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Abstract

NbN phonon-cooled hot electron bolometer mixers (HEBs) have been realized with negligible
contact resistance to Au pads. By adding either a 5 nm Nb or a 10 nm NbTiN layer between
the Au and NbN, to preserve superconductivity in the NbN under the Au contact pad, superior
noise temperatures have been obtained. Using DC I,V curves and resistive transitions in
combination with process parameters we analyze the nature of these improved devices and
determine interface transparencies.

1. Introduction

Currently, for frequencies beyond 1 THz, superconducting hot electron bolometers (HEB' s)
appear to be the only option for low noise heterodyne mixing elements. Phonon-cooled
HEB's, based on thin superconducting NbN with a fast electron-phonon cooling time, are
particularly promising because they combine a high sensitivity with a reasonably large
intermediate frequency (IF) roll-off [1-6]. However, these detectors have not yet reached the
ultimate sensitivity limit set by quantum noise: ho/1 kb , in which h is Plank's constant, co the

angular frequency, and kb is Boltzman's constant. Further progress, both theoretically and
experimentally, is critically dependent on a proper understanding of the device-operation.
Originally it was proposed that these devices would exploit the strong temperature
dependence of the resistive transition. However, it has become clear that both diffusion-
cooled and phonon-cooled devices are based on an electronic hot spot, formed because they
are biased with a relatively high DC current. This resistive electronic hot spot of variable
length has been identified as the source of the mixing process.

In a HEB the active superconducting material is in direct contact with an antenna structure,
which also serves as electrodes for the dc bias. To minimize losses at the high frequencies a
high conductivity normal metal, such as gold, is used. In a series of experiments we have
recently learnt that improved mixing-performance can be realized by focusing on improved
contacts between the NbN, optimized for phonon-cooling, and the Au electrodes. If an
intermediate layer of Nb or NbTiN is inserted between the active NbN and the Au
significantly better noise temperatures are reached. To date best receiver noise temperatures
of 1000 K 2.5 TH:: have been obtained with a device with a NbTiN intermediate layer.
Details of the RF measurements can be found elsewhere [8].
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In this paper we describe the various contacts we have developed and studied based on the
DC I,V curves and resistive transitions. To understand the critical temperature of the different
multi-layers appearing in the different contact structures we use a proximity-effect model for
bi-layers [9].

2. Devices with different contacts

The NbN HEBs are based on a 3.5 nm thick NbN film on a Si substrate, produced at Moscow
State Pedagogical University. These films, optimized for phonon-cooling, have a sheet
resistance of 635 C2, measured at 300 K, and after subsequent fabrication steps a T, of — 9.9
K. The layout of a mixer together with a cross section of the contact structure is shown in Fig.
1. A spiral antenna of 120 nm thick Au (layer 1 in Fig. 1) is used to couple the RF and DC
signal into the superconducting bridge. The connection between the bolometer itself (3) and
the antenna is made by the contact structure, consisting of a gold layer ("2") and an
intermediate layer ("4") on top of the NbN film. The intermediate layer consists of either a
normal metal (Ti) as an adhesion layer or a superconductor (Nb or NbTiN). The latter is to
avoid a proximity-effect induced destruction of the superconductivity in the NbN under the
Au. Typical dimensions of the bridge are 4 gm in wide and 0.4 p.m in length, measured
between the contact-pads, the part of the NbN uncovered by any contact layer.

Figure 1. Spiral antenna coupled NbN HEB devices. On the left a SEM picture of the top view of a device and on
the right a cross section of the device. "1" indicates the Au spiral antenna structure which is — 150 nm thick;
"2" the Au layer on the contact pads; "3" the superconducting NbN film, which extends underneath the contact
layer/antenna; "4" the intermediate layer between the Au and the NbN film; "5" the Si substrate.

