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We report on microwave measurements of superconducting aluminum hot-electron bolometers 
(Al HEBs).  Diffusion-cooled Al HEB mixers are ideal candidates for space-borne and terrestrial 
remote-sensing applications in the Terahertz frequency range since they are predicted to have 
small local oscillator (LO) power requirements, intermediate frequency (IF) bandwidths ! 10 
GHz, and a noise temperature lower than that of Nb and  NbN HEBs.1  Mixer measurements were 
made at an LO frequency ~30 GHz LO, with an IF in the range 0.1-7.3 GHz.   For T < 0.8 K, a 
magnetic field H=0.1-0.3T was applied to suppress the superconductivity in the contact pads, and 
partly in the bridge.  For a 0.6 μm long Al HEB, we measure an IF bandwidth of 4 GHz, a con-
version efficiency η = -8dB, and a mixer noise temperature Tm ! 4K, DSB (Tmixer=Toutput noise/2η).  
These results are shown to be in quantitative agreement with simple theoretical predictions.  

 
I. Introduction  
 
 Recent studies on Nb and NbN 
hot-electron bolometer (HEB) mixers have 
demonstrated that they are excellent can-
didates for Terahertz spectroscopy appli-
cations.2-4  For Nb HEB mixers, the largest 
intermediate frequency (IF) bandwidths 
are obtained for devices much shorter than 
the inelastic electron-phonon length. These 
rely on the out-diffusion of hot electrons 
from the microbridge into cold reservoirs 
as the dominant mode of energy relaxa-
tion.5 Diffusion-cooled Nb mixers have 
demonstrated IF bandwidths up to 10 
GHz, with the local oscillator (LO) power 
needed for optimal operation  typically ~ 
tens of nW at Terahertz frequencies.  The 
noise performance of  diffusion-cooled Nb 
devices is excellent, with an achieved re-
ceiver noise temperature TR=1800K, DSB 
at 2.5THz. 3 
 Recently, HEBs employing super-
conductors with a lower transition tem-

perature than Nb (Tc ~ 6K) have been pro-
posed.1  The devices studied here are dif-
fusion-cooled HEBs based on Al, with Tc 
~ 1.5 to 2.4K. Improvements in mixer per-
formance are predicted because clean Al 
films have a lower transition temperature 
and a higher diffusivity D than Nb films.   

We present measurements for Al 
HEB mixers at microwave frequencies.  
The frequency of the LO source used is ~ 
30 GHz.  The primary motivation for 
studying mixing at microwave frequencies 
is that much of the device physics relevant 
to THz mixing can be explored with the 
simpler microwave measurements.  Previ-
ous microwave studies of Nb HEBs has 
been useful in this respect.2   

We present here predictions for 
mixer performance of Al HEB1,2 devices.  
The IF bandwidth of the HEB mixer can 
be estimated from the thermal time con-
stant τth of the device.  The thermal relaxa-
tion rate has a term due to inelastic elec-
tron-phonon scattering, and one due to the 



“out” diffusion rate -- τth
-1 = τe-ph

-1 + τdiff
-1.  

In our devices, electron-phonon scattering 
is negligible, and the thermal time constant 
is given by the diffusion time2 

 
            τth ≈ τdiff = L2/π2D,         (1a)     

 
and the –3dB intermediate frequency rol-
loff is given by: 
 
               f -3dB =1/(2πτeff) = 1/(2πτth).   (1b) 
 
L is the length of the bolometer.  Eq. (1b) 
applies when electro-thermal feedback is 
small, so that τeff = τth. Otherwise τeff  is 
given by Eq. 5.  The conversion efficiency 
thus drops by a factor of two at IF = f -3dB.   

