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ABSTRACT
The performance of hot electron bolometer mixer devices made out of
superconducting thin films critically depends on film quality. We discuss
various deposition conditions for Nb films and present their properties for a
wide thickness range. The obtained film parameters allow to predict the
characteristics of our actual devices. We also shortly present a new
fabrication process for Nb diffusion cooled hot electron bolometer mixers.

. INTRODUCTION

Nb diffusion-cooled hot electron bolometer (HEB) mixers offer very competitive
performance up to severa THz. Although many promising mixer results have been
presented little has been published about the necessary thin film qualities and the
related processing problems[1, 25].

The difficulty in fabrication of Nb HEBs originates not only from the requirement of
very high resolution lithography but also from the need of high quality Nb thin films
and their protection throughout the processing steps.

In afirst part we report on investigations on Nb thin filmsin a thickness range from 2
to 80 nm. Different characterisation methods like dc-measurements, x-ray diffraction
(XRD) and atomic force microscopy (AFM) were applied. In a second part we



present a new processing sequence for Nb HEBs and high frequency measurements
carried out with such devices.

We derived the time constants from thin film characterisations and compared them
with values obtained by high frequency measurements.

[I. THIN FILM PREPARATION

For device fabrication it is essential to obtain a high reproducibility in film thickness.
As alow deposition rate is one way to improve thickness calibration we started out
with a low sputter power (~ 0.5 nm/s for 200 W). The Nb thin film samples have
been produced on 2" fused quartz substrates which underwent a rigorous ultrasonic
cleaning in acetone and propanol. Such substrates should also serve as a good
reference for silicon substrates with native oxide.

The background pressure in the sputterer chamber is about 2 x 10°® mbar and the
films were deposited by dc-magnetron sputtering at 2 Pa after Ar-plasma RF cleaning
of the substrate. No active substrate heating was applied during film deposition.
Figure Il.1a shows an AFM image of a 120 nm thick Nb film sputtered with 200 W at
2 Pa. One can observe a polycristalline film growth with a grain size of about 10 to
30 nm. In comparison, figure 11.1b shows a film deposited at 730 W and 2 Pa. The
observed grainsize is about 3 times larger than for 200 W.

Fig. Il.1a. AFM image of a 120 nm Nb Fig. Il1.1b. AFM image of a 120 nm Nb
film sputtered at 200 W, 2 Pa. film sputtered at 730 W, 2 Pa.

X-ray diffraction (XRD) measurements which were carried out in the context of stress
determination gave comparable results for the crystallinity of our Nb layers [8].
Figure 11.2 shows XRD curves for 120 nm Nb films sputtered at different source



powers. Depending on the sputter power we can see a clear transition from
polycrystaline to quasi amorphous film growth. Best crystalinity is obtained for

800 W. The grainsizes determined by XRD were:

Power 200 W 400 W 600 W 800 W
20 37.682 38.789 38.549 38.468
Wiwhm 1.051 0.414 0.320 0.288
grainsize 7.6 nm 27 nm 35nm 39 nm

With decreasing power, intensity of the (110) peak is descending and the peak shifts
to higher values of 26, due to increasing tensile stress. Below 400 W film stress

becomes highly compressive.
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Fig. 11.2. X-ray diffraction results of 120 nm Nb films sputtered at 200, 400, 600 and
800 Wand 2 Pa. 26 for the (110) peak center and for bulk Nb [19] is shown on the

plot (Cu Ky).

1. ELECTRICAL THIN FILM PROPERTIES

We determined the electrical properties of our films by four point measurements on
1 mm x 10 mm samples which were carried out in a dip-stick set up. The film
thickness has been varied from 2 to 80 nm and verified by anodisation. The residual



resistance ratio RRR and the sheet resistance above the critical temperature T, and
their dependence on film thickness were investigated.

As can be seen in figure 111.1 the sheet resistance at 10 K does not ssimply follow a
curve proportional to the invers of the geometrical cross section for films below
20 nm.
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Fig. I11.1. Sheet resistance at 10K versus film thickness. The squares are our
measured data, the solid line corresponds to the size effect model. The fit to our data
gives a pouk of 11 pcmand a | of 7 nmfor films sputtered with 200 W..

Different explications have been given in the past for the observed behavior. A
thickness dependent grain size distribution could play a certain role due to interface
effects. Jiang showed that weak localisation effects become important for ultra thin
epitaxia films[24].

