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We have fabricated refractory superconducting NbN, C, thin films on unheated Si substrates
with a low-energy dual ion-beam sputtering technique. Films fabricated with this technique have
predominantly B 1 crystal structure with maximum 7, ~ 13.2 K, resistivity of 80-150:Q cm and
residual resistance ratio ~ 1.0. The use of low ion-beam energies and the absence of substrate
heating make this method well suited for producing NbN, C, films for superconducting

microelectronic applications.

Thin-film 5-phase NbN is an attractive material for su-
perconducting microelectronic and magnet technologies.
NbN has a high superconducting transition temperature
(T, upto 17K), large values of H,, simple B | crystal struc-
ture, and is refractory. Its large superconducting energy gap
may allow use of such films in quantum mixer applications
for photon detection at larger energies than are possible with
elemental superconductors. Recently, several groups have
reported fabrication of high-quality §-phase NbN thin films
with 7. > 14 K.'"® However, most methods utilize intention-
al substrate heating">®-(®+*- (200-1100 °C) to obtain best
film quality. Such heating is undesirable from a microfabri-
cation point of view, since it can cause degradation of exist-
ing underlayer structure (tunnel barriers, films, resists,
etc.). In this letter we report the use of a Jow-energy dual ion-
beam sputtering technique® for producing superconducting
NbN thin films on near-room-temperature (typically
< 55°C) Sisubstrates.

Ton-beam deposition to form NbN has been attempted
previously with a single ion-beam source in a N, atmosphere
or with N, ions.”® In our own studies’ using room-tempera-
ture ( ~30°C) substrates, we obtain highly stressed (flaky
or non-smooth) NbN thin films. 7, values can approach 11—
12 K, but these are multiple or broad superconducting tran-
sitions. Other researchers® have succeeded with similar sys-
tems in making smooth, high-quality NbN films on heated
substrates.

With the dual ion-beam system, we have previously pro-
duced high-quality, smooth and shiny §-NbN films on near-
room-temperature Si substrates.” Sharp, single transitions
with T, values up to 11.6 K were obtained using high-energy
(1500 eV) ion beams with substrate temperatures < 80 °C.
The new result in this work is the production of even higher
quality films using a low-energy ( ~ 100 eV) dual ion-beam
deposition method. These films have further improved su-
perconducting and normal-state properties. We note that
with the dual ion-beam technique, in general, we find repro-
ducible film properties, in contrast to our results with the
single ion-beam system.

A schematic of the sputtering configuration is shown in
Fig. 1. This sputtering configuration is a modification of an
existing single ion-beam sputtering system® in a Pyrex glass
chamber with a background pressure of (1-5) X 10~ Torr.
This system has successfully produced high-quality refrac-
tory Nb thin films with 7, ~9.1 K. The first ion-beam
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source'® uses Xe gas only. The Xeions sputter Nb atoms offa
Nb target onto a Si substrate [ (100) or (111) orientation]
which is not intentionally heated or cooled. Meanwhile, the
second ion-beam source'' discharges N, or N, + (CH, or
Ar) ions to the growing Nb film. The sputtering parameters
for the first ion source are feedback controlled at V,
= 1500V and I,,,, = 34 mA. These parameters give a Nb
film growth rate of 2.0-2.3 A/s. The parameters of the sec-
ond ion source are varied to optimize the quality of the films,
primarily T,. Sputtering gas flows are precisely controlled
by Datametrics electronic valves. The temperature of the
substrate holder is <60 °C after a typical 1.5 h run. The
NbN, C, growth rate is 1.2-1.7 A/s.

