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Abstract—We have fabricated and characterized the Cold-

Electron Bolometer (CEB) in the current-biased mode. We 
measured the bolometer responsivity and the noise equivalent 
power (NEP) by applying  a modulated heating current through 
the absorber. The frequency of modulation varied from 35 Hz to 
2 kHz. The best responsivity of 1.5x1010 V/W was obtained at 35 
Hz. NEP of better than 10-18 W/Hz1/2 was measured for 
modulation frequencies above than 100 Hz. The background 
power load and the bolometer time constant was also estimated 
using the experimental device parameters. 
 

Index Terms—Cold-Electron bolometer, Noise Equivalent 
Power, Responsivity, SIN tunnel junction 
 

I. INTRODUCTION 

T he highest level of requirements for detectors in the near 
future will be determined by the proposed NASA 

missions SPIRIT, SPECS and SAFIR. The detector goal is to 
provide noise equivalent power down to 10-20 W/Hz1/2 [1] 
over  the 40 – 500 µm wavelength range in a 100x100 pixel 
detector array with low power dissipation array readout 
electronics. To the author’s knowledge, the transition-edge 
sensor (TES) with a strong electrothermal feedback [2,3] is 
the current detector technology of choice. However, the 
limitations in its sensitivity are excess noise, saturation and 
overheating from the dc power for the feedback. To achieve 
high sensitivity, the concept of the Cold-Electron Bolometer 
(CEB) with strong electrothermal feedback [4] has been 
proposed. 
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The CEB concept is based on the direct electron cooling of

Fig. 1.  Principle of the CEB. Radiation from space is detected by the 
antenna, which then focuses the incoming signal to the absorber. The 
electromagnetic signal goes through the superconductor-insulator-normal 
metal (SIN) tunnel junctions, and its energy is transferred to the normal metal 
electrons. The relaxation of electron energy occurs in two ways. The first is 
relaxation by electron-phonon interaction, and the second is extraction of hot 
electrons from the normal metal by the cooling current of the SIN tunnel 
junction. The fastest process determines the bolometer response. The ideal 
case would then be the electron cooling due to SIN tunnel junctions to be the 
dominant process.  
the absorber that serves as a negative electrothermal feedback 
for the incoming signal. The electromagnetic signal is first 
detected by the antenna. It then goes through the 
superconductor-insulator-normal metal (SIN) tunnel junctions 
to the normal metal absorber. The energy is then absorbed by 
the electrons in the  absorber. One electron has obtained an 
energy equal to the energy of one photon. The first step in the 
relaxation process is due to electron-electron interaction. At 
this point, there is a number of hot electrons with high 
energies.  

The next step in the relaxation of energy is brought about 
by two processes. The first process is due to electron-phonon 
interaction in the absorber. The second is due to electron 
cooling by the SIN tunnel junctions. The ideal case would be 
to transfer all the high energy electrons through the tunnel 
junctions, which is seen as a current response. 

To make this response as close to ideal as possible, we 
employed proximity traps to enhance the electron cooling of 
the absorber, which serves as a negative electrothermal 
feedback. This type of feedback keeps the electron 
temperature below the phonon temperature. This improves the 
detector responsivity and sensitivity. The feedback also 



 

The noise is characterized by the Noise Equivalent Power 
(NEP), which is the net effect of all the sources referred to the 
input of the bolometer. The total NEP is the sum of three 
components given by 

increases the dynamic range of the device.  

II. THEORY OF THE COLD-ELECTRON BOLOMETER 
The non-equilibrium theory of the hot-electron bolometer 

(HEB) is explained in detail by Golubev and Kuzmin [5]. In 
this HEB, the absorber is capacitively-coupled to the antennae 
through SIN tunnel junctions. As described previously, the 
electron temperature, Te in the CEB is kept well below phonon 
temperature, Tph. This is achieved by improving the geometry 
of the superconducting electrodes such that there is more 
volume for tunneled quasiparticles to diffuse into, or by 
adding normal metal traps adjacent to the superconducting 
electrodes [6], [7]. The only effect of this is to increase the 
cooling power of the SIN tunnel junction. This cooling power 
is well described in equation (2) below and no change in any 
of the expressions below is necessary to account for 
conceptual differences between the HEB and the CEB.  
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The first term on the right hand side is the NEP due to the 
amplifier given by the voltage noise of the amplifier divided 
by the voltage response of the bolometer to applied power. 
The second term is the NEP associated with the heat flow 
between electrons and phonons. The last term is the NEP 
associated with NIS tunnel junction. Theory predicts that the 
CEB should be able to show a sensitivity of 10-19 W/Hz1/2. 
This paper demonstrates a sensitivity of better than 10-18 
W/Hz1/2 at 100 mK in the current-bias mode. 

