 3 kHz and calculated the measured NEP as i n /R I . NEP due to different contributions are also shown in Fig. 6 using equations as [31] [32]

NEP TFN = S TFN P = 4k B T 2 c G, NEP J = I 2 0 4k B T c R 0 1 L I 2 + I 2 0 4k B T c R L (L I -1) 2 L 2 I , NEP SQUID = i n,SQUID R I , NEP total = S P . F o r R e v i e w O n l y >2EOr3B-06<
The measured NEP is slightly larger than the calculated total NEP. The NEP, when biased at points from 2.5 µV to 13 µV, is around 10 -16 W/Hz 0.5 which can fulfill the sensitivity requirement for ground-based astronomical application. The minimum measured NEP is approximately 5.9 × 10 -17 W/Hz 0.5 at a bias voltage of 3 µV and 6.4 × 10 -17 W/Hz 0.5 at a bias voltage of 12 µV. 

C. Small heat capacity and small time constant

The heat capacity (C) of a thin normal metal film can be estimated calculated according to C n = γT V , where γ is the Sommerfeld constant, V the device volume, while the phonon heat capacity is negligible at temperatures below 1 K. For superconducting film at critical temperature the heat capacity is 2.43 C n . The TES is operated within the superconducting transition so that C varies in between C n and 2.43 C n . In our case C = 4.5 × 10 -18 -10.9 × 10 -18 JK -1 (using γ =310 Jm -3 K -2 for bulk Ti [14]). A rough estimation of energy resolution [31] [32] using ∆E = 4kT 2 0 C was around 30-73 meV (energy of around 3-7 THz photon). This enables the applications in PNR detection of optical/IR photons.

The thermal time constant τ is C/G, where C is the heat capacity of the detector, G the thermal conductance. The estimated extracted time constant using G mea G ext is thus

τ mea = C/G mea ≈ 19 ns-32 ns τ ext = C/G ext ≈ 19 ns-77 ns.
For a Ti TES detector the major part of thermal conductance is the one between the electrons and phonons (electron-phonon conductance G e-ph ). The electron-phonon conductance for metals within a small volume at low temperatures can be given by G e-ph = nΣ V T n-1 when the electron-phonon temperature difference (|T e -T ph |) is much smaller than the phonon temperature (T ph ), where Σ is a material-dependent constant, V the volume. [31] [32] The index n can vary between 4 and 6. Some experiments suggest that G e-ph (T ) = 1.56 × 10 9 V T 3 above 300 mK for thin Ti films on Si substrate. [14], [34] [14], [35] With this suggestion of approximation, the electronphonon thermal conductance of our Ti bolometric detector is G e-ph ≈ 3.4 pW/K and the electron-phonon relaxation time constant is therefore τ e-ph = C/G e-ph ≈ 1.3 µs. The electronphonon thermal conductance G e-ph is much smaller than the extracted overall thermal conductance G mea G ext evaluated from measured I-V curves. This implies that there might be an extra thermal link besides electron-phonon cooling. A diffusion cooling path through electrodes might account for that.

The diffusion cooling time constant due to diffusion cooling path can be estimated calculated according to τ diff = L 2 /(π 2 D), where L is the micro-bridge length and D the electron diffusion constant. [19], [20] [21], [22] Assuming the electron diffusion constant D = 1 cm 2 /s [21] and a 1µm long micro-bridge, we have an estimated diffusion time τ diff ≈ 1.0 ns. Note that the total relaxation rate 1/τ = 1/τ e-ph + 1/τ diff . If τ e-ph τ diff , we get τ ≈ τ diff . However as can be seen for our detector, the τ mea ≈ 19 ns-32 ns τ ext is in between the electron-phonon one τ e-ph ≈ 1.3 µs and diffusion cooling one τ diff ≈ 1.0 ns. It implies that the diffusion cooling is weakened to a certain degree (this leads to a greater time constant) but not well enough suppressed (if well suppressed, τ should be close to τ e-ph ). In our detector, the area of the interface between the Ti micro-bridge and Nb electrodes is larger than the micro-bridge and the R-T curve shows that the transition temperature of contact area is not high enough to suppress the diffusion of electrons. For comparison, a sample of 25 µm × 25 µm × 51 nm with contact electrode area of 25 µm×2 µm was fabricated and tested by recording its optical response to obtain its actual relaxation time constant.

