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Nb Superconducting Hot Electron Bolometer 
Mixers Coupled with Microstrip Lines 

Walter F. M. Ganzevles, Pave1 Yagoubov, Jian Rong Gao, Teun M. Klapwi,jk and Piet A. J .  de Korte 

A6slvacL- The measured direct and heterodyne response 
of a quasi-optically coupled superconducting Nb hot- 
electron bolometer mixer (HEBM) at  2 .5  THa is reported. 
This mixer exploits a novel coupling circuit in which the mi- 
crostrip linc transformer is used to feed the rf signal from the 
twin slot antenne to the microbridge. The microstrip line 
is made of Au/SiOa/Al. Using a Fourier transforin spectro- 
meter, the frequency response of such a device is measured. 
We flnd a peak response at  a frequency of 1.9 THz, which 
is 20% lower than predicted, and a bandwidth of 1.6 THz 
as wc expect. B y  applying 2.5 THa radiation from a far in- 
frared laser, we measure an uncorrected noise temperature 

Keywords- Superconducting device, hot-electron bolorne- 
ter mixer, microstrip line, submillimeter radio astronomy. 

of 4200 K. 

I .  INTRODUCTION 

UPERCONDUCTING HEBMs are very promising can- S didates to  fulfill the need for low-noise, high frequency 
detectors in satellite-based astronomical missions. Practi- 
cal application of these devices requires a suitable antenna 
like a twin slot antenna. To match the antenna-impedance 
to  the bridge impedance, a transmission line is needed. 
In the literature, the use of Co-Planar Waveguide (CPW) 
transmission lines at 2.5 THz is reported [l], [ 2 ] .  An al- 
ternative is to  use microstrip transmission lines. So far, 
this coupling structure has only been used for supercon- 
ductor -isolator-superconductor (SIS) mixers but never for 
HEBMs. 

There are various reasons to  try microstrip lines instead 
of CPW-transmission lines in THz HEBMs. First, it  allows 
for a much larger variation in characteristic impedance of 
the transmission line, making it easier to  match a diffusion 
cooled HEB, which usually has a low impedance. Second, 
the microstrip transmission line has proven t,o work very 
well in an SE-mixer up t o  about 1 THz [3], 141. Simula- 
tion models are well developed, where C P W  calculations 
have proven t o  be difficult, particularly for structures hav- 
ing very small slots. Third, the presence of a microstrip 
line is expected not to  disturb the antenna beam pattern. 
In a CPW-design however, there is such a disturbance due 
to  the fact tha t  all other structures are also situated in the 
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ground plane. Last, with respect to the fabrication, the 
microstrip lines could be easier than C P W  transmission 
line because the former structures can be defined by con- 
ventional optical lithography. There is no need for high- 
resolution lithography such as e-beam lithography as re- 
quired for C P W  transmission lines. 

In this paper, we s tar t  with the description of our mix- 
ers followed by their fabrication. Then we report measure- 
ments on the direct response, which we compare to a model 
predicting its frequency response. We also report our pre- 
liminary noise measurement at 2.5 THz. We end with a 
discussion and conclusion. 

11. EXPERIMENTS 

A .  Device Lay-out 

Fig. 1 shows a scanning electron micrograph of the de- 
vice used. The twin slot antenna is formed by the two dark 
vertical lines in the ground plane. The three rectangles are 
the Si02 dielectric. On this dielectric layer, the top wiring 
is defined. Together with the Si02 and the ground plane, 
this forms the microstrip line. The radial stubs act as an 
rf short to  the ground. The Nb microbridge is located be- 
tween the two tapered cooling pads. The IF contact is 
made by a CPW transmission line which is not shown in 
this figure. 

