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visible-NIR photon detection: a comparison of 

experimental data and two-fluid model 
 

E. Taralli, L. Lolli, C. Portesi, E. Monticone, M. Rajteri,T-S Wang, J-K Chen, and X. Zhou 
 
 
 

Abstract—Transition-Edge Sensors (TESs) are very versatile 
superconducting devices used to detect radiation from gamma-
rays to visible and submillimeter. The intrinsic capability to 
measure the energy of the absorbed photons with very high energy 
resolution and the related possibility to resolve the number of 
incident photons distinguish photon-number resolving (PNR) 
devices from any other photon detectors. PNR detectors are 
fundamental for the measurement of the photon-number 
distribution of single-photon emitters and for the progress of 
quantum information technology and quantum metrology. 

By reducing the active area of TESs for visible-NIR light from 
typical values of 10-10 m2 toward 10-12 m2 and by increasing the 
TES operating temperature, we should be able to combine the high 
energy resolution permitted by very low heat capacity with fast 
response time. In order to support the future design and  
development of this new type of detector, in this work we compare 
experimental data with circuit simulation results based on the two-
fluid theory. 
  

Index Terms— Device modeling, Superconducting devices, 
Superconducting thin films,Transition-edge sensor. 
 

I. INTRODUCTION 
HE explosive growth, over the last few decades, of quantum-
information science and quantum optics [1,2] has been 

possible thanks to the progress in single photon generation, 
detection and manipulation. Among single photon detectors, 
transition-edge sensors (TESs) are the only one intrinsically 
able to resolve the number of photons in a light pulse  (knowing 
the incident photon wavelength), or to measure the energy of 
the incident photons. The development of photon-number-
resolving (PNR) TESs is important for applications that range 
from quantum communication [3], and astronomy [4], to 
material analysis [5] and quantum metrology [6-7]. 
Moreover the development of fast PNR detectors with high 
counting rates (>500 kHz) is fundamental to optical quantum 
computing [8] and quantum key distribution (QKD) [9].  
The most common design requirements for single-photon 
detectors are high energy resolution (∆E), 100% of quantum 
efficiency (QE), negligible dark-counts rate, low time jitter and 
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fast response time. Unfortunately, these parameters are not 
independent and the design is usually a compromise. For 
instance, ΔE and effective response time (τeff) are directly and 
inversely proportional to the superconducting transition 
temperature (Tc), respectively. 
In this paper we present TESs with active areas less than 5 µm2 

that use titanium as the superconducting material. We compare 
experimental data to simulation results with the goal of 
validating the two-fluid theory for these small Ti-based TESs. 
These reduced dimensions could lead to size-effects that are not 
significant in larger areas TES, such as the weak-link behavior 
[10] and the proximity effect between the Nb wiring and the Ti 
layer. Therefore it is interesting to investigate whether the two-
fluid model is still valid for our smaller devices and whether we 
can also describe some of the general trends that are observed 
in traditional TESs.  
 

II. DEVICES AND PARAMETERS OPTIMIZATION 
So far, TESs have been fabricated using different 
superconducting materials. Tungsten-based TESs with an area 
of 18 µm × 18 µm have reached an excellent energy resolution 
ΔE=0.12 eV with a slow response time of 30 µs [11], whereas 
titanium-based 5 µm × 5 µm TESs have achieved a fast 
response time τeff= 190 ns with an  energy resolution of 0.39 eV 
[12]. Titanium superconducting hot-electron microcalorimeter 
have achieved ΔE=0.11 eV, but again a slow response time 
(~10µs) [13]. In titanium-gold based 10 µm × 10 µm TESs 
[14], the Au thickness can be varied to tune the device 
properties to obtain detectors with very high energy resolution 
(ΔE=0.113±0.001 eV, Tc=106mK) [15] or with fast response 
time (τeff= 186 ns, Tc=301.5mK) [16]. 
The real challenge is to design and fabricate TESs with 
optimized energy resolution and response time simultaneously. 
As is well known from the TES theory [17], in the spectral 
range from optical to near-infrared, the absorbed photons 
directly heat the electronic system of the metal film. The TES 
temperature increases by ΔT = Eγ/Ce where Eγ is the energy of 
the impinging photon and Ce(∝Tc) is the electronic heat 
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capacity of the TES. Such temperature variation is recovered 
with a response time [15] expressed by 

𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜏𝜏𝑡𝑡ℎ �1 + 𝛼𝛼
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where τth = Ce/G is the intrinsic thermal recovery time, G is the 
dominant thermal conductance, n is the exponent of the power 
law of G, α is the logarithmic derivative of the TES resistance 
with temperature and Tb is the bath temperature. In the limit of 
perfect voltage bias, strong electro-thermal feedback, bath 
temperature Tb<<Tc and in small signal approximation, τeff  can 
be described by 
 

𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒 ≈
𝑛𝑛
𝛼𝛼
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where τeff strongly depends on Tc. In order to reduce the detector 
recovery time, it is necessary to work at higher temperatures.  
On the other hand, increasing the device critical temperature 
degrades the energy resolution since: 
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As a result, by fabricating very small size TESs (less than 
5 µm2) and by taking advantage from the high transition 
temperature of Ti (~500 mK), we can fabricate detectors with 
high energy resolution and fast response time, simultaneously. 
To fabricate such small TESs, Ti films with a thickness of 35 
nm were deposited by e-beam in UHV (2×10-8 mbar ÷ 5×10-9 
mbar) system, on Si/SiN (500 nm) substrates. TESs with an 
active area of 1 µm × 1 µm and 2 µm × 2 µm were then defined 
by EBL and lift-off of Ti films. The electrodes were fabricated 
by lift-off of 40 nm sputtered niobium films. Before the Nb 
deposition, Ti film surface was sputter-cleaned to reduce the 
contact resistance between Nb and Ti [18].  
 

III. MEASURED AND SIMULATED DC 
CHARACTERISTICS 

By comparing the measured electro-thermal characteristics 
of the TESs with results of the simulation based on the two-
fluid theory, we can investigate the physical mechanism 
governing the behavior of the small TES devices. Models based 
on the two-fluid theory have been developed in [19] and [20], 
along with circuit simulation techniques suitable for 
investigating and predicting the behavior of TES circuits. 

In this work, we use behavioral modeling as described in [20] 
and Pspice for circuit simulation. Specifically, by examining 
the TES voltage Vtes under different device temperatures T and 
current I, we can write the IV relation for the TES as [20] 

 
𝑉𝑉𝑡𝑡𝑒𝑒𝑡𝑡 =  𝜃𝜃(𝑇𝑇 − 𝑇𝑇𝑐𝑐)𝐼𝐼𝐼𝐼𝑛𝑛 + 𝜃𝜃(𝑇𝑇𝑐𝑐 − 𝑇𝑇)(𝐼𝐼 − 𝐼𝐼𝑐𝑐)(𝐼𝐼 − 𝐼𝐼𝑐𝑐)𝐶𝐶𝑅𝑅𝐼𝐼𝑛𝑛 +

𝜃𝜃(𝑇𝑇𝑐𝑐 − 𝑇𝑇)𝜃𝜃(−𝐼𝐼 − 𝐼𝐼𝑐𝑐)(𝐼𝐼 + 𝐼𝐼𝑐𝑐)𝐶𝐶𝑅𝑅𝐼𝐼𝑛𝑛                        (4) 
 
where θ is the step function, CR is the ratio of the TES 

resistance in the transitional state to its normal resistance Rn, 
and the temperature-dependent critical current Ic(T) is given by 

the BCS relation 

𝐼𝐼𝑐𝑐(𝑇𝑇) = 𝐼𝐼𝑐𝑐0 �1 − 𝑇𝑇
𝑇𝑇𝑐𝑐
�
1.5

   (5) 
where Ic0 is the 0-temperature critical current. The IV relation 
in (4) is based on the two-fluid theory and it is applicable under 
any temperature and TES current. Because of this, it can be used 
to simulate the behavior of TES circuits even if the TES device 
is not restricted to the transition region between the 
superconducting and normal state. As demonstrated in [20], 
device model based on it allows us to perform simulations 
beyond the capability of small-signal models such as DC 
analysis of the circuit and simulation of AC-biased TES 
circuits. Also, unlike the small-signal model which does not 
depend on any particular underlying physical mechanism for 
the TES device, the IV relation in (4) is specifically based on 
the two-fluid theory. Details of the simulation results are then 
directly determined by the two-fluid theory. Therefore, how the 
simulation results compare to experimental data is a good 
indication for whether the two-fluid theory can be used to 
describe the behavior of the TES device under investigation. To 
construct the device model, we first need to know the physical 
parameters of the TES, such as the critical temperature Tc, the 
critical current Ic0 at 0 K, the normal resistance Rn, the heat 
conduction coefficient K and the corresponding exponent n.  
Tc and Rn are determined from the R-T curves measured with a 
negligibly small bias current. To estimate Ic0, we use the 
superconducting current Ic(T) measured under different bath 
temperatures and fit the data by the Ginzburg-Landau equation 
in (5) as shown in Fig. 1. 
To estimate the values for K and n, we calculated the dissipated 
power Ptes of the TES under different bath temperatures Tb. In 
the transition region, Ptes is approximately independent of the 
bias current due to the electro-thermal feedback. Its value is 
roughly given by: 
 

