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We have studied the properties of (N, Tig159«xN;1_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 temperatlit@ &nd residual 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 (NB 35, Tig 15xN1_ films consist of 20—40 nm grains with good crystallinity. Films
sputtered under low pressures have a wd#&k)| texture, while films sputtered under high pressures
have a distincf111] 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 zon00®
American Institute of Physic§S0021-897@0)02723-7

INTRODUCTION have been introduced as a tuning circuit material for SIS

The fundamental limitation of Nb striplines, according to mixers. The primary advantage of this material over

Mattis—Bardeen theory, is determined by the Nb gap fre—NbXNPX .and Alis that it is a relatively low-loss supercon-
quency (=700 GH2.! For this reason the development of ductor with a frequency gap comparable to the maximum

superconductor—insulator—superconduct@!S) tetrahertz gperating frequency C_Jf aNb SIS junction1.2 THZ-BIThUS,
(THz) detectors based on Nb/AI-AJONb junctions it is hoped that the integration of (Nb, TNi; striplines
requires that other materials such as®AINb,N;_,,* and ~ with Nb SIS junctions will enable the development of low

(Nb, Ti),N;_, (Refs. 5, 6 can be used for the striplines. noise SIS receivers in the 0.8—1.2 THz frequency range.
(Nb, Ti)yN; _, films have been used for thin-film coated rf Because the normal state resistivity of a conventional
cavities for high-energy acceleratbrand, more recently, superconducting film provides a good estimate of rf losses in
the film, our research focuses on obtaining low resistivity
dElectronic mail: iosod@dimes.tudelft.nl (Nb, Ti)yN;_, films, while maintaining all other film prop-
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erties appropriate for the integration of (Nb, JN), _, strip- 1 E D?
lines with Nb SIS junctions. An understanding of the tech- 7~ gRr (1—,) d °
nological factors determining the film quality, combined
with a detailed material study, will provide a platform for ) :
further improvement of the films and for predicting their &"d thickness of the substrate, respectivelf(1—-v) equals

behavior at THz frequencies. Various techniques are used fdf 181 GPa for S[100], dis the film thickness, anRis the
the deposition of nitrides, including dc and rf reactive radius of curvature of the substrate, calculated from the de-

sputteringX° ion-beam depositioht reactive evaporatiot?  f1ection measuremeRt?* T, is evaluated from the depen-
pulsed laser depositid, and magnetron sputteriid*=26 dence of film resistivity on temperature. Film density is de-
Because dc and rf magnetron sputtering are two of the modgrmined form the weight of the layer. The Hall coefficient is

promising methods for device fabrication, we focus on thisméasured using standard Hall voltage measurement.
method in our work. The chemical composition of the films is measured by

In general, the properties of (Nb, TN, . and similar Rutherford backscattering spectroscd®BS) using 1 MeV
materials like NN, . or Ti,N;_, show a strong depen- He" beam for sample irradiation. The backscattered particles
—X X —X

dence on the magnetron sputtering conditions. An increase A€ detected at an angle of 165°, and the measurements are
the substrate surface temperature by intentional heating!oN€ in an UHV chamber with a base pressure of 5
changing thermalization conditions of the sputtering yield by 107" Pa. A “random” RBS spectrum is obtained by sum-

total sputtering pressure, or applying a substrate bias, resulf@ing up the RBS spectra vauirEd douring a 3§0° RBS azi-
in a reduction of the resistivity, a change in the texture fromMuthal scan measurements with a 10° beam incidence off the

[111] to [100], and an increase i, .1~°In this article we surface normal. A detailed analysis of the measured RBS

compare the properties of the films sputtered under differentP€ctra is performed by therRUMP” program. Relatively
total pressures with a particular focus on the strong deperfin films (50 nm sputtered on Si wafers are used for this
dence of film resistivity on sputtering pressure. Two differentkind of analysis in order to allow the scaling onto the sub-
concepts have been proposed to explain the origin of higﬁ?rate yield in the RBS simulation routine. We expect that the
resistivities in carbides and nitrides of transition metals. TotHlrogen content does not depend on the film thickness, be-

explains this effect by a high concentration and high degre&3Us€ the chemical composition is determined py the nitra-
of disorder of vacancies at both metal and nonmetal &f@%s. tion of the cathosde, rather than by processes taking place on
While Baconet al. state that the high resistivity of magne- € film surface” Thus, the RBS data on the chemical com-

tron sputtered N[N, films is due to voids on the grain position of the thin films should be valid also for thicker
—X

boundarie€! In this article we show that both mechanisms S2mples. Note that RBS also revealed that the level of pos-

can play a role in determining the resistivity of §|ble contaminantssuch as oxygen and carboim all films

(Nb, Ti),N,_, films depending upon the sputtering condi- IS Pelow 1 at. %. _
tions used. XRD ©-20 scans in the @ range from 20° to 125° are

performed using a Rigaku D/max-Rc diffractometer

equipped with a 12 kW x-ray generator of ICa radiation
EXPERIMENT and a graphite crystal monochromator. XRD texture mea-
surements are performed with a Bruker-AXS D5005 diffrac-
ntbometer equipped with a Huber Eulerian Cradle, also using
: 5 . . : u Ka radiation. The specimen tilt-angle range is 0°-80°
with a base pressure o&410 > Pa. This sputtering machine with a step size of 10°.@ range was selected from 32° to

is equipped With. a cryopump and a throttling_ valve,_vx_/hic_h45° to monitor to most intensiviel 11] and[200] reflections.
together determine .the process pressure, while the InJeCtIOI?]tegral reflection intensity was used for the texture analysis.
of Ar and N, gases is controlled by flow meters. In order to

avoid the hysteretic sputtering regime, the pumping rate isf’lan—view samples are prepared by a standard technique—
fixed at a high value of 750 I/s for all experimeAtsA mechanical thinning down to 3gm and followed by ion