The thin optimized NbN films have to become part of the antenna-structure. It was found [10]
that they suffer from irreproducible contact resistances due to a native oxide or other surface
contaminants on the NbN film. A short Ar4- physical etching step is applied to remove such a
contamination layer. To find an optimal recipe for the best contacts various experiments have
been executed using the more readily available NbTiN layers. Fig. 2 shows the results of an
Ar+ etch calibration curve using a freshly made NbTiN thin film. The devices have been
artificially contaminated by applying an 02 plasma for 15 sec. Fig. 2 clearly shows, that an
Ar+ etch during more than 10 sec helps to reduce the contact resistance. These data are not yet
conclusive because we could not deposit the subsequent the Ti/Au layer in the same vacuum
system, where the Ar sputter etch is performed. Hence, the remaining resistance could be due
to the brief exposure of the freshly cleaned film to ambient pressure. We should also point out
that applied to a NbN film an Ar etch of 5 seconds already leads to a reduction of Tc by 0.5 K.
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Fig. 2. Resistance of a HEB-like devices measured at a temperature above 1', plotted as a function of Ar+ etch
duration. Before Ai- etching, the NbTiN has been artificially contaminated by an 02 plasma for 15 sec. We note
that for a plain NbN film, the effect of 5 S Al-- etching is a decrease in T, of— 0.5 K.

Minimizing a contact resistance between Au and NbN is attractive to reduce the losses and to
avoid a voltage-drop in the device at a point where it cannot be an active part of the mixing
process. However, a reduced contact resistance between the thick Au and the thin NbN means
also an enhanced transparency for electronic exchange, or a maximally effective proximity-
effect, which will lead to a destruction of the superconductivity in the NbN underneath the
Au. To make sure that the uncovered NbN (Fig. 1) would be the weakest link we also
developed devices with a superconducting film inserted between the NbN and the Au to
maintain superconductivity in the covered NbN.

We developed and studied four different types of contact structures. For clarity we first
define our terminology. We will use the term contact layer for the composite layer of Au
("2") and the intermediate layer ("4") in Fig. 1, which is deposited on top of the NbN. We will
use the term contact pad for the triple-stack layer of the NbN and the contact layer("4"+"2").
This triple-stack sets the boundary conditions for the signal fed to the active NbN layer and
also for hot-spot formation. All device geometries are identical except for the contact layer
and the treatment of the NbN surface prior to the deposition of the intermediate layer. All
devices are made on a single wafer. Details of the four different types of contacts are listed
below:

Type A: The contact layer is 5 nm Ti layer, introduced to improve Au adhesion, and 70 nm
thick Au on top. The interface to NbN is cleaned by a low power and low pressure 02 plasma
for 6 seconds, meant to remove resist-residues. The contact-layer ("4"+"2") is evaporated ex
situ afterwards.

Type D: The contact layer is 5 nm Ti and 70 nm Au. The interface to the NbN is prepared by
cleaning first the residual e-beam resist using the same 02 plasma cleaning as type A. Then an
Ar- physical etch cleaning (15 seconds) is performed. The metals are evaporated ex-situ
afterwards.

Type H: The contact layer is 5 nm Nb and 45 nm Au on top. The interface to the NbN is made
by cleaning first the residual e-beam resist using the same 02 plasma, followed by an Ar+
physical etch cleaning. (15 seconds). The metals (of layers "4"+"2") are sputtered in-situ
afterwards. Although we did not monitor the Tc of this Nb layer, from experience we expect it
to be superconducting at a T, of about 6 K.
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Type G: The contact layer is 10 nm NbTiN and 40 nm Au on top. The interface to the NbN is
prepared identically to the method used for type H. From previous measurements. we expect
the intrinsic Te of the NbTiN layer to be — 8 K.

Note that the 02 plasma cleaning step is critical. If the duration is too short. not all residual e-
beam resist is removed. But if too long, the 02 plasma starts to oxidize the surface of the NbN
[11]. To illustrate this point we present resistance versus temperature measurements (Fig..3)
from a testbatch of HEB like devices using NbTiN as the active film. All devices have the
same bridge dimensions, but with different 02 plasma etch duration for the contacts. Starting
with 4 seconds the device resistance first decreases, which we attribute to resist-residue
removal. For etch times longer than 6 seconds the device resistance increases and the T,
drops. This combination of observations indicates a deterioration of the NbTiN film. We have
subsequently used 6 sec as a value for optimized 02 cleaning.

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

Temperature (K)

Fig.3. Resistance versus temperature measurements of HEB-like devices with various 02 plasma cleaning
duration before the metal contact pad is evaporated (ex-situ). In this case, a thin 4.5 nm NbTiN film with a lower
T, than the NbN is used. A clear reduction in T, is observed for 02 plasma etch durations longer than 10 s as
well as an increase in resistance.

