JOURNAL OF APPLIED PHYSICS

VOLUME 88, NUMBER 10

15 NOVEMBER 2000

Properties of (Nbg 35, Tig 15) xNi;_, thin films deposited on silicon wafers

at ambient substrate temperature

N. N. losad®
Delft University of Technology, Department of Applied Physics (DIMES), Lorentzweg 1, 2628 CJ Delft,
The Netherlands

A. V. Mijiritskii
University of Groningen, Nuclear Solid State Physics, Nijenborgh 4.13, 9747 AG Groningen,
The Netherlands

V. V. Roddatis
Institute of Crystallography Russian Academy of Sciences, Leninsky pr. 59, 117333 Moscow, Russia

N. M. van der Pers
Délft University of Technology, Laboratory for Materials Science, Rotterdamseweg 137, 2628 AL Delft,
The Netherlands

B. D. Jackson and J. R. Gao
Space Research Organization of the Netherlands, P.O. Box 800, 9700 AV Groningen, The Netherlands

S. N. Polyakov
Ingtitute of Nuclear Physics, Moscow Sate University, 119899, GSP, Moscow, Russia

P. N. Dmitriev
Ingtitute of Radioelectronics Russian Academy of Sciences, Mokhovaya 11, 103907, GSP-3, Moscow, Russia

T. M. Klapwijk
Delft University of Technology, Department of Applied Physics (DIMES), Lorentzweg 1, 2628 CJ Delft,
The Netherlands

(Received 16 May 2000; accepted for publication 24 August 2000)

We have studied the properties of (Nbgss, Tig1s)xN1_x films deposited by reactive magnetron
sputtering at ambient substrate temperature, focusing in particular on the dependence of film
properties on the total sputtering pressure. As the pressure increases we observe a transition in the
film structure from the ZT to the Z1 structural zone according to the Thornton classification. In
general, the superconducting transition temperature (T;) and residua resistance ratio have a very
moderate dependence on total sputtering pressure, while the film resistivity increases an order of
magnitude as the sputtering pressure increases. A wide spectrum of material science techniques is
used to characterize the films and to explain the relationship between the sputtering conditions and
film properties. Transmission electron microscopy and x-ray diffraction analysis show that
160-nm-thick (Nbg 35, Tig15)xN1 4 films consist of 20—40 nm grains with good crystallinity. Films
sputtered under low pressures have a weak [100] texture, while films sputtered under high pressures
have a distinct [111] texture. A stable chemical composition and reduction in film density as the
sputtering pressure increases indicate that the change of resistivity in the ZT structural zone is due
to a variation in the quenched-in vacancy concentration. In contrast voids on the grain boundaries
and vacancies together produce the high film resistivities in the Z1 structural zone. © 2000

American Institute of Physics. [S0021-8979(00)02723-7]

INTRODUCTION

The fundamental limitation of Nb striplines, according to
Mattis—Bardeen theory, is determined by the Nb gap fre-
quency (=700 GHz).! For this reason the development of
superconductor—insulator—superconductor  (SIS) tetrahertz
(THz) detectors based on Nb/AI-AIO,/Nb junctions
requires that other materials such as Al,>® Nb,N;_,,* and
(Nb, Ti)yN;_, (Refs. 5, 6) can be used for the striplines.
(Nb, Ti)yN;_ films have been used for thin-film coated rf
cavities for high-energy accelerators’ and, more recently,
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have been introduced as a tuning circuit material for SIS
mixers. The primary advantage of this material over
Nb,N;_, and Al is that it is a relatively low-loss supercon-
ductor with a frequency gap comparable to the maximum
operating frequency of a Nb SIS junction, ~1.2 THz.2 Thus,
it is hoped that the integration of (Nb, Ti)yN;_, striplines
with Nb SIS junctions will enable the development of low
noise SIS receivers in the 0.8—1.2 THz frequency range.
Because the normal state resistivity of a conventional
superconducting film provides a good estimate of rf lossesin
the film, our research focuses on obtaining low resistivity
(Nb, Ti)yN;_ films, while maintaining all other film prop-
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erties appropriate for the integration of (Nb, Ti),N;_, strip-
lines with Nb SIS junctions. An understanding of the tech-
nological factors determining the film quality, combined
with a detailed materia study, will provide a platform for
further improvement of the films and for predicting their
behavior at THz frequencies. Various techniques are used for
the deposition of nitrides, including dc and rf reactive
sputtering,®° ion-beam deposition,* reactive evaporation,’?
pulsed laser deposition,”® and magnetron sputtering.>4-1°
Because dc and rf magnetron sputtering are two of the most
promising methods for device fabrication, we focus on this
method in our work.