The diffusivity can be expressed as 
a function of the resistivity by using free 
electron relations.12  The mean free path l 
is given by mvf /ne2 ρ, where m is the elec-
tron mass, vf is the Fermi velocity, n is 
electron concentration, e is the electron 
charge, and  ρ is the resistivity.  The diffu-
sion constant is related to the mean free 
path by D=vf l /3. Combining these equa-
tions gives  

 

                       
ρ2

2

3ne

mv
D f= .                  (2) 

 
For Al, using 1.3x108 cm/s for the Fermi 
velocity and 18.1 x 1022 cm-3 for the elec-
tron concentration, Eq. (2) reduces to 
D[cm2/s]=114/ρ[μΩ-cm]. In Fig. 1, diffu-
sivity data for thin Al films 6-11, including 
measurements on the films discussed in 
this work,  are presented along with the 
prediction from Eq. (2).  Al HEBs can of-
fer large IF bandwidth. 

To maximize the IF bandwidth, or 
equivalently to minimize the thermal time 

τth,  the device length is first minimized.  
Calculations for the order parameter in an 
N-S-N structure13,14 indicate that  Lc ~ 2ξ 
is  the minimum length for the existence of 
superconductivity at T/Tc=0.3. ξ is the co-
herence length in the Al microbridge. The 
order parameter will approach the bulk 
Ginzburg-Landau value in the middle of 
the microbridge for devices twice this 
critical length.15  Since the coherence 
length in Al is relatively large, it is possi-
ble with current lithographic techniques to 
make devices a few coherence lengths 
long. Substituting  L=4ξ into Eq. (1a) for 
the thermal time gives ~ 4.5 ps. The 
maximum IF bandwidth is thus ~ 35 GHz.  
 Al HEBs are also promising since 
the LO power required for operation is 
predicted to be lower than that of Nb and 
NbN mixers. The LO power for a diffu-
sion-cooled device is given by2,16 
 

        PLO= 4£ (Tc
2-T2)/ R.           (3) 

 
 

 
 
Fig. 1: Diffusivity vs. resistivity for thin Al films 
with thickness 7-25 nm.  
 



Table I: Device parameters. Diffusion constant 
value of devices A and D are measured, while 
those for B and C are inferred from the resistivity.  
The device width is 0.1µm.  For mixer tests, 
Tc=1.0K for device A in a magnetic field to 2.4K 
for device B in zero field. 
 
where £ = 2.45x10-8 Watt-Ohm/K2 is the 
Lorenz constant and R the device resis-
tance. At 2.5 THz, for Nb HEBs, PLO ~ 20 
nW3 and PLO ~ 100 nW17 for NbN phonon-
cooled HEBs. In the Al mixer, the critical 
temperature is approximately 4x smaller 
than in Nb devices, and thus the LO power 
should decrease by 16x if the device is op-
erated at a bath temperature well below the 
critical temperature. The LO power dissi-
pated in the mixer in Al should be ~ 0.2 
nW based on scaling of the data obtained 
for Nb at 20 GHz2, and ~2nW for THz op-
eration.18,26 
  Though HEB mixer theories for 
noise are currently under discussion, we 
discuss here two main thermal noise 
sources: thermal fluctuation noise and 
Johnson noise. The contribution of thermal 
fluctuation noise to the total device noise 
is proportional to the critical tempera-
ture19, and should thus be smaller in Al 
devices than in Nb ones.  Lowering the Tc 
of the HEB will similarly result in a de-
crease of the Johnson noise. Quantum 
noise, however, must also be considered.  
A lower bound on the contribution to the 
mixer noise is TM

Q ≈ hν/k19a.  At the mi-
crowave frequencies we used, the quantum 
noise is almost negligible, ~1K. At Tera-

hertz frequencies, the quantum noise limit 
is not negligible. TM

Q = 120K at 2.5 THz.  
Since the measured mixer noise of Nb 
HEBs is much greater than TM

Q, we be-
lieve that reducing the two thermal contri-
butions, by use of Al HEBs, will reduce 
TM.  This should hold true even for more 
advanced noise theories.  The mixer noise 
temperature at 30 GHz due to thermal 
sources is predicted to be ~8 K by scaling 
the best results obtained with Nb at 20 
GHz by Tc. 
   