The NbN, C, films fabricated with this technique fall
into two general categories, depending on the beam energy of
the second ion-beam source. Fabrication with high-energy
N, or N, + (CH, or Ar) ions uses a beam voltage V..,
between 1000 and 1500 V, while fabrication with low-energy
ions uses a beam voltage V..., between 20 and 200 V. As
shown in Fig. 2, the peak T value increases as the ion-beam
energy of the second ion source decreases, and is maximum
for a beam voltage of around 50-100 V. Further reduction of
beam voltage reduces 7., though the films remain smooth
and shiny. Figure 2 also shows that N, — CH, ratio control
is crucial for achieving highest 7. Films produced with a
N, + CH, mixture have higher T than those produced with
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FIG. 1. Schematic diagram of duaf ion-beam sputtering system.
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FIG. 2. T, vs molecular % CH, in (N, + CH,) gas mixture. ( + ) fabrica-
tion with 1500 eV N, or N, + CH, ions; (A) fabrication with 200 eV
N, + CH, ions; (®) fabrication with 100 eV (or 50 ¢V) N, + CH, ions;
(O) 100 eV ions but with 200 °C substrate temperature; () fabrication
with 20eV N, + CH, ions. Typical AT, for these filmsis ~ 0.1 K (see Table

1). (§) fabrication with single ion beam in N, + CH, atmosphere. With a
single ion beam and N, atmosphere or N, in the discharge, T, values up to
11-12 K are obtained (Ref. 7). Addition of CH, reduces film stress. In all
single ion-beam cases, multiple or broad transitions are obtained.

N, or N, + Aralone. Using a low-energy ion beam, the max-
imum 7, is ~13.2 K, with a total ion current of the second
source optimized at I, = 6.4 mA (for ~2.2 A/s Nb film
growth rate). When using a high-energy ion beam, a2 maxi-
mum 7, of ~11.8 K is obtained with optimal I, = 3.7
mA. NbN or NbN, C, films produced by the dual ion-beam
sputtering method show ivory yellow metallic color and are
smooth, shiny, and rugged. Heating of the Si substrate to
200 °C during deposition increases T, by 1 K (see Fig. 2).

The properties of the films were determined with the
following methods: van der Pauw four-probe method for 7,
and resistivity determination; transmission electron micros-
copy (TEM) for grain size, crystallographic orientation and
lattice constant; Auger depth profile and x-ray photoelec-
tron spectroscopy (XPS) for compositional analysis; elec-
tron tunneling with Pb or Pb, 45 Bi, o5 counter electrodes on
native oxide barriers to study the superconducting proper-
ties.

Table I lists some typical sputtering conditions and re-
sulting film properties. A common feature of these films is
the very small grain size, <70 A. This result has also been

seen by other groups when fabricating NbN on low-tempera-
ture ( < 100 °C) substrates.2®>2(® The lattice constant a, is
4.38 A for 5-phase NbN and up to 4.46 A for NbN, C,
films.' > Qur findings for a, for our NbN, C, films
(calculated from TEM diffraction patterns) range between
these two values, with g, increasing as the energy of the N,
ions decreases (at the peak 7).

The films fabricated with high-energy ions (samples A
and B) appear to be § phase, asindicated by the strong (200)
diffraction intensity which has also been seen by other wor-
kers.'®2(2)2(2.37 Even though samples A and B have dif-
ferent amounts of carbon in each film, the relative N/Nb
atomic ratios (0.92 and 0.94) remain close to the value for 8-
phase NbN."? For samples D and E the TEM diffraction
patterns reveal (220) to be the strongest diffraction plane.
This may arise from a mixture of the B 1 and tetragonal crys-
tal structures, since the distance between (220) diffraction
planes is the same (1.551 A2(® ) for these two structures. It
is also possible that films fabricated with low-energy ions
may have a preferred (220) orientation of B 1 crystallites.

Samples D and E show weak metallic behavior (residual
resistance ratio RRR =R, « /Ry ¢k ~1.0). They also
have higher 7, and lower resistivity than samples A and B.
These factors together give a smaller calculated magnetic
penetration depth,*® A = 250-285 nm. Small values of A
are preferable for microelectronic applications. ( The intrin-
sic magnetic penetration depth for NbN is ~200 nm.*® )
NbN films fabricated on near-room-temperature Si sub-
strates and possessing the desirable combination of resistiv-
ity <80 uQtem, RRR~1.0, 7. > 12.5 K and 4 <300 nm
have not been obtained in previous studies.