In general, the properties of (Nb, Ti)yN;_, and similar
materials like Nb,N;_, or Ti,N;_, show a strong depen-
dence on the magnetron sputtering conditions. Anincreasein
the substrate surface temperature by intentional heating,
changing thermalization conditions of the sputtering yield by
total sputtering pressure, or applying a substrate bias, results
in a reduction of the resistivity, a change in the texture from
[111] to [100], and an increase in T,."~*° In this article we
compare the properties of the films sputtered under different
total pressures with a particular focus on the strong depen-
dence of film resistivity on sputtering pressure. Two different
concepts have been proposed to explain the origin of high
resistivities in carbides and nitrides of transition metals. Toth
explains this effect by a high concentration and high degree
of disorder of vacancies at both metal and nonmetal sites.}’”%°
While Bacon et al. state that the high resistivity of magne-
tron sputtered Nb,N; _, films is due to voids on the grain
boundaries.?! In this article we show that both mechanisms
can play a role in determining the resistivity of
(Nb, Ti)yN;_ films depending upon the sputtering condi-
tions used.

EXPERIMENT

Films of (Nbgss, Tig1s) N1« are deposited by reactive
magnetron sputtering in a Nordiko-2000 sputtering system
with a base pressure of 4x 10~ ° Pa. This sputtering machine
is equipped with a cryopump and a throttling valve, which
together determine the process pressure, while the injection
of Ar and N, gases is controlled by flow meters. In order to
avoid the hysteretic sputtering regime, the pumping rate is
fixed a a high value of 750 I/s for all experiments.® A
99.8% pure aloy target with 30 at. % Ti and 70 at. % Nb is
used. All films are sputtered with 300 W dc power, resulting
in a deposition rate of 80=x 10 nm/min. Wafers are fixed to
the copper chuck with diffusion pump oil to stabilize the
thermodynamics of growth. In order to maximize film uni-
formity, the substrate-target distance is set to the maximum
for our sputtering system, 8 cm.

Films (160=10nm thick) sputtered on silicon wafers
were used for T, resistivity, x-ray diffraction (XRD), room
temperature Hall coefficients, density, and intrinsic stress
measurements. The stressin the films is evaluated measuring
the deflection of the wafer before and after film deposition
with a profilometer. Assuming that the film thickness is
much less than the substrate thickness, the film stress is then
calculated using Stoney’s equation
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where E, v, and D are the Y oung’'s modulus, Poisson’s ratio,
and thickness of the substrate, respectively. E/(1—V) equals
to 181 GPafor Si [100], d is the film thickness, and R is the
radius of curvature of the substrate, calculated from the de-
flection measurement.?>?* T, is evaluated from the depen-
dence of film resistivity on temperature. Film density is de-
termined form the weight of the layer. The Hall coefficient is
measured using standard Hall voltage measurement.