B.  Sample Fabrication 

A fabrication process for Nb HEBMs has been devel- 
oped using two-step electron beam lithography (EBL) to  

Fig. I .  Scaiining clcctron micrograph of a microstrip line-coupled 
HEBM. T h c  arrow indicates 31 pm. Thc 2 dark vertical lines i n  
thc grouiid plane arc the antcniia slots. On top of the big Si02 
rcctanglcs, the AI/Nb top wiring is visible. Radial stubs serve 
as rf shorts to the ground plane, picking up  radiation from the 
antenna. They also form the first section of the rf filter. The  
triangles form the cooling pads, defining the bridge length. 
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optically defined lift-off mask. In the last production step 
(2f),  no cross section shown), we define the bridge width. 
Using EBL, we define a PMMA bridge in the double layer 
resist system as before. Only the Nb parts that  have to  be 
etched are opened up. In a mixture of CF4+3% 0 2 ,  the 
Nb is reactive ion etched. We monitor the process by mea- 
suring the optical reflectivity of the Nb on the Si02 using 
a laser interferometer as an endpoint detection system. In 
this process we are able t o  produce Nb bridges as  small as  
60 n m x  80 nm [5]. 

In this process, achieving contact between the top wiring 
and the ground plane is the bottleneck. In contrast to  the 
typical SIS devices [4], the superconducting bridge acts as 
part of the top wiring. This means an electrical contact 
between the top wiring and the ground plane is needed. 
This is established via a step coverage on the vertical wall 
of the Si02 (Fig. 2e)) ,  which turns out to  be rather difficult. 
We overcome this problem by sputter depositing a thick 
(625 nm AI/Nb) wiring layer. 

A typical device has a critical current density of 
2 x 10" Am-2 and a critical temperature T, of 5 K .  The 
16 nm thick Nb film has a square resistance of 25 Q. 

C. Direct Response 

Thc direct response in current A I ( f )  of an HEBM mea- 
sured in a Fourier Transform Spectrometer (FTS) can be 
described by 

A l ( f )  qint ' qop t  . VV'YS, (1) 

with vopt the combined transmission of the window and 

Fig. 2. A process flow in schematic cross-scclionsl (left) and l op  
view (right) 

define both bridge length and width. Near UV lithography 
is used to define the rest of the device. We use a high- 
resistivity, double-sided polished Si substrate. In the first 
step, a ground plane of 250 nm thick Au is evaporated 
(Fig. 2")). The ground plane contains the twin slot an- 
tenna and the intermediate frequency (IF)  C P W  as well as 
alignment markers for consecutive steps. In a lift-off pro- 
cess, a dielectric of 250 nm Si02 is sputtered on the areas 
where the microstrip line will be located (zb)).  Then we 
drposit 16 rim thick Nb using dc sputtering, as indicatrd 
in 2'). Using a lift-off mask, patches of 12 pm x 12 pm 
011 top of the Si02 are covered. Au cooling pads are then 
defined by EBL using a double layer PMMA system (2d)) .  
The cooling pads are formed in two steps: N 10 nm Au is 
dc sputtered. In a different machine, 80 nm Au is e-beam 
evaporated. Before the sputtering of the Au, the native 
oxide of the Nb is removed with rf Ar etching in order to  
achieve a high transparency between the Nb and the Au. 
The top wiring (2e))  of the microstrip line is a layer of 550 
nm AI, on top of which 75 nm Nb is sputtered t o  reduce 
dc- and IF series resistance. This top wiring is defined in 
an optical lift-off process. Again t o  avoid loss a t  IF, 90 nm 
Nb is deposited on the IF CPW-transmission line using a 

heat filter and ~ V C ~ S  the power transfer function of the FTS 

3 shows a measured response AI(!) of the de- 
vice measured with an FTS a t  a bath temperature of 
T b a t h  = 3 K. Details of the measurement setup have been 
described elsewhere [8]. The dip observed a t  2.1 THz is 
due to  absorption in a polyethylene lens in the setup. This 
lens is used to  optimize the signal level. We simulated the 
Gaussian coupling efficiency of the beam from FTS to that  
of the device. The frequency dependence of this system 
in the range 0.5 THz to 4 THz is only weak. The mea- 
sured 3 dB-bandwidth B, equals 1.6 THz and f cen te r ,m  
is found t o  be 1.9 THz. We also calculate the response 
using a real device geometry. The plot also shows the pre- 
dicted response qint,sim.qopt.qp,r~ with Bsim = 1.2 THz and 
fcenter,sirn = 2.3 THz. Similar da ta  have been obtained from 
several devices. The da ta  are well described by the model 
except for a 20% downshift of the peak response. This 
downshift has also been observed in CPW-based devices. 