3. Resistance versus Temperature Measurements

We first compare the R(T) curves of type A and type D devices, which only differ with
respect to interface cleaning (Fig. 4). In the normal state type A devices show a resistance of
170 Q, which cannot be accounted for by the bridge resistance alone, using the known
resistivity of the film. (Similar anomalously high resistance values for HEB 's were reported
before [10]). The resistance of type D devices is — 80 f2 and approaches the expected
resistance of the bridge. Because the devices are identical except for the cleaning of the NbN
film we associate the additional 120 f2 with the contact resistance between the active NbN
bolometer and the contact layer. Obviously, the physical interface cleaning reduces the
contact resistance significantly.

Upon cooling the devices we find that type A devices have only one superconducting
transition temperature around 9.3 K. The type D devices show two transitions, one at 7 K
(Te2) and one at 9.9 K (Tel). Since the measurements are two-point measurements on an
effectively NSN one would not expect a full zero-voltage state. However, the resistive
contribution of the Au is negligible on the scale of Fig.4 and all resistance must be due to the
highly resistive NbN (apart from the contribution due to the interface). The lower transition
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temperature To observed for type D devices is attributed to the NbN underneath the contact
layer. The highest transition temperature Tc1 is assumed to be due to the bridge itself. The
lower value of Tc2 may be partly due to 15 sec Al.+ etching and partly due to the
superconducting proximity effect. Although not analyzed in detail it is reasonable to assume
that the resistance "tail" between 7 and 9.5 K is due to the conversion of quasi-particle current
to supercurrent and the associated resistance [14,15]

Figure 4: Resisatnce versus temperature curves of type A (left) and type D (right) devices. (A ll devices have
similar lengths, except for device D3, which is shorter). Note that 71,2 (lower value) is identical for devices
with the same contact. This indicates good process control of the interface.

For devices of type A we only observe one transition temperature, indicating that the critical
temperature of the pads is identical to the one of the bolometer. This is consistent with our
understanding that there is a contact resistance in between the layers.

Fig. 5 shows R(T) curves measured for several devices with an intermediate superconducting
layer contact, which might suppress the reduction of Tc of the pads by the proximity-effect
(with Nb, type H (left), and with NbTiN, type G (right)). These devices show normal state
resistance values ranging from 56 to 78 Q, depending on bridge length. In addition the overall
shape of the resistive transition is quite comparable to those of type D devices.

6 8 10 12 14 16 18 20 10 12 14 16 18 20

Temperature (K) Temperature (K)

Fig.5 R(T) curves of devices with superconducting intermediate layers ( type H with Nb (left) and type G with
NbTiN (right)). H3 and G3 are shorter. Note that the Tc , values are identical for the devices with same
contact t:t pes.
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All data have been summarized in Table 1. A small difference remains between measured
resistance values and calculated ones (between brackets). Whether this is due an uncertainty
in the value for the sheet resistance or reflects a remnant contact resistance is not known. Note
that devices of type D, G and H have similar Li 's (9.9 K) but different values of Tc2. The
latter value is interpreted as reflecting the critical temperature of the contact pads.

Table 1, Summary of measured DC parameters of devices of batch 1,12S. containing devices lvith _four different
types of contacts. RuK and R300 K are the resistance measured at 11K and at the room temperature. The expected
values for Ri 1K are estimated from the bridge sile and the sheet resistance of the .Vb.N. . RRR is the ratio
between R300 K RHK. Ta is the critical temperature of the bridge and T the contact pads. determined from the
RT curve. la is the maximum critical current measured manually in the current-bias mode.

Device Ri 11(
(expected)

R300 K RRR Tc 1 Tc2

,

Ic I

Al
A3 0111Y 02

A4 Etch

147 Q
218Q
236 Q

98 f/
116 0
135 S/

0.67
0.53
0.59

* 9.5 K
* 9.3 K
* 9.3 K

311 rri.A.
345 mA
348 inA

D1 79 0 67 Q 0.83 9.7 K 6.7 K 367 mA
D2 02 4- Ar 86 Q 70 SI 0.83 9.8 K 7.0 K 451 mA
D3 Etch 59(52) Q 53 Q 0.91 9.9 K 7.1 K 478 mA
D4 80 Q 72 C2 0.91 9.9 K 7.1 K 499 mA
H2 In Situ 78(60) Q 65 SI 0.83 9.8 K 5.3 K 436 mA
H3 Nb 62(52) C2 53 Q 0.83 9.7 K 5.3 K 400 rnA
G1 In situ 78 C2 65 0 0.83 9.5 K 7.0 K 456 rnA
G3 NbTiN 56(52) Q 501 0.91 9.9 K 7.2 K 515 mA