The optical response output δV (t) of TES to input pulse can be fitted to formula as [22] [18]

δV (t) = A exp - t -t 0 τ decay -exp - t -t 0 τ rise ,
where A is a constant of pulse height, t 0 the incident time, τ rise the rise time constant, and τ decay the relaxation time constant. Averaged pulse response was recorded and fitted using the above equations and the fitting gives τ rise = 0.12 µs and τ decay = 0.93 µs. The heat capacity of the large area detector is C l = 3.0 fJ/K (using γT V ). The electron-phonon thermal conductance is G e-ph,l = 1.34 nW/K (using 1.56 × 10 9 V T 3 ) and thus electron-phonon thermal time constant is τ e-ph = 2.2 µs. Due to ETF effect the actual relaxation time constant is smaller than electron-phonon thermal time constant, [33] [34] but still it can be seen that they are in the same order for this large area sample. This result provides a comparison to that of our small-size Ti detector. The time constant of the small-area detector was smaller than that of the larger one.

IV. CONCLUSIONS

In conclusion, we have fabricated a small-size Ti TES detector and characterized its electrical and thermal properties. The minimum measured electrical NEP is around 6 × 10 -17 W/Hz 0.5 , which is suitable for ground-based astronomical observations. The R-T curve, the measured thermal conductance, and the thermal time constant indicate that the diffusion cooling contributes an important part in the thermal relaxation process. With high sensitivity, fast response, and low heat capacity, the small-size Ti TES detector is suitable for power detection as well as for PNR detection in astronomical applications.
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I. INTRODUCTION

B OLOMETRIC detectors based on weak thermal cou- pling between an absorber and a heat sink have been widely used in radiation detection. [1]-[3] Among them, superconducting bolometric detectors (a.k.a. TES, transitionedge sensors) have been employed in a large wavelengthrange, from millimeter wave, optical and infrared (IR), to X-rays. [4]- [9] TES detectors with very high sensitivity and relatively large arrays are playing an increasingly important role in millimeter and sub-millimeter astronomy. [10], [11] This work was supported in part by National Key R&D program of China under Grant 2017YFA0304003, NSFC under Grants U1731119, 11673073, U1831202, 11473075, Chinese Academy of Sciences (CAS) Key Research Program of Frontier Sciences under Grant QYZDJ-SSW-SLH043, CAS Key Technology Research Team Program under Grant GJJSTD20180003, and by the CAS joint Key Lab for Radio Astronomy.(Corresponding author: Shengcai Shi, e-mail: scshi@pmo.ac.cn.)
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For example, the instrument SCUBA-2 on the James Clerk Maxwell Telescope (JCMT) has 10,000 TES and employs time domain multiplexing readout. [11] In ground-based astronomical applications, the requirement of detector sensitivity, i.e., noise equivalent power (NEP), is background-limited at the level of 10 -17 W/Hz 0.5 -10 -16 W/Hz 0.5 at millimeter wavelength and for future space telescopes at the level of ∼10 -20 W/Hz 0.5 . [12]- [15] The key to achieve such high sensitivity for TES is small heat capacity. The small heat capacity is obtained by minimizing detector pixel size. [12], [15] At the same time, by using high critical temperature materials such as Ti, fast response photon-number-resolving detection for terahertz/far infrared (THz/FIR) might be possible. [15]- [17] By coupling to single-mode optical/IR fiber, it is also suitable for optical/IR detection. [18], [19] Headed for high sensitivity and fast response, we developed small-area Ti TES. [20] In the current paper, we report on the characterization of a Ti TES detector with a micro-bridge of 1 µm × 1 µm × 37 nm. The characteristics such as resistive transition, thermal conductance, electro-thermal feedback loop gain, and noise were studied. The time constant was evaluated using the heat capacity and the thermal conductance. The most important result is that the extracted response time constant is shorter than the expected electron-phonon relaxation time constant. This result indicates that the overall thermal conductance was higher than the electron-phonon one due to diffusion cooling via contacts. [21], [22] The diffusion cooling via contacts takes effect in the small-size detector whereas it is negligible in a large-area detector. A Ti TES detector with relatively large size of 25 µm × 25 µm × 51 nm was then fabricated and tested coupled to a laser source. The optical response using large-area detector was recorded and analyzed to get relaxation time. [18], [23] The time constant of the small-size detector was shorter than that of the larger one. With high sensitivity, fast response, and low heat capacity, the small-size Ti TES detector is promising for power detection as well as for PNR detection in astronomical applications.

