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Texture-Related Roughness of (Nb,Ti)N
Sputter-Deposited Films

N. N. losad, N. M. van der Pers, S. Grachev, M. Zuiddam, B. D. Jackson, P. N. Dmitriev, and T. M. Klapwijk

Abstract—We study the properties of (Nb,Ti)N films deposited while the degree of strain energy per unit volumey,(), is
by reactive magnetron sputtering in an atmosphere of argon and 4,,,, < w19 < wuyg0. If ONe assumes that the surface energy

nitrogen at ambient substrate temperature, focusing, in particular, does not depend on film thickness and that the strain energy
on the technological factors determining film texture and rough- . N .
ness. We find that increasing the adatom energy, while keeping the INCréases with it, one can then determine the total of the sur-
film chemical composition constant, results in a change of texture face energy and strain energy for a given plane (hkl). Due to
from [111] to [100]. Similar changes in film texture are observed the driving force to minimize the total energy, it would then be
as the nitrogen injection decreases for a constant sputtering pres- expected that [100] texture be preferred for relatively low film

sure, indicating that adatom energy is not the only one determining thick hen the strai s than th '
factor. Analyzing the experimental data, it is concluded that ni- ICKness, when the strain energy IS 1ess than the surtace energy,

trogen concentration has a very strong influence on the process With a change in texture with increasing film thickness to [110]
of the texture formation, since an increase in nitrogen injection and thento [111], because the strain energy starts to play a more

ae.su'ts in a“di”[irlel*"]‘se in a}datOFrTl‘ energy, while the f”mlgro‘l"’th (;5 dominant role in the determination of the total energy [11].
riven towar texturing. Film roughness is strongly relate .

with texture in both experiments, i.e., decreases with an increase In contrast, _Green@t_ al. ,State that a Chan,ge, In texturg
in the ratio of [200] and [111] XRD line intensities, indicating that can be determined by kinetic effects such as incident particle

film roughness is determined by crystal habit. distributions, nitrogen overpressure, orientation-dependent
Index Terms—Coatings, magnetron sputtering, superconducting Surface adatom mobility, etc. [12]. In particular they have
devices, superconducting films. shown that the presence of strain and/or changes in the state of

strain throughout the film thickness are not requirements for
obtaining changes in preferred orientation. We have proposed in
our previous work, that adatom energy may be a key parameter
T HE INTEREST in the analysis of texture formation inof film growth in the case of magnetron sputtering at ambient

(Nb,Ti)N films is motivated by a need to develop a reliablgubstrate temperature [13]. Petreval. associate the change
production line for THz SIS mixers [1]-[3]. Many researcherg rf-bias-sputtered TiN film texture with ion channeling [14].
have observed strong dependence of texture and film roughngfgy explain the change from [111] to [100] texture with an
on growth conditions for this class of materials [3]-[9]. Howincrease in ion assistance by the fact that the planes corre-
ever, only a few manuscripts are dedicated to a detailed anal)g.;“ggnding to easy ion-channeling and lower sputtering yields
of texture and/or roughness formation. In this manuscript Wgye the highest probability to survive. Since the processes of
present a characterization of various factors contributing to t%mpetitive grain growth determines the texture formation in
ture and surface_ m_orphology formation in our films, and relaifese materials [12], an approach based on a ratio of growth
the results to existing models. rates of different facets is valid for this system as well [10].