 
Fig. 2: Device geometry  
 
II. Devices  

 
The devices consist of a thin, nar-

row Al microbridge with dimensions 
d=13-17nm, W=0.1μm, and L=0.2-1μm, 
where d,W, and L are the thickness, width, 
and length, respectively. Thick contacts 
consist of a tri-layer of Al, Ti, and Au with 
thickness ~ 68nm, 28nm, 28nm respec-
tively on top of the thin Al film.  To avoid  
the formation of an oxide interface layer 
between the thin Al in the microbridge and  
the contact pads, both structures are metal-
lized in the same deposition cycle using a 
double angle evaporation process. The 
fabrication details can be found in Ref. 20. 
Fig. 2 gives an illustration of the device 
geometry, and the device parameters are 
summarized in Table I.  

The superconducting transition 
temperature of the Al microbridges in zero 
field ranged from ~ 1.5-2.4 K depending 
on length and resistivity.  The contact pads 
are a combination of normal and super-

Device Rn 
(ΩΩΩΩ) 

L 
(µµµµm) 

ρρρρ 
(µµµµΩΩΩΩ-cm) 

D 
(cm2/s) 

A 52 0.6 15 6.0 
B 145 0.3 65 2.5 
C 260 1.0 36 4.4 
D 387 0.6 85 2.9 



conducting metals, and have a transition 
temperature which is lower than that of the 
microbridge, with Tc,contact pads ≈ 0.6-1.0K. 
For tests below Tc,contact pads a perpendicular 
magnetic field is applied to suppress the 
superconductivity in the contact pads.  The 
resistivity of the microbridge is signifi-
cantly higher than that of the contact pads.  
The upper critical field of the microbridge 
is thus several kOe higher than that of the 
contact pads.21   

The smallest magnetic field in 
which no signs of Josephson effects are 
observed is chosen as the operating field. 
Typically, this operating magnetic field is 
less than half of the upper critical field of 
the microbridge. 
 
III. Experimental Setup 
 
 The devices are mounted on the 
cold stage of a variable temperature 3He 
cryostat.  The bath temperature was varied 
from 0.25-1.6K for the mixing experi-
ments, and up to 40K for  Johnson noise 
calibrations and other measurements.    A 
schematic of the measurement setup is 
shown in Fig. 3. 
 Microwave signals are applied us-
ing the internal synthesized generator of a 
HP8722D vector network analyzer (0.05-
40 GHz) and an Avantek YIG Oscillator 
(26.5-40 GHz).22  A waveguide high-pass 
filter is used to remove noise from the 
HP8722D in the " 1 GHz  range.    The 
RF and LO signals are combined at room 
temperature via a coaxial direction cou-
pler.  A cold (4K) directional coupler is 
used to feed the RF/LO signals into the 
mixer block, and to couple out the IF sig-
nal.  The mixer block uses a coaxial-
microstrip transition to couple to the de-
vice.   
 

 
Fig. 3: Schematic of Measurement Setup  
 

The IF amplifier chain consists of 
three broadband Miteq HEMT amplifiers.  
The first IF amplifier is immersed in  liq-
uid 4He close to the device.   By measur-
ing the Johnson noise output of the HEB 
in the normal state as a function of bath 
temperature, the gain and noise tempera-
ture of the IF chain is obtained. 

The output noise at IF = 1.20-1.25 
GHz from the device is measured using a 
room temperature Shottky diode detector.  
The conversion efficiency at the same IF is 
used to calculate the mixer noise.   
 
IV. Results 
 
A. I-V Curves and R vs. T 
 
 I-V curves of device C in the ab-
sence of an external magnetic field are 
shown in Fig. 4.  At temperatures ~0.6K 
and below, the small series resistance pre-



sent is that of the cables and microstrip 
line used in a two point measurement of 
the resistance.   
 When the contact pads are in the 
normal state, a significant resistance 
(~0.25 Rn - 0.5Rn depending on micro-
bridge resistivity and length) exists even at 
temperatures well below Tc of the micro-
bridge.  For example, in device D, the 
transition temperature of the Al micro-
bridge is ~2.4K and that of the contact 
pads is ~0.6K (see Fig. 5). At temperatures 
just below 2.4K where the superconduct-
ing energy gap is small, the observation of 
resistance can be explained due to charge 
imbalance effects.23,24  However, at 0.6K 
(t=T/Tc=0.25) and at small voltages,  
nearly all of the single electrons incident 
on the N-S boundary should be converted 
to Cooper pairs via Andreev reflection.23 
Yet we observe a large finite resistance 
(Fig. 6). Dividing this observed resistance 
by the normal state resistance and multi-
plying by the length of the microbridge 
gives us the effective length of the resis-
tive area in the microbridge. 