II. EXPERIMENTAL METHODS

The measured detector in this work was fabricated in a relatively simple way. The Ti film was evaporated on a high-resistivity silicon substrate and the micro-bridge was patterned using optical lithography The photoresist patterning Ti structure was firstly coated on silicon substrate and a 37-nm-thick Ti film was e-beam evaporated in an ultrahigh vacuum environment. Then the Ti structure was made by lift- The resistive transition (R-T curve) of the detector was measured by a sensitive AC resistance bridge. The detector was mount on the 300 mK cold plate of an absorption refrigerator. The measured R-T curve of the detector is shown in Fig. 2. Clearly there are two transitions, with the high one at 434 mK due to the Nb/Ti contacts and the lower one at 412 mK due to the Ti micro-bridge itself. Its normal-state resistance is approximately 17 Ω. The broadening of transition width might account for inhomogeneity of the Ti film. The surface profile of Ti film was measured by atomic force microscopy (AFM). The AFM results show that the height variation of Ti film surface is from -2.0 nm to 2.0 nm. The RMS roughness is around 0.6 nm. The transition at different parts might be slightly different so that the transition of the whole sample might be broadened. With respect to the measured normal-state resistance, we applied a constant current through a 0.68 Ω metal-film resistor in parallel with the detector to realize a constant-voltage bias. [24] In order to suppress common-mode and differential-mode electromagnetic interferences, a home-made low-pass filtering circuit was inserted in the biasing wires at the feed-though connector on the cryostat. The output current was read out by a low noise amplifier (a commercial DC SQUID, superconducting quantum interference device, amplifier). [25], [26] The DC SQUID chip was thermally anchored to the 2 K stage of the absorption refrigerator and its bias and control circuits were at room temperature. The input coil of the DC SQUID chip was in series with the detector by a superconducting twisted pair to reduce the parasitic resistance. The setup with constant-voltage bias and current readout was used to study the electro-thermal properties and electrical noise performance.

We also measured the low frequency noise of a Ti film sample which is on the same wafer as the investigated detector to understand the film property. The current noise spectra was measured at the output of the SQUID amplifier by an FFT spectrum analyzer. By fitting the measured current noise spectra to empirical Hooge model [27], [28], the Hooge constant of this film is obtained.

For comparison purposes, a sample of 25 µm × 25 µm × 51 nm was fabricated and then tested in a setup introducing a laser source to get optical response. [18] The measurement was done in a dilution refrigrator with another set of bias and DC SQUID amplifier. [29], [30] The transition temperature was measured 300 mK and the normal-state resistance 8.3 Ω using R-T measurement setup as above. A shunt resistor of 20 mΩ was used to realize a constant-voltage bias. The detector was coupled to a single mode optical fiber which was connected to the light source at room temperature outside the cryostat. The laser source generates periodic pulses by a home-made laser at wavelength of 1550 nm, a modulator, and a variable optical attenuator. The optical response was recorded by a digital osilloscope and then analyzed to get relaxation time.

III. RESULTS AND DISCUSSION

A. Hooge constant of the Ti film

The current noise spectra measured at the output of the SQUID amplifier by an FFT spectrum analyzer are shown in Fig. 3 for different bias voltages. The 1/f noise at low frequencies can be clearly observed. Using the empirical Hooge model, we fitted the measured current noise spectra. The Hooge constant in this fitting was found to be α H ≈ 2.64 × 10 -2 ± 0.13 × 10 -2 , which is greater than that suggested for pure metals (α H ≈ 2 × 10 -3 ). This is a strong indication of disorder existing in this Ti film.