The CEB for dc characterization is composed of four 
superconductor-insulator-normal metal (SIN) tunnel junctions. 
The outer SIN junctions serves as a capacitive coupling of the 
absorber to the antenna, as thermal isolation and as electron 
coolers of the absorber. All these three functions work for the 
improvement of the responsivity and the sensitivity of the 
bolometer. Chouvaev, et. al. [8] reported that the improvement 
is due to the isolation of the device from the external 
interferences picked-up by the lead wires. Jochum, et. al. [9] 
demonstrates the significance of the temperature of the normal 
metal to the increased sensitivity of detectors which utilize 
SIN tunnel junctions. The inner SIN junctions serve to 
measure the temperature of the normal metal. For this 
purpose, these junctions should have minimal influence on the 
device. To do this, the inner tunnel junctions were designed to 
have smaller area in comparison to the outer tunnel junctions. 

As previously stated, the electron temperature of the 
absorber is related to the power of the incoming radiation, 
which we are interested in measuring. In order to determine 
the electron temperature of the normal metal  absorber, one 
has to take into account all the contributions to the heat load to 
the absorber. The dominant power contribution at a given bias 
voltage at a certain temperature will determine the electron 
temperature. This can be attained by solving the heat balance 
equation, as shown below. 
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where cν=γTe is the specific heat of the normal metal, ν is its 
volume, Σν(Te

5-Tph
5) is the heat flow from the electron to the 

phonon sub-system in the normal metal, Σ is the electron-
phonon coupling constant dependent on the material used, ν is 
the volume of the absorber, V2/RS is the heat load due to the 
subgap leakage resistance, RS, P0 is the background optical 
power load of the bolometer, δP(t) is the incoming rf power. 
The cooling power, P(V,Te,TS), of the SIN tunnel junction is 
given by: 

( ) ([ ]∫ →→ Γ−Γ= EEdEETTVP NSSNSe ),,( )      (2) 

As was mentioned, the detector sensitivity is improved by 
electron cooling of the absorber. The addition of normal metal 
traps adjacent to the outer SIN tunnel junctions greatly 
enhances the electron cooling. In our previous work [6], [7], 
we demonstrated a decrease in electron temperature by almost 
200 mK with the use of the normal metal traps. With all these 

Fig. 2. Atomic force microscope image of a typical cold-electron bolometer. 
The outer SIN tunnel junctions cools the electrons in the normal metal. This 
electron cooling is enhanced by the Au traps in proximity to the cooling 
junctions. The inner SIN tunnel junctions acts as a thermometer to measure 
electron temperature in the absorber.  

In the calculations, the temperature of the superconductor, TS 
is assumed to be equal to the phonon temperature, Tph. In 
general, this is not the case and heating of the superconducting 
electrodes should be considered. However, we are interested 
in the region below the superconducting gap where the 
absorber is cooled due to the dominant cooling power of the 
tunnel junction. 

A bolometer is characterized by its responsivity and 
sensitivity and its time constant. In the current-biased mode, 
the responsivity, SV, is described by the voltage response to an 
incoming power 
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things in consideration, w  
follows. 

TABLE I 
LIST OF EXPERIMENTAL PARAMETERS 

 Area (µm2

Outer SIN  
tunnel junctions 0.45 

Inner SIN  
tunnel junctions 0.06 

Normal metal 
absorber 0.11 µm3 

Measured parameters at 20 mK  
asymptotic resistance for large bia

aThe volume of the absorber i  
coupled to the absorbed power and

 

III. FABRICA

 
The CEB is fabricated b

layer resist technology, an
PMMA on top of 0.8 µm C
of beam current with a d
developed in Toluene:
Ethoxylacetate:Ethanol=1:5
pattern. The normal metal tr
made in two separate vac
cycle, 10 nm of chromium
finally 10 nm of palladium 
50 nm of normal metal trap
of Au to the SiO2 substrat
between Au and Al when t
In time, Au reacts with Al 
contact resistance, which is 

In the second vacuum c
thermally evaporated at an 
normal upto a thickness of
was formed by oxidizing 
pressure of 5x10-2 mbar. 
created by evaporating 30 n
copper at an angle of 0
impedance matching of the
also for better adhesion of 
resistance of the absorber w
the pertinent experimental
shows a typical schematic o
microscope. 