However for our films a simple size effect model taking into account the surface
scattering of electrons can explain the measurement to a sufficient accuracy (see
fig. [11.1). The resistivity in thismodel is described by
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which can be derived from kinetic theory arguments (Rs is the sheet resistance, |n,
the electron mean free path, t the film thickness and g,k the bulk resistivity at 10 K)
[2, 23]. This formula should be a reasonable first approximation for a thin film
containing a free electron gas in which electrons striking the sample surface are
scattered completely diffusely. In our case the surfaces are given by the thin film-



substrate interface and the NbOxide surface layer. Identification of the electron mean
free path | found by the size effect model with a typical grain size gives good
agreement with XRD and AFM measurements.

Figure I11.2 shows the dependence of the critical temperature on the film thickness. To
explain our data, we employ a proximity effect model. For single-crystalline Nb films
Yoshii et a. [11] achieved good agreement with such amodel considering a system of
a superconducting layer (thicknessd) and a norma-metal layer (thicknessa) to
describe the depression of T with decreasing film thickness.
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Fig. 111.2. Critical temperature T, versus film thickness. The curves are calculations
assuming a NbOxide layer of 0.5 nm, 1 nm, 2 nm respectively, the squares are the
measur ement val ues.

The graphs in fig. 11.2 show the calculation of T, versus film thickness for different
NbOxide layer thicknesses, following their formula

113(0 %-[ Ny (0)/N5(0)](a/d)
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which has originally been proposed by McMillan [12, 14]. Here T is the transition
temperature of the bulk (9.3 K), ©p the Debye temperature of the superconducting
layer (Nb, 275K), and Nn(0) and Ng(0) are the density of states for norma and

superconducting layers respectively [13].



As the McMillan formula is only adequate for the dirty limit case only films below
20 nm will be correctly described. From figure 111.2 we can conclude an oxide
thickness of 1 nm, a value which isin good agreement with results from ellipsometry
for films exposed for some minutes to ambient air [8, 20].

IV.DEVICE FABRICATION

Existing diffusion-cooled hot-electron bolometer devices consist out of a sufficently
short and thin superconducting microbridge connected to Au pads which serve as heat
sinks [3]. The device impedance must be matched to a given source impedance,
typically in the range of 25to 70 Q.

In comparison to the HEB fabrication process used by the JPL group [17], we present
a simplified process, avoiding the chlorine containing gas mixture (freon) and the
unselective reactive ion etching (RIE) step for the fina bridge definition. The actual
IRAM diffusion-cooled Nb HEB devices are fabricated in the following steps:

After an overal deposition of a 10-20 nm Nb film and a 10 nm Au oxidation-
protection layer on a 2" fused quartz substrate we define the antenna and filter
structure by photolithography.

To define the lateral dimensions of the microbridge we use Ebeam lithography. In a
first step we fix the microbridge length by defining the Au cooling pads by a double
PMMA layer (950K/50K) lift-off process. Here the 10 nm Au layer allows a high pre-
bake temperature for the PMMA layers without destroying the Nb film. Such a high
bake temperature helps to avoid intermixing of the two layers and stabilizes the resist
profile for a better lift-off. Afterwards we remove the Au protection with an argon
plasma. In a second Ebeam step we generate a lift-off pattern by which athin Al strip
is defined. This Al strip is used as a selective etch mask. We remove the surrounding
Nb by reactive ion etching (CF4, O,). The Al etch mask is removed by a strong base.
Finally the substrate is diced and the individual devices are characterised by a dc-
measurement.

V.RF- AND IF- MEASUREMENTS

To measure the RF matching between antenna and detector, we tested our HEB mixer
as a direct detector on a Fourier Transform Spectrometer (FTS) using a chopped
blackbody source (fig. V.1). As the antenna was designed for high impedance NbN
HEBSs, the Nb HEBs (< 50 Q) are strongly mismatched.

Despite this mismatch one can clearly see the water vapour absorption lines between
0.5and 1 THz
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Fig. V.1 Fourier transform spectrometer measurement of a bowtie antenna with
central diffusion-cooled HEB. Indicated are the water vapour absorption lines at
556, 750 and 990 GHz and the designed center frequency of the antenna at 810 GHz

With a comparable device we performed a Y-factor measurements in the range of
800 GHz. Figure V.2. shows the pumped I(V)-curve of the device together with the
conversion curves for the hot and cold load. Best mixer noise temperature was
4030 K at 2.2 K bath temperature, 798 GHz local oscillator frequency and an IF of
1.37 GHz. The impedance mismatch mentioned above and the beam splitter loss add
about afactor 3 to the noise temperature.
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Fig.V.2 Pumped I(V)- and conversion curves for the hot and cold load at 2.2 K. The
Y-factor measurement at a local oscillator frequency of 798 GHz and an intermediate
frequency of 1.37 GHz gave a non corrected noise temperature of 4030 K.