B. Electro-thermal properties and electrical noise

We investigated the detector characteristics including its thermal conductance, electro-thermal feedback loop gain, and NEP. They are all evaluated in terms of the detector's currentvoltage (I-V) curves at different temperatures. The normalstate resistance from the I-V curves is also approximately 17 Ω in agreement with that from the R-T curve. The overall thermal conductance of a bolometric detector can be extracted by the isothermal method [31] from its measured I-V curves at different bath temperatures. The extracted overall thermal conductance G ext of our Ti bolometric detector was 170 pW/K-280 pW/K at 388 mK. Fig. 4 shows the measured I-V curves at temperature from 388 mK to 404 mK as well as the thermal conductance calculated from measured I-V curves. The electro-thermal feedback (ETF) plays an important role in bolometric detector operation. [32]- [34] The feedback effect is quantified by the ETF loop gain L I , which can be expressed as L I = (Z 0 -R) / (Z 0 + R), where Z 0 is the dynamic impedance dV dI . [33] The ETF loop gain calculated with the measured I-V curve at 388 mK is shown in Fig. 5. The ETF loop gain has two peaks along the increment of biasing voltage. The peak at high biasing voltage is higher than the one at low biasing voltage. The large loop gain leads to a constant Joule power dissipation in detector (the power-voltage (P-V) curve shown in Fig. 5).

We characterized the NEP of the Ti bolometric detector investigated here, which is a frequently used figure of merit to characterize direct detectors. [2] The NEP is the square root of the power spectral density of the power-referred noise. The power-referred noise of a superconducting bolometric 

R I = - 1 V 0 Z 0 -R 0 2(Z 0 + R L )
.

At 388 mK, we measured the output noise spectral density i n at f = 3 kHz and calculated the measured NEP as i n /R I . NEP due to different contributions are also shown in Fig. 6 using equations as [32] NEP TFN = S TFN P = 4k B T 2 c G,

NEP J = I 2 0 4k B T c R 0 1 L I 2 + I 2 0 4k B T c R L (L I -1) 2 L 2 I , NEP SQUID = i n,SQUID R I , NEP total = S P .
The measured NEP is slightly larger than the calculated total NEP. The NEP, when biased at points from 2.5 µV to 13 µV, is around 10 -16 W/Hz 0.5 which can fulfill the sensitivity requirement for ground-based astronomical application. The minimum measured NEP is approximately 5.9 × 10 -17 W/Hz 0.5 at a bias voltage of 3 µV and 6.4 × 10 -17 W/Hz 0.5 at a bias voltage of 12 µV. 

C. Small heat capacity and small time constant

The heat capacity of a thin normal metal film can be calculated according to C n = γT V , where γ is the Sommerfeld constant, V the device volume, while the phonon heat capacity is negligible at temperatures below 1 K. For superconducting film at critical temperature the heat capacity is 2.43 C n . The TES is operated within the superconducting transition so that C varies in between C n and 2.43 C n . In our case C = 4.5 × 10 -18 -10.9 × 10 -18 JK -1 (using γ =310 Jm -3 K -2 for bulk Ti [14]). A rough estimation of energy resolution [32] using ∆E = 4kT 2 0 C was around 30-73 meV (energy of around 3-7 THz photon). This enables the applications in PNR detection of optical/IR photons.

The thermal time constant τ is C/G, where C is the heat capacity of the detector, G the thermal conductance. The extracted time constant using G ext is thus τ ext = C/G ext ≈ 19 ns-77 ns. For a Ti TES detector the major part of thermal conductance is the one between the electrons and phonons (electron-phonon conductance G e-ph ). The electronphonon conductance for metals within a small volume at low temperatures can be given by G e-ph = nΣ V T n-1 when the electron-phonon temperature difference (|T e -T ph |) is much smaller than the phonon temperature (T ph ), where Σ is a material-dependent constant, V the volume. [32] The index n can vary between 4 and 6. Some experiments suggest that G e-ph (T ) = 1.56 × 10 9 V T 3 above 300 mK for thin Ti films on Si substrate. [14], [35] With this suggestion of approximation, the electron-phonon thermal conductance of our Ti bolometric detector is G e-ph ≈ 3.4 pW/K and the electron-phonon relaxation time constant is therefore τ e-ph = C/G e-ph ≈ 1.3 µs. The electron-phonon thermal conductance G e-ph is much smaller than the extracted overall thermal conductance G ext evaluated from measured I-V curves. This implies that there might be an extra thermal link besides electron-phonon cooling. A diffusion cooling path through electrodes might account for that.