The sample was me
refrigerator. Measurements
biased mode. The current 
voltage source in series wi
kΩ to 20 GΩ. This provi
large voltage ranges to mea
the junctions, and also thei
The high-ohmic bias resista
protection from external int

16th International Symposium on Space Terahertz Technology
e have fabricated our device as

) 
Normal 

Resistance 
(kΩ) 

Zero-bias 
Resistance 

(MΩ) 

4.3 8.4 

14.5 21.2 

a 0.063 - 

. The normal resistance corresponds to the
s currents. 
s the important parameter as it is directly
 therefore to the sensitivity of the device. 
TION OF THE DEVICE 

y e-beam lithography using two-
d two-angle evaporation. 0.2 µm 
opolymer were exposed to 80 pA 

ose of 315 µC/cm2. PMMA was 
IPA=1:3 and Copolymer in 
 to create the masks for the device 
aps and the bolometer device were 
uum cycles. In the first vacuum 
, followed by 30 nm of gold, and 
were thermally evaporated to make 
. Cr was used for better adhesion 
e. Pd was used as a buffer layer 
hey are in contact with each other. 
forming an alloy that increase the 
naturally undesirable.  

 

 
Fig. 3.  Current-voltage characteristic of the tunnel junction used for 
response measurements (the inner pair) at Tph=100 mK (circles). The 
measured normal state resistance was 14.5 kΩ and the subgap resistance was 
21.2 MΩ. The superconducting gap, 2∆=568 µeV, was estimated by fitting 
the theoretical curve (solid line) with the experimental curve.  

IV. RESULTS AND ANALYSIS 

A. I-V Characteristics 
Fig. 3 shows the current-voltage characteristic of the inner 

tunnel junctions, which was used as the response junctions. 
The superconducting gap voltage of 568 µeV for the 
aluminum electrode was estimated by fitting the theoretical 
estimate with the experimental data. The solid line shows the 
theoretical fit. It is in very good agreement in the region of the 
gap. As the voltage increases from the gap voltage, the 
discrepancy between the theory and experiment increases. 
Moving further away from the gap (not shown), the 
discrepancy then decreases, and the experimental curve 
follows the asymptotic line corresponding to the normal state 
resistance of the tunnel junction pair. We believe that the 
discrepancy is due to nonuniformity of the gap in the tunnel 
junction. 

ycle, the aluminum electrode was 
angle of 55º relative to the surface 
 about 60 nm. The tunnel barrier 
the electrode for 2 minutes at a 
The normal metal absorber was 
m of chromium and then 30 nm of 
º. Cr was used to improve the 
 antennae to the normal metal and 
Cu to the substrate. The measured 
as about 60 Ω. Table 1 lists down 

 parameters of the CEB. Fig. 2 
f the CEB using a scanning probe 

B. Bolometer Responsivity, dV/dP 
The basic idea in measuring bolometer responsivity in the 

current-biased mode is the determination of the voltage 
response corresponding to an input power. We have used both 
dc input power and modulated input power with frequencies 
from 35 Hz to 2 kHz, and measured voltage response in both 
cases.  

asured in an Oxford dilution 
 were performed in the current-
source consisted of a symmetric 

th bias resistors ranging from 200 
des us the possibility to measure 
sure the asymptotic resistances of 

r subgap and zero-bias resistances. 
nces also provide some amount of 
erference. 
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To measure the response of the inner junctions, we applied 
the input power to the outer junctions. The technique with dc 
input power requires sweeping an external current bias to the 
outer junctions.  Using its I-V characteristic, we can determine 
how much power we are applying to the absorber. The 
corresponding voltage response is measured for different bias 
currents of the inner junctions. Using the I-V characteristic of 
the inner junctions, the maximum responsivity, dV/dP can 
then be plotted as a function of the bias voltage. 

 
Fig. 4.  Measured responsivity of the inner tunnel junctions at Tph=100 
mK (circles)  for modulation frequencies from 35 Hz to 2.02 kHz. Using the 
experimental parameters, the theoretical curve (dashed line) predicted a 
responsivity of 4.2x109 V/W. (Inset) A view of the measurement scheme for 
responsivity.  

In the modulation technique, a modulated bias current is 
applied to the outer tunnel junctions. Using its I-V 
characteristic, the magnitude of the input power can be 
obtained. We have then measured the voltage response using 
the SR830 lock-in amplifier by sweeping the bias to the inner 

tunnel junctions. Figure 4 shows the result of our 
measurement of responsivity for different frequencies using 
the modulated heating power. The highest value of the 
responsivity obtained at 35 Hz was measured to be 1.5x1010 
V/W. The attenuation of the filter lines in the dilution 
refrigerator is the most probable reason for the observed 
dependence of responsivity on frequency. The dashed line 
shows the responsivity computed from theory using the 
experimental parameters. Theory gives the value for 
maximum responsivity of 4.2x109 V/W. 

 
Fig. 6.  Measured noise equivalent power (NEP) of the inner tunnel junctions 
for modulation frequencies from 35 Hz to 2.02 kHz. The dashed lines show 
the theoretical estimations using the experimental parameters. The bolometer 
NEP is clearly better than 10-19 W/Hz1/2 for modulation frequencies above 
100 Hz. Theory predicts 5x10-19 W/Hz1/2 for the given experimental 
parameters.  