For application in THz radioastronomy the IF bandwidth of the HEB mixer devices
should be as high as possible.
To access the intrinsic time scales of the Nb films which determine the IF bandwidth
we executed an impedance measurement similar to the procedure described by
Karasik et a. [6,7]. In order to allow arapid measurement we installed the setup in a
dipstick which could be immersed in liquid helium. The measurement was done with
a HP8510 network analyzer. The dc bias was directly fed over the internal bias input
of the HP8510. The measurements were performed with a sweep between 500 MHz
and 10 GHz and a power level of -65 dBm at the device. With a calibration scheme as
described by [6] we obtained the complex impedance as plotted in Fig. V.3. The
frequency dependence of the device impedance is given by [6]
T
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where C is the self heating parameter and 1, the electron temperature relaxation time
and R the device resistance at the operating point.
The solid linesin fig. V.1 show Z(f) calculated with values obtained by afit to ZZ" of
the measured data where 1o and C where the free fitting parameters.
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Fig. V.3. Real and imaginary part of the impedance of a diffusion-cooled Nb hot-
electron bolometer over frequency. The solid lines correspond to the best fit
parameter s obtained by the network analyzer measurement.

From the impedance measurement one can obtain the electron temperature relaxation
time 1o which, for diffusion-cooled Nb HEBS, is in the order of the diffusion time
Tqitr. The diffusion time can be calculated for a given device geometry by



L2
Ty = 7D’
where D is the diffusion constant [16]. We derived D from measurements of the slope
of the critical magnetic field He, [5, 22] near the superconducting transition. For a
14 nm Nb film we obtained a diffusion constant of D = 2.2 cm?/s.
The IF bandwidth is directly related with these intrinsic times via
1

20707 -
As the electrons should thermalize before out-diffusion into the contact pads, 1o

should be larger than the electron-electron relaxation time Te Which can be estimated
out of the thin film parameters (sheet resistance Rs and T, see figure I11.1 and 11.2)

by

Af =

r, O(100RSIT,) Ts,
whereRsisin Q and T¢isin K [4]. It gives an approximate number for the electron
temperature relaxation length le [9]
lo =20/D [T,
whichisin the order of 100 nm. For a short device the hot electrons may diffuse out

of the microbridge more quickly than they interact with each other, an effect recently
debated for aluminium HEBs[10, 15, 18, 21].

thin film | F bandwidth
characterisation measur ement
intrinsic time constants electron diffusion time electron temperature
relaxation time
T =3x 10 s To=3.35x 10" s
e ectron el ectron relaxation
time
Te=1x10"s
| F bandwidth for tqif for 19
1
Mow =5 tr Afsis = 5.5 GHz Afgs = 4.3 GHz

Tab. V.4. Comparison of the intrinsic time scales obtained by calculations on thin
film data and the bandwidth measurement of an actual device. In both cases we
assume a device length of 250 nm and an effective film thickness of 14 nm.

In Table V.4. we compare the obtained time constants. For the thin film calculations
we assumed a 250 nm long HEB. Starting out with a 20 nm film deposition we
assume an effective film thickness of 14 nm due to the NbOxide top layer after
processing (4 nm) and the film substrate interface (2 nm) [8]. As expected, the




calculated IF frequency bandwidth is in the same order of magnitude as the
experimental value and the electron temperature relaxation time is aimost equal to
Taitr, cOnfirming the cooling mechanism in the HEB device.

V1. CONCLUSION

Thin Nb films have been investigated in a wide thickness range. AFM as well as
XRD show that using high power sputtering will significantly increase film quality.
The electrical properties of the currently used and unoptimised thin films were
explained by a size effect and a proximity effect model. The results give us the
possibility to predict the final high frequency characteristics of a Nb diffusion-cooled
HEB for a given device geometry. We developped a smple Nb HEB process; a
mixing experiment at 798 GHz was carried out on a device fabricated with this
process. With an maladjusted antenna we obtained an uncorrected receiver noise
temperature of 4030 K at an intermediate frequency of 1.37 GHz.. The devices
showed a 3dB cut-off frequency of 4 GHz. Future devices will use improved film
quality.
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