The diffusion cooling time constant due to diffusion cooling path can be calculated according to τ diff = L 2 /(π 2 D), where L is the micro-bridge length and D the electron diffusion constant. [21], [22] Assuming the electron diffusion constant D = 1 cm 2 /s [21] and a 1-µm long micro-bridge, we have an estimated diffusion time τ diff ≈ 1.0 ns. Note that the total relaxation rate 1/τ = 1/τ e-ph + 1/τ diff . If τ e-ph τ diff , we get τ ≈ τ diff . However as can be seen for our detector, the τ ext is in between the electron-phonon one τ e-ph ≈ 1.3 µs and diffusion cooling one τ diff ≈ 1.0 ns. It implies that the diffusion cooling is weakened to a certain degree (this leads to a greater time constant) but not well enough suppressed (if well suppressed, τ should be close to τ e-ph ). In our detector, the area of the interface between the Ti micro-bridge and Nb electrodes is larger than the micro-bridge and the R-T curve shows that the transition temperature of contact area is not high enough to suppress the diffusion of electrons. For comparison, a sample of 25 µm × 25 µm × 51 nm with contact electrode area of 25 µm×2 µm was fabricated and tested by recording its optical response to obtain its actual relaxation time constant.

The optical response output δV (t) of TES to input pulse can be fitted to formula as [18] δV (t) = A exp -t -t 0 τ decay -exp -t -t 0 τ rise ,

where A is a constant of pulse height, t 0 the incident time, τ rise the rise time constant, and τ decay the relaxation time constant. Averaged pulse response was recorded and fitted using the above equations and the fitting gives τ rise = 0.12 µs and τ decay = 0.93 µs. The heat capacity of the large area detector is C l = 3.0 fJ/K (using γT V ). The electron-phonon thermal conductance is G e-ph,l = 1.34 nW/K (using 1.56 × 10 9 V T 3 ) and thus electron-phonon thermal time constant is τ e-ph = 2.2 µs. Due to ETF effect the actual relaxation time constant is smaller than electron-phonon thermal time constant, [34] but still it can be seen that they are in the same order for this large area sample. This result provides a comparison to that of our small-size Ti detector. The time constant of the small-area detector was smaller than that of the larger one.

IV. CONCLUSIONS

In conclusion, we have fabricated a small-size Ti TES detector and characterized its electrical and thermal properties. The minimum measured electrical NEP is around 6 × 10 -17 W/Hz 0.5 , which is suitable for ground-based astronomical observations. The R-T curve, the measured thermal conductance, and the thermal time constant indicate that the diffusion cooling contributes an important part in the thermal relaxation process. With high sensitivity, fast response, and low heat capacity, the small-size Ti TES detector is suitable for power detection as well as for PNR detection in astronomical applications. 
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 1 Fig. 1. Schematic diagram and SEM photo of a detector's the detector central part. The Ti film was evaporated on a high-resistivity silicon substrate and the micro-bridge was patterned using optical lithography only.
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 2 Fig. 2. R-T curve of the measured detector. There are two transitions, with the high one due to the Nb/Ti contacts and the lower one due to the Ti micro-bridge itself. Its normal-state resistance is approximately 17 Ω.
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 3 Fig. 3. Low-frequency current noise spectra of a Ti sample. The fitting is with Hooge model low frequency noise as well as Johnson noise and readout noise.
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 4 Fig. 4. I-V curves and thermal conductance calculated from them.The normalstate resistance from the I-V curves is in agreement with that from the R-T curve. The thermal conductance of our Ti bolometric detector was 170 pW/K-280 pW/K at 388 mK.
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 5 Fig.5. Joule power and ETF loop gain. ETF loop gain has two peaks along the increment of biasing voltage. The larger one leads to a constant Joule power dissipation observed in the P-V curve.
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Fig. 1 .

 1 Fig. 1. Schematic diagram and SEM photo of the detector central part. The Ti film was evaporated on a high-resistivity silicon substrate and the microbridge was patterned using optical lithography.

Fig. 2 .

 2 Fig.2. R-T curve of the measured detector. There are two transitions, with the high one due to the Nb/Ti contacts and the lower one due to the Ti micro-bridge itself. Its normal-state resistance is approximately 17 Ω.

Fig. 3 .

 3 Fig. 3. Low-frequency current noise spectra of a Ti sample. The fitting is with Hooge model low frequency noise as well as Johnson noise and readout noise.

Fig. 4 .
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