 

 
 

 Fig. 4: I-V Curves for device C for bath tempera-
ture 0.25-1.6K. H=0. 

 Fig 5: R vs. T of device D, H=0. The IV curves of 
thus device are like those of device C,  Fig. 4. 
 
Comparing this length to the supercon-
ducting coherence length, determined by 
upper critical field measurements, we see 
that the length of the resistive region is 
several coherence lengths in size. 

One batch of devices has been 
manufactured without thick Al in the con-
tact pads.  The contact pads in this case are 
always in the normal state in the tempera-
ture regime used.  Measurements on these 
devices also indicate that a large resistance 
remains down to the lowest temperature 
measured.25 Measurements of R vs. T for 
device A are shown in Fig. 6 in an external 
magnetic field.   The R vs. T for the de-
vices with normal contact pads look very 
similar to Fig. 6, in which the supercon-
ductivity of the contact pads is suppressed 
in a magnetic field.  The resistance de-
pends only weakly on the bath temperature 
below 0.5K and appears to remain finite 
even as T→0. In the limit of zero tempera-
ture, when measuring resistance with a 
small excitation current, there should not 
be any resistance.  We do not understand 
this low temperature resistance. 



 
Fig 6: R vs. T of device A. H=1.2kOe. 

 
Extrapolating the R vs. T dependence 
given in Fig. 6 to T=0, for example gives 
us a finite resistance, of larger value Rn 
(6ξ/L).  For example, ξ( 0.25K)=50nm for 
device A.  The measured resistance at low 
bias voltages is 0.5 Rn, corresponding to a 
length of 6 ξ(Τ).  
 

 
Fig. 7:  I-V curves as a function of LO power. 
H=1.2kOe for Device A. T=0.25K  

 

Additional features which may be 
due to phase-slip centers are also present 
in the I-V characteristics.  It is not clear 
what will be the nature of these phase-slip 
structures at low temperatures in our de-
vice geometry. Further investigation is 
needed. Mixing is observed when biasing 
the device at low voltages, where the de-
vice is  partly resistive at 0.25 to 0.5 Rn as 
discussed above, and when biasing the de-
vice at higher voltages, above the “kink” 
in the I-V curve (see Fig. 8). This “kink” is 
likely associated with the critical current 
of the microbridge.  For PLO=0.5nW, 
shown in Fig. 7, this kink occurs between 
100 and 140µV, and the “high voltage” 
region is for larger voltages. The response 
observed at these higher bias voltages is 
hereafter termed the “resistive state” re-
sponse. Though mixing at low bias voltage 
also may be promising, only the resistive 
state response is discussed in this work, as 
the conversion efficiency is better.      

     
 
 

  
 
 
Fig. 8: IF bandwidth vs. bias voltage.  The solid 
black line is the pumped I-V curve. The arrows 
indicate a bandwidth greater than measurement 
limit of this setup. Device A. T=0.25K. 



B. IF Bandwidth 
  

IF bandwidth depends on the bias 
point. For higher bias voltages in the  re-
sistive branch of the I-V curve (above 160 
µV in Fig 8.), the IF bandwidth increases.   
Accompanying the increase in bandwidth 
is a sharp decrease in conversion effi-
ciency.  The best conversion in the resis-
tive state is seen when biasing on the sec-
tion of the resistive branch of the I-V 
curve just above the kink where it con-
nects to the lower voltage branch, 140µV 
in Fig. 8.  The IF signal was examined 
carefully to ensure that no sideband gen-
eration was observed for the data reported 
here.  Sideband generation is seen for un-
stable bias points, where the dc differential 
resistance is negative. 