99.8% pure alloy target with 30 at. % Ti and 70 at. % Nb ismﬂlmg using a Gat"’.‘f‘ 600 duo ion mill T.he.spemmens are
' . .~ examined with a Philips EM430ST transmission electron mi-
used. All films are sputtered with 300 W dc power, resulting

in a deposition rate of 8010 nm/min. Wafers are fixed to croscope operated at 200 k.
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 We have optimized the nitrogen injection for the wide
for our sputtering system, 8 cm. range of total sputtering pressures in order to have maximum
Films (160=10nm thick sputtered on silicon wafers T. of the (N 35, Tig15xN1_y films. The limits of the pres-
were used fofT, resistivity, x-ray diffraction(XRD), room  sure range are determined by film degradation caused by
temperature Hall coefficients, density, and intrinsic stresslestructive bombardment of the growing film by the fast
measurements. The stress in the films is evaluated measuringutrals at low pressures and high thermalization conditions
the deflection of the wafer before and after film depositionat high pressure®. Figure 1 illustrates the dependence of
with a profilometer. Assuming that the film thickness is film properties versus total sputtering pressurg, and the
much less than the substrate thickness, the film stress is thétall coefficient are weakly dependent on pressure, film re-
calculated using Stoney’s equation sistivity increases strongly while compressive stress de-

where E, v, and D are the Young’s modulus, Poisson’s ratio,

Films of (Nky 35, Tig 15N _« are deposited by reactive
magnetron sputtering in a Nordiko-2000 sputtering syste

RESULTS AND DISCUSSION



5758 J. Appl. Phys., Vol. 88, No. 10, 15 November 2000 losad et al.

145 075
[ 0.70
14.0 _.@
g ’5 065
é :
1354 § ]
E 055
130 T T T T T T T T 0.50 T T T T T
5 6 7 8 9 0 a0 12 5 6 7 8 9
Pressure (mTorr) Pressure (mTorr)
1000 5
9004
_ 8004
g 7001 g 704
600 )
% 500 B
z % z
g &
é 300] 6.5
200
100+
TR T s s e n e YT i 3
Pressure (mTorr) Pressure (mTorr)
12
o
-14
5 g .
g 2 €, - e FIG. 2. Plan views TEM images of the (b, Tip 15xN1 -4 films deposited
£ .l 27 - * under different sputtering pressur@s 7, 9, and 12 mTojmpictures(a)—(d)
z z correspondingly.
4
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T T R S YT T T tural zone have voids on the grain boundaries. Those results
Pressure (mTorr) Pressure (mTorr) are in good correlation with the data obtained by the trans-

o . _ o mission electron microscodifEM). Figure 2 illustrates sev-
FIG. 1. Transition temperature, Hall coefficient, film resistivity, film den- . . .
sity, intrinsic stress, and chemical composition of the { b Tig 15xN1_« eral plan views OT the fllms.sputtered under different pres-
films sputtered under different pressures. 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 all other films
creases strongly with increasing pressure. Film density deshown on the Fig. 2 have tight grain boundaries.
creases with increasing pressure. The chemical composition Since we are interested in low-resistivity films we will
is almost the same for different sputtering pressures. focus further discussion on the films belonging to the ZT
We can define two separate structure zones of thstructural zone. In particular, noting that the measufed
(Nbg 35, Tig 15 <N« films versus sputtering pressure accord-and Hall coefficient have a relatively moderate dependence
ing to Thornton classificatioff?® Films sputtered in the on sputtering pressure, when compared with the change in
pressure range of 5—9 mTorr belong to the ZT structuratesistivity, we conclude that the variation of the resistivity is
zone, since they are in a state of compressive stress and XRidt determined by changes in the density of states at the
analysis shows numerous peaks in Be20 scans, i.e., Fermi level. Furthermore observation of a steady nitrogen
there is no strong texture presémable ). A further increase concentrationslightly exceeding 50 at. %and the increase
in the sputtering pressure results in a flattening of the streds film density with the decrease of sputtering pressure gives
curve at~0 GPa. This allows to attribute the films sputteredus a clear indication that there is a variation in the
in the pressure range of 10—12 mTorr to the Z1 structurauenched-in vacancy concentration in the films. Because the
zone. According to Thornton films in the ZT structural zone sputtering pressure controls the heat flux towards the sub-
have tight grain boundaries, while the films in the Z1 struc-strate by the thermalization of fast neutrals and the particles

TABLE |I. 6-20 XRD patterns of th&Nby 35, Tig 154N;_ films sputtered under different total pressures.

Relative top intensities for different total pressures

hkl 5mTorr 6 mTorr 7 mTorr 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-vacancies together determine the resistivity in the Z1 struc-
cancy concentration by a reduction of surface diffusion agural zone. Further improvement of the film properties is lim-
the sputtering pressure increades. ited by destructive bombardment of the fast neutrals, thus
Since increase of conductivity and compressive stresalternative means have to be used such as utilization of MgO
are in good correlation in the ZT structural zone, it is inter-wafers or sputtering at elevated substrate temperature.
esting to discuss an alternative mechanism for the observed
vacancy concentration variation. In particular annealing o "CKNOWLEDGMENTS
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