To understand the measurement, we simulate the direct 
response of the HEBM. To do so, we first have to know 
the frequency dependence of the windows and transmis- 
sion of the FTS, qopt ' q y y s .  The product qopt q p , ~ . ~ ,  deter- 
mined previously, [8] is also included in Fig. 3. To calculate 
the Tint, we choose an approach based on the coupling of 
impedances [7]. Generally, the impedance of a transmission 
line of length 1, propagation constant y and characteristic 

PI, PI. 
Fig. 
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Fig. 3. Diccct rcsponsc as a Cunction oC Crcquciicy oC a typical 
microstrip line coupled HER togethcr w i t h  thc transmission oC 
thc Fouricr transforrri spectronictcr and optics. Show11 arc the 
nornialiacd nicasurcd da ta  (solid), transmission of thc optics 
and E'TS qupt . i l p ~ s  (dol.tcd) and rclativc sirnulaled rcsponsc 
qint,sini 'qopt '7jp.r~ (dashed). qtnt,sim takcs into account dircrcnt 
conduclivitics for top- and bottom laycr, gcomelry of t,hc cooling 
pads and transmission oC the FTS. 

impedance Z,illc terminated by a load Zloacl is given by 

(2) 
Zioad + lzline tan (7.1) 
Zline + ZZload tan (7.1) ' 

ZeinLicd = Ziine 

We calculate the impcdancc of the antenna, microstrip line 
filter and transformer separately. We then use (2) to  de- 
termine the impedance at the position of the Nb bridge. 
The power transfer from the antenna to the bridge is then 
calculatcd usiiig 

(3)  

To obtain the impedancc of the elements, we first cow 
sider the microbridge itself. We assume its impedance 
Z H E B  can be expressed as ZHEB = RN [2] with R, the 
normal state resistance. Second, the impedance of the an- 
tenna as a function of frcqucncy is calculated using a mo- 
ment method in the Fourier transform domain, developed 
by Kominami, Pozar and Schaubert [6] .  For details, see [2] 
and [8]. Third, the impedance of the microstrip line ele- 
ments is calculated based on a model used for microstrip 
line calculations (sec e.g. [9] and [lo]).  We calculate the 
surface resistance of both Au and AI in the extreme anoma- 
lous limit. The characteristic impedance of the line is calcu- 
lated as a function of frequency, line width and thickness of 
top- and bottom metal layers and the dielectric. By vary- 
ing these parameters, the impedance can be tuned from 
about 5 s1 to  35 b l  without introducing orthogonal modes, 
i.e. without making the line wider than about X / 4 .  The key 
part. of the microstrip line is the transformer. It matches 
t,he effect,ive antenna- and filter impedance Zembcd to  the 
impedance of the bridge following equation (2 ) .  

The transmission of the rf choke filter, avoiding rf signal 
to  be lost into the de- or IF chain, is calculated using the 
characteristic impedance of each section (found using the 
same calculations as the transformer) and repeated appli- 
cation of (2) .  

In the sirnulations shown in Fig. 3, we use a top layer 
dc conductivity atop = 5 . lo7 0-Im-l and o b o t t o m  = 

These values are 
measured on films similar to  the 'ones in the device. 

We have also measured several devices with a slightly 
different design regarding the top wiring layer. Devices 
having a rectangular coupler instead of a radial stub (Fig. 
1) do not show significant deviations in the observed direct 
response. On the other hand, a device having a filter with 6 
X/4 sections (instead of 2 sections as in the device discussed 
in this work) on either side shows a larger bandwidth (1.9 
THz) and a lower fcenter (1.5 THz). 

D. Heterodyne Response 
Heterodyne measurements are performed at 2.5 THz us- 

ing a FIR laser as a local oscillator (LO). Applying this 
laser in combination with a 6 pm Mylar beam splitter it 
is possible to pump the I\' curves of the devices flat. Al- 
though the stability of the output power from laser is on 
the order of D.l%/min, measured using a pyro-detector, we 
find it still difficult to measure the Y-factor in a unchopped 
mode due to  instabilities in coupling of the LO power to the 
HEBM. To average out these instabilities, we use a chopped 
hot/cold load a t  300K/77K. At the IF, both the ac ampli- 
tude and dc component of the power, Pa, and pd,, respec- 
tively, are recorded. From the Y-factor, I.' = ~ ~ ; ~ ~ : ~ ; ~ ,  
the receiver noise temperature can be determined [ll]. N 
is a nuinerical factor ranging from 1 to  1.4, depending on 
the setup used. Since its value is not known for our exper- 
iment, we used LY = 1 to  determine the noise temperature, 
giving a worst case-value for the noise temperature. 