The application of a magnetic field 
seems not to affect the bandwidth in the 
resistive state.  For example, the IF band-
width was measured at the lowest bath 
temperature with an applied magnetic 
field, and at temperatures above the transi-
tion temperature of the contact pads with-
out a magnetic field.  The two bandwidths 
coincide. The conversion efficiency meas-
ured at the lower bath temperature is 
slightly better.   
 In Fig. 9, a comparison is made 
between the measured  IF bandwidth and 
the value predicted from a calculation of 
the diffusion time using Eq. 5, with f -3dB = 
1/(2πτeff).  The bias points considered in 
determining the IF bandwidth were the 
ones which gave the maximum conversion 
efficiency in the resistive state.  We can 
see good agreement with the prediction for 
a diffusion-cooled mixer.   
 
 
 
 

C. Optimum LO Power 
 
 The LO power used in the mixing 
experiments is in the range of # 1.0 nW 
delivered to the mixer block.  Values of 
the conversion efficiency and mixer noise 
are presented as a function of LO power in 
Fig. 10.  The mixer noise temperature is 
calculated from the output noise of the de-
vice and the conversion efficiency: 
Tm(DSB)=Toutput/2η.  The LO power 
needed for optimum conversion efficiency 
is approximately the same value that gives 
the best noise performance. Experimen-
tally this is the case since the output noise 
is slowly varying with bias voltage and 
thus the dominant factor in determining 
the voltage dependence of the mixer noise 
is the conversion efficiency.   
 

 
 
Fig. 9: IF Bandwidth: Measured & Predicted. The 
electron-phonon inelastic time is calculated from 
Ref. 8 for T=1.6K. The vertical axis is the meas-
ured relaxation time, where τth  is determined ex-
perimentally using τeff=(2πf-3dB)-1 and Eq. 5. Data 
points are for devices B,A,D,C starting with the 
smallest time. 



Fig. 10: Conversion Efficiency & Mixer Noise 
Temperature vs. LO Power. Device D. T=0.25K. 
 
The term “optimum” will therefore be 
used to describe the situation when the de-
vice is nearly optimized for both mixer 
noise and conversion efficiency.  The 
magnitude of the LO power is in quantita-
tive agreement with the prediction in sec-
tion I (Fig. 10). 

Measurements of the temperature 
dependence of the optimum LO power 
were also made (Fig. 11).  The tempera-
ture dependence is in agreement with the 
relation presented in Eq. (3).   
 

 
 
Fig. 11: LO Power vs. Temperature. Device D. 

Figure 12: Conversion Efficiency, Output Noise, 
and Mixer Noise vs. Bias Voltage for Device A.  
T=0.25K. H=1.2kOe. 
 
D. Mixer Noise 
 

In Fig. 12, the dependence of 
mixer noise and of conversion efficiency 
on bias voltage is shown for device A, us-
ing Tm=Tout/2η. The minimum of the 
mixer noise temperature is ~4 K for device 
A.  At the LO frequency used, this is ~ 3 
hv/k. This mixer noise temperature is 
somewhat lower than predicted by simply 
scaling Nb data at 20 GHz according to Tc.  
The mixer noise temperature with a  20 
GHz LO in Nb HEBs was ~ 120 hν/k in 
the case with a finite critical current, but 
33 hν/k when the critical current was fully 
suppressed by PLO.

16 
By looking at the dependence of 

the output noise on IF, Burke et al in Ref. 
2 were able to separate the thermal 
fluctuation noise and Johnson noise 
components of the output noise.  At zero 
intermediate frequency the output noise 
should be a combination of the thermal 
fluctuation noise and Johnson noise.  Well 
above the rolloff frequency of the thermal 
fluctuation noise, the dominant noise 
should be Johnson noise.  The values 
obtained for the “Johnson noise” 
contribution to the output noise were 



output noise were several times larger than 
calculated for Johnson noise at the transi-
tion temperature of the Nb HEB, ~ 5.5K.  
The origin of this excess noise for Nb was 
not explained.  For the Al HEBs, the total 
output noise is consistent with thermal 
fluctuation and Johnson noise contribu-
tions with Johnson noise of the magnitude 
expected for T~Tc. 