The chemical composition of the films is measured by
Rutherford backscattering spectroscopy (RBS) using 1 MeV
He" beam for sample irradiation. The backscattered particles
are detected at an angle of 165°, and the measurements are
done in an UHV chamber with a base pressure of 5
X 10" ®Pa. A “‘random’’ RBS spectrum is obtained by sum-
ming up the RBS spectra acquired during a 360° RBS azi-
muthal scan measurements with a 10° beam incidence off the
surface normal. A detailed analysis of the measured RBS
spectra is performed by the ‘‘RUMP’ program. Relatively
thin films (50 nm) sputtered on Si wafers are used for this
kind of analysis in order to allow the scaling onto the sub-
strateyield in the RBS simulation routine. We expect that the
nitrogen content does not depend on the film thickness, be-
cause the chemical composition is determined by the nitra-
tion of the cathode, rather than by processes taking place on
the film surface.?® Thus, the RBS data on the chemical com-
position of the thin films should be valid aso for thicker
samples. Note that RBS also revealed that the level of pos-
sible contaminants (such as oxygen and carbon) in al films
is below 1 at. %.

XRD ©-20 scans in the 20 range from 20° to 125° are
performed using a Rigaku D/max-Rc diffractometer
equipped with a 12 kW x-ray generator of CuK « radiation
and a graphite crystal monochromator. XRD texture mea-
surements are performed with a Bruker-AXS D5005 diffrac-
tometer equipped with a Huber Eulerian Cradle, also using
Cu Ke radiation. The specimen tilt-angle range is 0°-80°
with a step size of 10°. 20 range was selected from 32° to
45° to monitor to most intensive [111] and [200] reflections.
Integral reflection intensity was used for the texture analysis.
Plan-view samples are prepared by a standard technique—
mechanical thinning down to 30 um and followed by ion
milling using a Gatan 600 duo ion mill. The specimens are
examined with a Philips EM430ST transmission electron mi-
croscope operated at 200 kV.

g

RESULTS AND DISCUSSION

We have optimized the nitrogen injection for the wide
range of total sputtering pressures in order to have maximum
T, of the (Nbg z5, Tig15)xN1_x films. The limits of the pres-
sure range are determined by film degradation caused by
destructive bombardment of the growing film by the fast
neutrals at low pressures and high thermalization conditions
at high pressures.?® Figure 1 illustrates the dependence of
film properties versus total sputtering pressure. T, and the
Hall coefficient are weakly dependent on pressure, film re-
sigtivity increases strongly while compressive stress de-
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FIG. 1. Transition temperature, Hall coefficient, film resistivity, film den-
sity, intrinsic stress, and chemical composition of the (Nbgss, Tig1s5)xN1—«
films sputtered under different pressures.

creases strongly with increasing pressure. Film density de-
creases with increasing pressure. The chemical composition
is amost the same for different sputtering pressures.

We can define two separate structure zones of the
(NDbg 35, Tig15)xN1 _  films versus sputtering pressure accord-
ing to Thornton classification.?”?® Films sputtered in the
pressure range of 5—9 mTorr belong to the ZT structural
zone, since they are in a state of compressive stress and XRD
analysis shows numerous peaks in the ®—-20 scans, i.e,
there is no strong texture present (Tablel). A further increase
in the sputtering pressure results in a flattening of the stress
curve at ~0 GPa. This alows to attribute the films sputtered
in the pressure range of 10—12 mTorr to the Z1 structural
zone. According to Thornton films in the ZT structural zone
have tight grain boundaries, while the films in the Z1 struc-
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FIG. 2. Plan views TEM images of the (Nbg 35, Tig15)xN; 4 films deposited
under different sputtering pressures (5, 7, 9, and 12 mTorr) pictures (a)—(d)
correspondingly.

tural zone have voids on the grain boundaries. Those results
are in good correlation with the data obtained by the trans-
mission electron microscopy (TEM). Figure 2 illustrates sev-
era plan views of the films sputtered under different pres-
sures. Only the film belonging to Z1 structural zone have
white regions at the grain boundaries, which could be voids
or thick layers of amorphous material, while al other films
shown on the Fig. 2 have tight grain boundaries.