Fig. 5 shows comparison between responsivities measured 
using dc heating power, modulated heating power of 0.2 fW 
for f = 120 Hz and the theoretical result from the experimental 
parameters. In the region below the gap where it is expected to 
have good electron cooling, both experimental curves agree 
well with the theory.  

 
Fig. 5.  Comparison between the two techniques of measuring the bolometer 
responsivity and the theoretical estimation.Very good agreement between 
experiment and theory can be seen in the region near and below the 
superconducting gap voltage.  

C. Bolometer NEP 
The  next step in the characterization was to measure the 

NEP of the bolometer. It can be only be measured indirectly 
by subtracting the amplifier NEP from the total NEP, i.e. 

222
amplifierbolometertotal NEPNEPNEP +=          (5) 

The total NEP and the amplifier NEP is obtained by the 
dividing the responsivity by the total noise and the amplifier 
noise, respectively, as described in (4). Fig. 7 shows the 
measured total NEP, amplifier NEP, and bolometer NEP as a 
function of frequency of modulated heating. We have 
observed bolometer NEP to be better than 10-18 W/Hz1/2  for 
modulation frequencies greater than 100 Hz. Theoretical 
estimations give NEPtotal = 2x10-18 W/Hz1/2, NEPamplifier = 
1.8x10-18 W/Hz1/2, and NEPbolometer = 5x10-19 W/Hz1/2 (shown 
in dashed lines).  
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Fig. 7 shows the NEP as a function of voltage at f = 1.02 
kHz in comparison to theory. Below the gap region, we see a 
good qualitative agreement between experiment and theory to 
within the accuracy of measurement. 

The main limitation to our measurement of bolometer NEP 
is the large noise contribution of the amplifier. This can be 
improved by using an amplifier with lower voltage noise, or a 
cold amplifier to reduce its thermal noise. Another method 
would be to improve the noise temperature by operating the 
amplifier with higher source impedance. The source 
impedance for a typical amplifier such as OPA111 is in the 
order of MΩ. However, the resistance of our device is in the 
order of kΩ at the optimal bias. To achieve the high source 
impedance, the superconducting CEB (SCEB) is proposed 
[10]. In the SCEB, the operating point would be in the region 
between the difference and the sum gap. In that region, the 
impedance is in the order of MΩ, which is desirable for the 
operation of a room temperature amplifier with lower noise 
temperature. In addition, analysis of the CEB made by 
Golubev and Kuzmin [5] show that the voltage-biased regime 
is optimal for better responsivity and sensitivity. 

D. Estimation of time constants 
To fully characterize the bolometer, we estimated the time 

constants of the electron-phonon interaction and the extraction 
of normal metal electrons due to cooling by the SIN tunnel 
junctions using the experimental parameters. The time 
constant is given by  

T
P

T
total

e

∂
∂

=
νγ

τ            (6) 

where 

T
P

T
P

T
P coolphetotal

∂
∂+∂

∂
=∂

∂ −            (7) 

For the normal metal absorber, we used γ=9.77 J/µm3K2 for 
copper. Fig. 8a shows our estimation for all relevant voltage 
ranges. In the subgap region where the dynamic resistance is 
high, the dominant process is clearly the interaction due to 
electron-phonon coupling. As the bias approaches the 
superconducting gap, the electron cooling begins to take over. 
In region just below the gap, the dominant process is the 
cooling of the SIN tunnel junctions. This is more clearly 
depicted in fig. 8b.  

(a)  

(b)  
Fig. 8.  Estimation of time constants using the experimental parameters. (a) 
In the subgap region, the dominant process is due to the electron-phonon 
coupling. (b) In the region near and below the gap, the dominant process is 
the electron cooling due to the SIN tunnel junctions.  

 

V. CONCLUSIONS 
We have fabricated and characterized the cold-electron 

bolometer (CEB). We have measured the responsivity by 
applying an input power from a modulated heating current for 
frequencies from 35 Hz to 2.02 kHz. The best value of the 
responsivity obtained was 15x109 V/W for f = 35 Hz. We 
have also measured the noise equivalent power of the 
bolometer. For modulation frequencies greater than 100 Hz, 
the measured NEP is better than 10-18 W/Hz1/2. Theory gives 
good agreement with the experimental results in the region 
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Fig. 7.  The measured noise equivalent power (NEP) near and below the 
superconducting gap voltage for f = 1.02 kHz in comparison to theoretical 
prediction. In the region near the gap, there is a good qualitative agreement 
between experiment and theory.  
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near and below the superconducting gap voltage. In this 
region, the estimated time constant is mainly due to the strong 
electron cooling of the normal metal absorber by the SIN 
tunneling junction. 
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