𝑃𝑃𝑡𝑡𝑒𝑒𝑡𝑡 = 𝐾𝐾(𝑇𝑇𝐶𝐶𝑛𝑛 − 𝑇𝑇𝑏𝑏𝑛𝑛)   (6) 
 
which is used to fit K and n, as shown in Fig. 2. 

 
Fig. 1. Critical current of 1 µm × 1 µm TES as a function of (1-T/Tc)1.5 
(dots) fitted with equation (5) (line) with Ic0=158.4 µA. 
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Fig. 2. Quiescent power Ptes of 1 µm ×1 µm TES as a function of 
temperature (dots) fitted with equation (6) (line) with n=4.61, 
K=5.5×10-11W/Kn-1 and Tc=0.475 K. 

 
Once the key parameters of the TES, K=5.5×10-11W/Kn-1 and 
n=4.61, are determined, we use the TES model based on the 
two-fluid theory to simulate the bias curve Ites vs. Ib of the TES 
circuit, as prescribed in [19] and [20], and to compare the results 
with the measured data. Such values of n and K are in agreement 
(scaling the area) with those obtained from other Ti-TES 
deposited on the same substrate but with bigger dimension [21]. 
Conclusions drawn from such a comparison, both qualitative 
and quantitative, are a good measure of how well the behavior 
of our small TES devices is described by the two-fluid theory.  

In Fig. 3, the measured and simulated Ites − Ib curves of our 
1 μm × 1 μm device are plotted at different bath temperatures 
for comparison.  

As can be seen, the simulated and measured curves are very 
close numerically, though the deviation becomes more 
significant when Tb approaches the critical temperature Tc = 
475mK. It is also worth noting that both the simulated and 
measured curves are hysteretic at Tb = 410 mK, 420 mK, and 
430 mK, but non-hysteretic at Tb = 440 mK and 450 mK. 

The hysteretic behavior is related to different temperatures 
between the electronic system and the bath. When the material 
is superconducting these temperatures are close, while in 
normal state the self-heating increases the electronic 
temperature. When Tb is close to Tc, the TES bias current is low 
and its heating effect is negligible. In this case the hysteresis is 
not present. By lowering Tb the current to keep the TES in its 
transition grows more and more with a large self-heating effect. 

From [22] we know that besides the IV characteristics, also 
the determination of α and the current sensitivity β is significant 
to determinate the validity of the two-fluid model. Specially β 
as a function of R0/Rn (where R0 is the TES resistance at the bias 
point) can fix the region where the two-model fluid is still valid 
for small device [23]. It is also well known that the best way to 
obtain α and β is the impedance measurement, but it is very 
difficult to perform such technique for frequencies higher than 
250 kHz [24]. We can only estimate β from the electrical time 
constant of the single photon pulse τel=L/[Rsh+R0(1+β)]=145 ns 
[18], where L is the total inductance of the bias circuit, R0=0.34 

Ω and Rsh=20 mΩ are the operating and the shunt resistance, 
respectively.  Though it is difficult to accurately estimate L, due 
to the parasitic inductance, we can estimate β<2 that is much 
smaller than the limit β=20 @ R0/Rn=0.05[23]. These 
observations show that our small TES devices can be described 
by the two-fluid theory for bath temperatures up to within a few 
percent from the critical temperature, and TES models 
developed in [19], [20] can be used to study and predict their 
behavior. Though weak-link behavior can not ruled out at all, 
but from [25] a coherent length much smaller than TES side is 
expected between Nb and Ti at Tc.  

IV. CONCLUSION 
In this work, electrical and thermal characterization of  TESs as 
small as 1 µm × 1 µm have been presented. The experimental 
results have been compared with simulation based on the two-
fluids model. Our results have shown that the two-fluid model 
still works well for our small TES devices.  
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Fig. 3. 1µm×1µmTES current as a function of bias current for different 
bath temperature (dots) from 410 mK (a) to 450 mK (e) with the 
corresponding simulation based on two-fluids model (lines).  
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