The IF-chain consists of a standard bias T, isolator and 
HEMT amplifier and has 79 dB gain and a noise tempera- 
ture of less than 7 K in the band from 1.2 to  1.7 GHz. 

4 shows the unpumped, optimally pumped and 
overpurnped IV curves of the mixer, taken a t  a bath tem- 
perature of 2.8 K.  The thin dashed line represents the Y- 
factor as a function of bias voltage. An optimal, chopped 
Y-factor of 0.22 f 0.05 dB has been measured. This cor- 
responds to an uncorrected noise temperature T N ,  of 
4200 * 1000 K.  It is checked tha t  this peak is not due to  
oscillations in the bias circuitry nor to direct detection. 
This noise temperature is a few times the best noise tem- 
perature measured so far with a diffusion-cooled HEBM 
using CPW transmission line [ll]. A receiver gain of -23 
dB has been measured using the ratio of differences in rf 
input power between the hot and cold black body and the 
corresponding difference at  the IF port of the mixer. 

2 .  108 R-"-1 f or the ground plane. 

Fig. 

111. DISC~;SSION 
Although it was anticipated tha t  the fabrication of mi- 

crostrip line coupled HEBMs would be easier than that of 
the CPU-coupled version, contacting the top wiring to  the 
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Fig. 4. IV-curves of thc IIEBM pumped with 2.5THz-radiation: un- 
pumped (solid) IV curvc, optimally purripcd (dashcd) and ovcr- 
pumped (dottcd) nicasurcd at 2.8 K, IF=1.25 GHz.  Thc thin 
dashcd line shows t he  chopped Y-Cactor in the optimally pumped 
situation. 

ground plane (see (Fig. 2"))) is a challenge. This is be- 
cause the Si02 tends to  form high and sharp edges after 
lift off. These make it very hard to  obtain a good step 
coverage across the dielectric to  the ground planc. A thick, 
sputter-deposited top wiring turns out to be a solutioii. 

Initially, thc coupling structure used in this work was dc- 
signed for a center frequency of 2.5 THz. Our experimental 
da ta  show that the measured center frequency is 20% lower 
than predicted based by the model taking the actual de- 
vice parameters into account. Devices based on a similar 
antenna but having a CPW transformer have shown a sim- 
ilar downshift in frequency [2]. A similar effect has been 
reported in CPW-based structures [l]. It was suggested 
[2] that ,  in the CPW design, the thickness of the metal 
layers in the structure should be taken into account. An- 
other proposal by Wyss et al. [12] is the sudden decrease 
in line width from the transformer to  the -much narrower- 
microbridge. We explored this hypothesis by simulating 
microstrip line devices with such a decrease in line width. 
Indeed, for realistic geometries, a downshift of 10 to 15% 
is observed. 

Assuming the source of the downshift is recognized, the 
model for describing the direct response works well. This 
may suggest tha t  thc model uscd for the calculation of the 
impedance of microstrip line works up to a few THz. As 
far as wc Iuiow, this is the first demonstration of using 
microstrip lines at a few THz. 

A question that can be raised is which coupling scheme 
leads to  the best sensitivity of a THz HEBM We are not 
able to  draw a conclusion based on these preliminary mea- 
surements. The answer has to  come from a detailed ex- 
perimental comparison between CPW- and microstrip line 
devices. 

IV. COKCLCSIONS 

In this work we have shown the fabrication of a novel 
coupling scheme for quasi-optically coupled HEBMs. Mea- 

surements of the direct response are compared to  model 
calculations, and agree reasonably well, except for an off- 
set of 15 to  20%. Possible mechanisms for this offset are 
discussed. Heterodyne measurements show a noise temper- 
ature of 4200 * 1000 K. 
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