Since we are interested in low-resistivity films we will
focus further discussion on the films belonging to the ZT
structural zone. In particular, noting that the measured T,
and Hall coefficient have a relatively moderate dependence
on sputtering pressure, when compared with the change in
resistivity, we conclude that the variation of the resistivity is
not determined by changes in the density of states at the
Fermi level. Furthermore observation of a steady nitrogen
concentration (slightly exceeding 50 at. %) and the increase
in film density with the decrease of sputtering pressure gives
us a clear indication that there is a variation in the
guenched-in vacancy concentration in the films. Because the
sputtering pressure controls the heat flux towards the sub-
strate by the thermalization of fast neutrals and the particles

TABLE I. ©6-20 XRD patterns of the (Nbg 35, Tig15)xN1_y films sputtered under different total pressures.

Relative top intensities for different total pressures

hkl 5 mTorr 6 mTorr 7mTorr 8 mTorr 9 mTorr 10 mTorr 11 mTorr 12 mTorr
111 45 100 100 100 100 100 100 100
200 100 95 36 26 19 12 11 9
220 21 38 14 9 9 8 8 7
311 20 25 13 8 6 6 6 5
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of the sputtering yield, we explain this increase in the va-
cancy concentration by a reduction of surface diffusion as
the sputtering pressure increases.?®

Since increase of conductivity and compressive stress
are in good correlation in the ZT structural zone, it is inter-
esting to discuss an aternative mechanism for the observed
vacancy concentration variation. In particular annealing of
Ti,O,_, samples under pressures ~0.01 GPa results in a
considerable reduction of the vacancy concentration.*® Dur-
ing magnetron sputtering we have similar conditions for the
film layers close to the surface of the film. High temperature
is produced by plasma heating and high pressure is created
by intrinsic stressin the (Nbg s, Tig.15)xN1 _ film. However,
our experiments show that the intrinsic stress in the films
also depends on film thickness and glow discharge type,
while film resistivity is determined exclusively by pressure.
Thus, we conclude that intrinsic stress has a minimal effect
on film resistivity, and that film resistivity is determined ex-
clusively by the thermalization conditions in the glow dis-
charge.

High vacancy concentration and high degree of disorder
can modify the x-ray scattering amplitudes and, as a conse-
guence, change the XRD reflections intensity. In order to
determine the significance of this effect we have performed
0®-20 scans with different specimen inclination angles in
the W direction for films sputtered under pressures of 6 and 9
mTorr. Data analysis showed that the film sputtered under 6
mTorr pressure has a weak [100] texture and compressive
stress, while the film sputtered under 9 mTorr pressure is
almost stress-free and has a distinct [111] texture. Thus, the
observed changes of the x-ray patterns summarized in the
Table | are mainly due to different textures present in the
films. Similar changes in texture as a result of intentiona
heating were previously observed for Ti,N; _, films.3! More-
over, the artificial initiation of [100] texture by sputtering on
a MgO underlayer results in considerable reduction of resis-
tivity and slight increase of T, in NbyN;_, films>* These
results are in good correlation with our observations, sincein
our case we initiate the same changes in texture ([111] to
[100]) by reducing the sputtering pressure to elevate the sub-
strate surface temperature.

CONCLUSIONS

The structural and  electrical  properties  of
(Nbg 35, Tig15)xN1_« films are examined over a wide range
of sputtering pressures. The films consist of 20—40 nm grains
with good crystallinity. Films sputtered under low pressures
have a weak [100] texture, while films sputtered under high
pressures have a distinct [111] texture. We observe a change
of the film structure from the Z1 structura zone to the ZT
structural zone as the sputtering pressure decreases. T, has a
moderate dependence on the sputtering pressure, while film
resistivity increases one order of magnitude as the pressure
increases. Because all of our films have residua resistance
ratios in the vicinity of unity, we conclude that the origin of
high resistivities is related to crystal imperfections. In par-
ticular, film resistivity is determined by vacancies in the ZT
structural zone, while the voids on the grain boundaries and
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vacancies together determine the resistivity in the Z1 struc-
tural zone. Further improvement of the film propertiesis lim-
ited by destructive bombardment of the fast neutrals, thus
alternative means have to be used such as utilization of MgO
wafers or sputtering at elevated substrate temperature.
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