The noise we reported above used 
an applied magnetic field. The output 
noise is less than the H=0 case.  IV curves 
in a magnetic field, at  bias voltages 
>1mV, do not exhibit excess current.  At 
the same voltages, in zero field, the differ-
ential resistance is equal to Rn, but there is 
excess current: I>V/Rn.  This implies that 
the contacts are still superconducting even 
though the bridge is in the normal state.  
The experimental correlation suggests that 
the additional output noise observed in 
zero field is correlated with the existence 
of superconductivity in the contact pads.    

When pumped at microwave fre-
quencies, the excess current still remains.  
Pumped IV curves where the superconduc-
tivity in the edges of the microbridge is 
suppressed by radiation at 618 GHz26 do 
not show excess current.  Measurements of 
the output noise in a magnetic field with 
LO power at 30 GHz agree with those at  
618 GHz in zero field.26   

The IV curves for the Nb devices 
show similar behavior in terms of excess 
current.  Devices pumped at 20GHz show 
excess current.  It is possible that the addi-
tional output noise observed at 20 GHz is 
due to the existence of superconductivity 
in the Nb areas underneath the thick Au 
contacts, like the case of Al microbridges. 
 
V. Mixer Performance: Experiment and 
Theory 

In this section we compare meas-
ured mixer performance with that pre-
dicted by theory.  The conversion effi-
ciency, output noise, and IF bandwidth can 
be calculated from thermodynamic con-
siderations based on the device operating 
parameters – the dynamic resistance, bias 
current, temperature, thermal conductance, 
LO power, and the derivative of resistance 
with temperature.19,27-29  A summary of 
these formulas is presented in Ref. 29, and 
are repeated here.  

 The conversion efficiency is de-
fined as the ratio of the output power at the 
IF divided by the input power at the RF.  
The frequency dependent single-sideband 
(SSB) conversion efficiency is given by 
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where PLO is the LO power, R is the de-
vice resistance, Geff is the effective ther-
mal conductance, IDC is the device bias 
current,  and ω is the IF.  The resistance R 
is defined as the dc voltage divided by the 
dc current.  RL is the load resistance – 
which in this case is the 50Ω input imped-
ance of the first stage IF amplifier. Elec-
tro-thermal feedback effects which tend to 
modify the thermal conductance and time 
constant are included using the factor α.   

        
        ( )αττ −= 1/theff ,                (5) 
         
        ( )α−= 1GGeff ,                  (6) 
 
 



           Experiment 
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The parameter α can be determined from 
the pumped I-V characteristics using the 
following relation from Ref. 28: 
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The thermal conductance G can be esti-
mated from the device resistance and the 
Wiedemann-Franz relation.5  

The output noise is modeled as 
consisting of thermal fluctuation noise and 
Johnson noise.  The Johnson noise com-
ponent of the output noise temperature is 
taken to be equal to the average electron 
temperature θ, which can be estimated 
from the R vs. T characteristic and the de-
vice resistance at the operating point; θ = 
Tc.  The frequency dependent output noise 
due to fluctuations in the electron tempera-
ture is given by 
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                 Theory 

         
 In Table II we present the experi-

mental and predicted values for mixer pa-
rameters for near optimum operating con-
ditions.  The conversion efficiency and 
output noise are calculated from the rela-
tions given above. The IF bandwidth is 
estimated from Eq. (1) and Eq. (5).  We 
see good agreement between theoretical 
predictions and experimental results. 

We can calculate the conversion 
efficiency and output noise using the for-
mulas above for different bias voltages 
and different LO powers.  These calcula-
tions are in also good agreement with ex-
perimental data.  As an example, in Fig. 
13, we show how the measured conversion 
efficiency for device A  compares with 
theoretical prediction.   

 

 
Fig. 13:  Measured and predicted conversion effi-
ciency.  Device A. T=0.25K. 