4. Transition Temperatures of Bi-layers

For a quantitative understanding of the possible Tc variations in stacks of contact layers we
study a few typical bilayers using the proximity-effect model developed by Golubov et al. [9].
The model contains the intrinsic Tc 's, the resistivities and the thicknesses of the different
layers as well as the interface transparency. Even for a chemically clean interface the
transmissivity will still differ from unity because of Fermi velocity mismatch. Fig. 6 shows
the reduced transition temperatures t (T/ TO for three different cases: NbN (3.5 nm)/Au (70
nm), Nb (5 nm)/Au (45 nm), and NbTiN (10 nm)/Au (40 nm), as a function of interface
transparency.

For NbN/Au the reduction of T, has a strong dependence on the transparency, because the
NbN is extremely thin. A transparency of 0.05 is already enough to push the T, to below 4 K
(Te =9.9 K for NbN). Since type A devices show a minor reduction in Tc, the interface
transparency must be smaller than 0.005. For type D devices we find experimentally a
reduced temperature of 0.7-0.8, which would be consistent with a transparency between 0.01-
0.02. This value is considerably smaller than the value of -0.2, which we expect form the
Fermi velocity mismatch based on vf = 1.39 x106 m/s for Au [16] and vf = 5.7x104 m/s for a
NbN film [17].
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Fig. 6. Reduced critical temperature (T/ Te) as a function of interface transparency calculated for three
different bilayers, NbN/Au, Nb/Au and NbTiN/Au.

We also use the results of Fig.6 to determine an expected value for the Tc of the bilayers
involved. For the Nb/Au interface we assume a transparency of 0.5, which is calculated using
vf = 2.77x105 m/s for Nb [18]. Using a Tc of 6 K for the Nb film, we expect a Te for the
contact bilayer of 1.8 K. For temperatures far above 1.8 K, we can treat this contact layer as a
single normal metal layer. Unfortunately we have no data for the Fermi-velocity of NbTiN
film. To proceed we assume the transparency of the NbTiN/Au interface to be the same as for
Nb N/Au (-0.2). Using this we find an expected 'I', of the NbTiN/Au layer of 5-6 K, using a
I', of 8 K for the NbTiN film.

Type H contacts show a Tc2 of 5 K, i.e. a reduced critical temperature of 0.5-0.6. Assuming
that we can indeed treat the Nb/Au bilayer as a fully normal layer, more specifically as a
single Au layer we can apply the calculated curve for NbN/Au of Fig. 6. From this we find a
relatively small interface transparency of 0.02-0.03 in Type H devices between NbN and the
contact layer.

Type G devices have an identical interface between the NbN and the intermediate layer
because the interface was made in the same way. If we use the transparency value of Type H
contact for Type G as well we find a consistent value for Te2 (7.1 K).

We conclude by emphasizing that the transparency for Type H and G contacts is still
relatively low, T-0.02-0.03, compared to the expected maximum value of T=0.2. However, it
is better than for Type D (T-0.01-0.02), probably because of the in-situ deposition. It
certainly indicates that the deviation between the expected and measured resistances as listed
in Table 1 may be partly due to the interface resistance.
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5. Current versus Voltage measurements

The R(T) measurements and the evaluation of the proximity-effect model build a coherent
picture, suggesting that the successful device-types G and H consist of NS'SS'N devices with
N representing the Au antenna wiring, S' the contact pads and S the active superconducting
layer. S' has a slightly lower Tc than S if measured with a low bias current. In actual use
HEB's are cooled down to a bath temperature of 4.2 K or lower, and then biased by a DC
voltage, which establishes a working point for the mixer by the formation of the electronic hot
spot. The evolution towards this working point can in principle be followed in the current-
voltage characteristics. In interpreting the I,V curves one extra element has to be kept in mind.
The variation in thickness (or cross-section) causes the local current density to be highest in
the active NbN material. And a variation in current-density might cause a variation in local
power-density when normal. However, the variation in thickness as well as the nature of the
materials should also be dealt with in establishing the heat out-flow conditions. Therefore I,V
curves are not easily interpretable.