In general, there are two contradicting concepts, based ongi; 5 -\ bic lattice, an increase in the ratio{abo} and {111}

ther atherm.odynamic orakinetic appf°f”‘Ch’ which tr-y.to expla} cet growth rates results in a transition of texture from [100] to
the change in texture of the B1-type nitrides of transition met 10], and finally to [111]. (It is interesting to note that, the tex-

[1?3]' leget al th d . h. Th ¢ ture evolution in this case is the same as in the thermodynamic
elieget al. propose a thermodynamic approach. 1ney S %Ir?odel.) A transition from [111] to [110] texture occurs via the
that the degree of surface enerdy,{;) is S100 < S110 < S111,

abundance of [14] textures, while a transition from [110] to
[100] texture occurs via the abundance of(] textures, where
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Il. EXPERIMENTAL

Films of (Nb, Ti)N are deposited by reactive magnetron spu 143

tering in a Nordiko-2000 sputtering system with a base pre g *
sure of 4x 10~° Pa. In order to avoid the hysteretic sputterin¢
regime, the pumping rate is fixed at a high value of 750 I/s fc & 14

all experiments. Because the nitrogen injection is more than t

times lower than the argon injection in all experiments, the targ

material is sputtered mainly by argon atoms. A 99.8% pure allc 135
target with 30 at.% Tiand 70 at.% Nb is used. All films are spul

tered by 300 W DC power and have a thickness of £8D nm. —A— substrate-target distance 4 cm
Wafers are fixed to the copper chuck (maintained &t@pwith < T® substrate-target distance § cm
diffusion pump oil to stabilize the substrate temperature. Adi 5
tailed description of the home-made 3 inch circular sputterir

source used for film deposition is published in [13]. lon assis 2.0
tance produced by this sputtering source has a very moderate
fluence on the film properties when compared with the chang
caused by variations in sputtering pressure [13]. Gas densit
are measured by inserting a small sampling pipe (attached to
external pressure gauge) between the sputtering source and b c
substrate. The details of this technique are discussed in the w:

S

1{200}/1{111}

of Rossnagel [15].

Films are deposited on 2 inch oxidized Si wafers. The stre %
in the films is evaluated by measuring the deflection of the waft ¢,
before and after film deposition with a profilometer. The tran
sition temperaturel(.) is evaluated from the dependence o
film resistivity on temperature. Film chemical composition is
measured by Rutherford Back Scattering spectroscopy (RB:
Phase identification and texture measurements are perforn
with a Bruker-AXS D5005 diffractometer. Further details of
RBS, XRD, and TEM analysis are published elsewhere [5 25
Atomic force microscope (AFM) Nanoscope Il (MMAFM-1) 30
manufactured by Digital Instruments is used for film roughnes
characterization.

Stress (GPa)
5

2.0 (]

4 5 6 7 8 9 0o 11 12 13 14 15
Sputtering pressure (mTorr)

”l F”_M PROPERT|ES VS SjUTTER'NG PRESSURE Flg 1. TC, ratio of [200] and [111] XRD line intensities, and intrinsic stress
of (Nb,Ti)N films deposited at different substrate-target distance.

We have optimized the nitrogen injection for a wide range
of total sputtering pressures in order to obtain maxiriuof “b,” and “c” are illustrated on the Fig. 3. Gas rarefaction be-

th_e (Nb’Ti).N films. The_ limits of the pressure range are dete&)mes less pronounced at low pressures, since the hot parti-
mined by film degradation caused by destructive bombardmerpés of the sputtering yield have fewer collisions with the cold

of the growing film by fast neutrals at low pressures, and h'%ﬁs particles than at high pressures (Fig. 2). Gas cooling during

thirtmi?]htﬁtmn tco?gltltonfs ra:‘:lr?gz presi?u(rjest t[ﬁ] ;:gfm 1rr?ndf) uttering is more effective at the minimum substrate-target dis-
conta 0 sels ofdata fo sdeposited atine umsu ance, due to an instrumental function of the sputtering system.

strate-target distance (4 cm) and the maximum SUbStr""te't""rlgatthis reason, gas rarefaction is stronger at the maximum sub-

ggfgcﬁng?n?:)r;hgg.ez?s';?l)rztr?;a;.esis?]go r;n%;nt'r;l?gfdthstrate—target distance. RBS indicates that all films have almost
! pectively. ysl W &toichiometric compositions: a ratio of metal-nonmetal concen-

films h_ave B1 crystal str.ucture. Both .sets of data show S‘im”i’?}ration of 1+ 0.03, and a ratio of Nb and Ti in the deposited
behavior versus sputtering pressmj’e.s seen to hgve a m.Od'mes that is the same as in the target.