Device Rn 
(Ohm) 

Tb 
(K) 

IF BW 
(GHz) 

ηηηη    
(dB) 

Tout 

(K) 
Tmix= Tout/2ηηηη    

(K,DSB) 
IF BW 
(GHz) 

ηηηη    
(dB)    

Tout 

(K)    
Tmix= Tout/2ηηηη    

(K,DSB) 

 A 52 0.25 4 -8 1.3 4 2.5 -9 1.3 5 

 B 145 1.2 6 -27 … … 5 -22 … … 

C 260 1.2 1.2 -33 … … 0.8 -31 … … 

D   387 0.25 2 -16 1.6 32 1.7 -15 1.6 27 

              Table II:  Mixer parameters: Experiemtal results and theoretical predictions. 



 For operation at Terhaertz frequen-
cies, we can empirically estimate the 
mixer noise from the 30 GHz  data by 
scaling the microwave data linearly with 
frequency.  At 30 GHz we measure Tm ~ 3 
hν/k.  If  the same sensitivity is present at 
2.5 THz, the mixer noise is then predicted 
to be Tm ~ 360K.  As a check, we can 
compare with measurements at 618 GHz.  
The output noise of Al HEBs measured at 
618 GHz ranges from 1-2K.  The conver-
sion efficiency under the same conditions 
is estimated to be ~ -21 dB.26  The calcu-
lated mixer noise temperature is  thus Tm ~ 
125 K, DSB.   From the 30 GHz data, one 
would predict Tm ~ 90K for 618 GHz. So 
our estimates seem to be consistent with 
the existing data. These estimates do not 
include rf submillimeter coupling losses 
which are present in any receiver. At 
30GHz, coupling losses are negligible   

 
 

VI. Conclusions 
 
 Results for mixing with Al HEBs 
at microwave frequencies are very good.  
The IF signal bandwidth scales with de-
vice length and diffusivity as predicted in 
the diffusion cooling model, Eq. (1a).  The 
LO power needed for mixing scales ap-
proximately linearly with Tc.  The meas-
ured mixer noise is somewhat lower than 
that predicted by scaling Nb HEB results.  
The measured IF bandwidth and optimum 
LO power are in good agreement with 
lumped element predictions. 

The diffusion time in the these de-
vices is comparable to or larger than the 
inelastic electron-electron time8 τee. Re-
cently, predictions were made for HEBs 
which are very short L $ (D τee)1/2 =Lee in 
which thermalization via electron-electron 
interaction would be absent in the micro-

bridge.  Such a short device would have 
large LO power requirements in the µW 
range.30  These predictions were made for 
an operating frequency of 2.5 THz.  For 
device A (L=600nm), Lee = 600nm for 
T=Tc.  The other devices have a larger 
sheet resistance and are longer than the 
inelastic electron-electron length. Thus, 
our devices are not in the regime treated 
by Ref. 30.  In any case, measurements at 
30 GHz cannot address this issue, since 30 
GHz is below the gap frequency; νgap ~ 
110 GHz at T=0 and H=0 for device A. 
However, measurements at 618 GHz could 
speak to this issue. Results at JPL26 on a 
device comparable to our device A show 
that PLO"10nW. We emphasize that the 
device studied at JPL also had L>Lee, as 
proposed in the original theory paper on 
diffusion cooling.5  If we scale the predic-
tions in Ref. 30 as the frequency squared, 
the expected LO power for this bridge 
with L % Lee, is still substantially less than 
that predicted for L$ Lee.   

Currently, a major design issue for 
space-borne application of HEB mixer re-
ceivers is the availability of an appropriate 
LO source.  Molecular lasers are heavy 
and need high-power sources.  A CW solid 
state generator was demonstrated re-
cently31 using a p-Ge laser biased at rela-
tively low bias voltages compared with 
pulse mode voltages. However, it is un-
clear if is it possible to get a narrow 
enough spectral line (~1MHz) with  the p-
Ge laser. The other real possibilities at 
present are photomixer sources and multi-
pliers A successful traveling-wave THz 
photomixer has been shown to have an 
output power of at least ~ 10nW above 1 
THz.32  This is not enough for mixing with 
Nb HEBs. But our results for the optimum 
LO power for Al HEB mixers indicate that 
there is real possibility for integrating a 



THz Al HEB mixer  with such a pho-
tomixer.  
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