-30 -20 -10 O 1 10 20 30

Voltage (mV)

Figure 7, IV curves of devices with contact type A, D and H, measured at different temperatures. The curve for
type G is not shown since at this voltage range it is very similar to the curve of type H.

Fig. 7 shows I,V curves of typical devices of type A, D, and H, measured using a voltage bias
for various bath temperatures from 4.2 K to about 10 K. For Type A devices a rather broad
feature is visible at low voltages ending around ±15 mV. Beyond 15 mV, the IV curves do not
overlap for different temperatures. Similar features have been reported for devices fabricated
in similar way [2,3]. As argued before these devices have a rather large contribution to the
resistance due to the NbN/Au interface, which will contribute as local source of dissipation,
which will influence the formation of a usable hot spot. Since this broad feature appears only
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for type A devices we believe that this contact resistance plays a role. Note that it appears
directly after the critical current is exceeded at the lowest voltages. It is know that in this
regime a negative resistance region appears causing time-dependent relaxation—oscillations.
So the actual shape might be a time-averaged result and not necessarily informative about the
DC I,V curve.

I,V curves of type D and H contacts do not show these broad shoulder-like structures. Instead
we observe a much narrower features at low voltages followed by a smooth transitions of the
IV curves to a regime with positive resistance This transition takes place within a bias voltage
± 10 mV for type D and ± 5 mV for type H. The change of IV curves from low temperatures
to Tc behaves very similar to what one expects from the electronic hotspot model [12,13]. All
the IV curves at high bias overlap for different bath temperatures, indicating that a normal
resistive hot spot is established and that the resistance of the contact pads does not play a role.

The dissipative state characteristic of a fully established hot spot is reached by starting with a
nearly zero-resistance state. For increased current a critical value is reached after which the
normal state is approached through some intermediate state. Therefore, we also checked the
critical current of various types of devices at 4.2 K. The results are also included in Table 1.
These reported values are measured manually using the current-bias mode. Slightly lower
values are found from the I,V curves recorded in the voltage-bias mode. For Type A devices
the maximum critical current, defined as Ici , varies substantially. However, it is clear that
Type A devices have the lowest critical current, while the type G devices the highest value.

Figure 8. On the left side: the IV plots of device type H; on the right side, the IV plots of type G. All curves are
taken around the zero bias voltage and at 4.2 K.

In Fig. 8 the I,V curves for Type H and G devices are shown on an expanded voltage scale. In
Type H devices (Nb intermediate layer) we observe at low voltages two critical currents. The
slope of the IV curve above the kink corresponds to a dynamic resistance of — 3.5 O. Ici is
defined as the highest critical current where the voltage rapidly increases and the hot spot is
formed. The lower critical current 1,2 signals the onset of a resistive state with a value much
lower than can be attributed to a fraction of the bridge being normal. It is reminiscent of
features observed in superconducting microbridges and might also reflect flux-flow or phase-
slip behaviour. This lower critical current, To, decreases with increasing temperature and
disappears completely when the temperature reaches Tc2 for the pads. We therefore believe
that Ic, is related to the contact pads, which implies that the small dynamic resistance signals
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the resistance associated with the conversion of the currents from N' (S in the normal state)
and S the active superconducting layer.

These two critical currents are strikingly absent in devices of Type G (NbTiN intermediate
layer). This suggests that the lc, associated with the pads is either equal to or lamer than I.
Such a difference might qualitatively be understood by the differences in T. However. the
important issue is what conditions are established for the electronic hot spot when operated as
a mixer. These remain to be worked out.

6. Conclusions

The crucial importance of the contacts between the Au antenna and the active NbN layer in
phonon-cooled hot-electron bolometers has been demonstrated. Best results have been
obtained with contacts in which a NbTiN layer is inserted between the Au and the NbN.
Devices without physical cleaning of the NbN surface have significant contact resistance
(— 100 0). Devices with contact pads with physical cleaning of the interface show negligible
contact resistances (<10 0). It is argued that the interface transparencies are still not close to
unity (0.01-0.02 for ex-situ and slightly better (0.02-0.03) for in-situ deposited contact pads).
The results suggest that further optimisation of mixer performance is to be found in improving
further the transparency and determining the optimal use of the superconducting intermediate
layer.
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