We have also investigated the quasiepitaxial growth® of
polycrystalline NbN on unheated (100) orientation MgO
single-crystal substrates.'® The close lattice match of (100)
MgO substrates to 5-NbN may favor oriented NbN growth
in the 8 phase.'* Fabrication using high-energy N, + (CH,
or Ar) ions on these substrates causes 7, to increase ~0.5K
over the value for silicon substrates. Using low-energy
N, + Arions, T, increases from ~10to ~11.4 K, but 7,
remains the same for N, 4+ CH, mixtures. Thus, the sub-
strate effect on film growth is not significant for low-energy
deposition using N, + CH, mixtures.

Tunneling studies were conducted on films fabricated
with high-energy’ and with low-energy ions. Figure 3 shows
a typical tunneling I-V curve for a high 7. film fabricated
with low-energy ions. The film in this figure with T, = 14.1
K was deposited on a Si substrate with 7, = 200 °C. The I-

TABLE L V,,,.... is the beam energy of the second ion source. [,.., denotes the total ion current from the second ion source. * : N,/Ar mixture, with flow
rates 0of 2.1/0.57 sccm. The magnetic penetration depth A is calculated with the equation given in Ref. 5 usinga 2A/kT, value of 3.9. The atomic composition
ratio is from Auger depth profile analyis. a, denotes lattice constant. Diff. denotes the strongest diffraction plane with electron beam diffraction. Typical film

thickness is 1000 A.

N,/CH, flow

Vocamz Loeamz Py, T, AT Pk 4 Nb/N/C ay
Sample (V) {(mA) (uTorr) (scem) (K) (K) (uQcm) RRR (nm) ratio (A) Diff.
A 1500 3.1 58 2.1/0.34 1.7 0.10 120 0.89 320 1:0.92:0.68 4.38 (200)
B 1000 4.1 58 * 1.2 0.09 158 0.92 375 1:0.94:0.17
C 200 6.4 42 1.5/2.5 124 0.06 156 099 356 1:0.64:0.64
D 100 6.3 42 1.5/2.5 127 0.09 77 1.02 246 1:0.60:0.88 4.41 (220)
E 100 6.2 42 1.5/2.5 130 0.16 105 1.01 284 1:0.60:0.59 4.46 (220)
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FIG. 3. I-Vcurve fora NbN, C, /native oxide/Pb junctionat T = 20K. T,
of the base electrode, which is deposited at 200 °C substrate temperature, is
14.1 K. The oxide tunnel barrier is formed by air oxidation for ~20 min.
A(0) for Pbis 1.4 meV. The sum-gap voltage is 3.83 mV and the width of
the current rise is 0.27 mV. The subgap conductance at 2mV is 3.8% of the
tunneling conductance at S mV. The critical current density is ~ 30 A/cm’.

V curvein Fig. 3, nevertheless, is typical. Tunneling through
NbN,C, thermal oxides with PbysBi;,s or Pb counter
electrodes, we find that 4, varies from 2.06t02.43 meV as
T. changes from 12.6 to 14.1 K, while 2A/kT, increases
from 3.8 to 4.0. Our results for 2A/k T, agree with previous
findings®**¢)*7 that NbN is a strongly coupled supercon-
ductor.

We have also attempted to fabricate all-refractory-metal
tunnel junctions. Preliminary results show that a NbN, C,
native oxide barrier does not withstand the deposition of
refractory metal (Nb or NbN,C)) counter electrodes,
whether or not we use the second ion source (low-energy
ions). The junctions show superconducting shorts. The use
of alternative barriers is presently under investigation.

In summary, we have fabricated superconducting
NbN,C, thin films with maximum 7_~13.2 K on near-
room-temperature Si substrates using a low-energy dual ion-
beam sputtering technique. Addition of CH, in the sputter-
ing gas is essential for this technique.
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