erate dependence on the sputtering conditions, illustrating the

well-known insensitivity of this value to structural defects in the
B1 superconductors (Fig. 1). Compressive stress also shows a
typical behavior versus sputtering pressure for magnetron sputin this experiment, the nitrogen injection is varied, while
tering systems: it decreases with increasing sputtering presskeeping the total sputtering pressure at 6 mTorr. The sub-
(Fig. 1). The variation of the intensity ratio of tH200} and strate-target distance is set to the maximum distance, and the
{111} XRD lines indicates substantial changes in the film strudimits of nitrogen injection are determined by the requirement
ture (Fig. 1). Film roughness decreases with decreasing spotproduce a B1-type crystal structure. The resulting deposition
tering pressure for both substrate-target distances (Fig. 2). Allnditions and film properties are illustrated in Fig.A. is
scans of the samples marked on the Fig. 1 with the letters “agen to have a moderate dependence on nitrogen injection, as

IV. FILM PROPERTIESVERSUSNITROGEN INJECTION
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Fig. 2. Film roughness and gas density between the substrate and the tar
for different substrate-target distances and sputtering pressures. A straight li
on the bottom plot illustrates the gas density with no glow discharge.

100
in the first experiment. Compressive stress has a very modere

increase with nitrogen injection. This is presumably due to th
fact that the fluxes of ions and fast neutrals bombarding th ;
substrate surface are nearly independent of nitrogen injectio pris
so that a reduction in deposition rate results in an increase nn
the effective intensity of the fluxes responsible for Ar peening
The deposition rate decreases with an increase in nitroge
injection, as is expected in reactive sputtering. The ratio ¢ |
the {200} and{111} XRD peak intensities strongly decreases
with increasing nitrogen injection. This is a clear indication
that substantial changes in film texture also take place in thi
experiment. Despite the fact that the deposition rate decreas
with an increase in nitrogen injection, gas rarefaction doe
not change. This is a clear indication that the particles of th
sputtering yield become more energetic with an increase i
nitrogen injection, causing the same gas rarefaction despite
reduction in numbers. Rossnagel reports similar results [15
He shows that the degree of gas rarefaction caused by the fli
of hot sputtered particles depends mainly on applied powe
and that the target material has almost no influence on th
phenomenon. Increasing the nitrogen injection by a factc o ' 400
of two results in only a moderate increase in the nitrogel v
concentration in the films, indicating that we are operating in
the region where the target surface is coated with nitride, afi§: 3: AFM scans of the samples sputtered under 4, 6, and 9 mTorr and 8 cm
. . Lo . . . Substrate-target distance [images (a), (b), and (c) correspondingly].
changes in nitrogen injection result primarily in a different
depth of target nitridation [16].

300

200

and{111} XRD peaks corresponds to a transition from [111] to
[100] texture [5]. Itis interesting to note that, in contrast with the
case of texture determined by competitive growth, mentioned

The detailed XRD investigation of the texture revealed that the introduction, the change from [111] to [100] texture goes
in both of the experiments an increase of the ratio 200} via the abundance of {&] textures, wher® < v < 1. In other

V. ANALYSIS
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40T Film roughness is in excellent correlation with the film tex-
o 14.57 . E,s ture when compared with other parameters, indicating that it is
o ‘g 10 1 determined by crystal habit. Furthermore, film roughness plays
1407 ’ a very important role when these films are used for junction pro-
2.5 duction. The same thickness of AIN tunnel barrier used in SIS
B3> < junctions with the bottom electrodes sputtered under the same
A"-O ] =201 conditions as films “a,” “b,” and “c” results in open circuit, crit-
5-1 - 51 5 ical current density of 1 kA/ci) and short circuit, respectively.
7 =
O (=3
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